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ABSTRACT 

Reassessment of neurite-like processes in a neuroendocrine prostate cancer model 

by 

Alexandru Dan Grigore, MD 

 

Neuroendocrine differentiation (NED) is a constellation of histological and functional 

features of certain cancer types, including prostate cancer (PCa), whereby a fraction of 

tumor cells display neuronal and endocrine features. Unlike patients with conventional 

PCa, whose tumors show a pure population of tumor cells expressing epithelial markers, 

patients with NED also show a subpopulation of tumor cells expressing neuroendocrine 

(NE) lineage markers. NED can be induced by various factors, including therapy (which 

further explains the association between NED and therapy resistance) and paracrine factors 

secreted by bone marrow stromal cell lines (which suggests that NED might be important 

for PCa metastasis to bone). When NED is induced in vitro, the cultured PCa cells not only 

show NE lineage markers but also NE lineage morphology, which is characterized by 

neurite-like processes. However, despite the fact that NED has been studied for several 

decades, the precise nature of these processes remains unclear and the term itself is thus 

inherently vague. This work aimed to assess the overlap between PCa NED and true 

neuronal phenotype. Literature search was conducted to construct a battery of pan-neuronal 

markers, which were assessed in NED cells in vitro by immunocytochemistry (ICC). The 

presence of only two core pan-neuronal markers (partly overlapping with therapy 

resistance) coupled with the absence of other critical pan-neuronal markers suggested that 

NED cells did not display a true neuronal phenotype. However, the morphology of neurite-

like processes showed similarities to tunneling nanotubes (TNTs). TNTs are recently 

described, cytoskeletal filament-containing intercellular bridges which are involved in cell-

cell trafficking of various particles ranging from cytosolic proteins to viruses and 

mitochondria. Time-lapse imaging, co-culture with bone marrow stromal cells, 

carbocyanine dye transfer, and cytoskeletal live staining were performed on NED cells in 

vitro, which collectively suggested that neurite-like processes mediated formation of TNT 



connections between NED cells. Analysis of gene expression profiles of NED was 

conducted using data derived from this group’s previous work as well as publicly available 

databases, and a set of candidate genes potentially important for TNT formation in NED 

cells was constructed. Most upregulated genes in the gene set were also highly expressed 

in brain, and several were involved in cytoskeletal organization, including neurite 

formation or maintenance. The expression of the corresponding proteins was assessed in 

NED cells in vitro by ICC, and a subset thereof was further assessed in human PCa tissue 

samples by immunohistochemistry-immunofluorescence (IHC-IF). Collectively, these 

findings suggest that NED cells do not adopt a true neuronal phenotype, but rather use 

subroutines of the neuronal program for extending neurite-like processes, which then 

mediate establishment of TNT connections.
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Chapter 1 – General Introduction 

Partly as published in Grigore, A. D., Ben-Jacob, E., Farach-Carson, M. C. (2015) Prostate 

cancer and neuroendocrine differentiation: more neuronal, less endocrine? Front Oncol 

5:37. doi:10.3389/fonc.2015.00037 

 

Neuroendocrine differentiation: old concept, normal counterparts, vague 

terminology 

Neuroendocrine differentiation (NED) is a term referring to certain cancers that display a 

prominent neuroendocrine (NE) cell population on histopathologic examination. Although 

the definition has been used primarily in relation to prostate cancer (PCa), it is by no means 

restrictive [see, e.g., Ref. (1)]. NE cells display a combination of neuronal and endocrine 

features, best described as a partly neuron-like morphology and an endocrine-like secretory 

mechanism (see below). The whole NE concept itself had nothing to do with cancer; it 

arose in the late 1920s, when it was discovered that some hypothalamic neurons secrete 

their products into the bloodstream rather than into a specialized synaptic cleft as well 

described by Montuenga and colleagues (2). Subsequently, the existence of hybrid, neuronal-

endocrine cell type, NE, was widely accepted. 

Although the NED term relates to malignant tumors enriched in a NE cell fraction, NE cells 

are not ominous per se, but are part of a large cell population, collectively known as the diffuse NE 

system, which is dispersed throughout the normal organism. The NE cells primarily exist 

within the organs that interface with the outside world, including gastrointestinal, 

respiratory, and genitourinary systems, as well as the skin (Merkel cells and melanocytes). 

Yet, they also can be found within endocrine glands or tissues, such as the hypothalamus, 

anterior pituitary, pineal gland, thyroid gland (calcitonin-secreting cells), thymus, breast, 

and the pancreatic islets of Langerhans [reviewed in Ref. (2–4)]. For terminology 

clarification, we note that usually the term “NE” refers to both cancerous and non-cancer-

related cells, while the term “NED” (with a “D”) refers specifically to cancerous cells. A 

cocktail of terms have been used interchangeably throughout the literature over the last 

century (e.g., APUD cells, endocrine/paracrine cells). This ambiguity arises from the 
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visualization techniques used and the norms around the time of publication (2). This lack 

of standard nomenclature makes NE-related literature search particularly challenging, as 

some articles containing important findings can be missed. 

In the healthy organism, normal NE cells play complex local regulatory roles at the tissue 

level. For example, the NE cells of the gastrointestinal tract (also known as enteroendocrine 

cells) regulate secretion, motility, as well as cell growth and differentiation in the gut. For 

this purpose, these cells employ endocrine, autocrine, paracrine, and neurocrine signaling 

mechanisms, and are, in turn, under neural control (5). The NE cells of the respiratory tract 

can control lung branching morphogenesis, cell growth and maturation during 

development, and it is believed that they provide a protective niche for a subset of lung stem 

cells. Similarly to enteroendocrine cells, pulmonary NE cells are under control of a complex 

innervation [reviewed in Ref. (4)]. 

 

Neuroendocrine cells in the normal prostate 

Neuroendocrine cells are normal inhabitants of the human prostate, existing in all areas of 

the gland, including prostate ducts, acinar epithelium, and prostatic urothelium, but they 

localize preferentially in the major ducts [reviewed in Ref. (3, 6)]. Prostatic NE cells are 

found in lower numbers in African-American males, who are more prone to developing 

PCa; NE cells thus might have a protective role against prostatic carcinogenesis (7). As 

with all NE cells, the NE prostatic cells usually cannot be recognized under the light 

microscope using conventional staining techniques, but can be readily traced 

immunohistochemically by staining for the specific markers chromogranin A (CgA), 

synaptophysin, or neuron-specific enolase (NSE). In some cases, one or more NE markers 

may be absent [reviewed in Ref. (8)]. 

Prostatic NE cells share the morphological and ultrastructural features of NE cells from 

other parts of the body [reviewed in-depth in Ref. (2); also reviewed in Ref. (4, 5)]. Under 

the electron microscope, two different morphologies were described. The open-type cells 

display thin apical processes that extend luminally, reach the lumen, and possess long surface 

microvilli. The closed-type cells have dendritic-like processes that extend between adjacent 
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epithelial cells, but do not reach the lumen. The closed-type cells are surrounded by 

epithelial cells. Although no study has specifically addressed this question for the prostate, 

it is assumed that this morphological classification also has an important functional 

significance. Closed cells can only receive basal stimuli (neurotransmitters from nerve 

endings, hormones from neighboring blood vessels, local paracrine, or autocrine factors 

from underlying stromal cells). By contrast, open cells also can receive luminal stimuli (pH, 

chemicals). It is therefore generally believed that the open and closed NE cell populations, 

irrespective of their specific location, are functionally different [reviewed in Ref. (2)]. 

The NE cells of the prostate contain secretory granules whose electron microscope features 

allow further classification [reviewed in Ref. (3, 8)]. The contents of the secretory granules 

display a remarkable diversity and belong to the family of neuromediators that are used for 

signaling throughout the nervous system. Apart from three NE markers CgA, 

synaptophysin and NSE, NE cells synthesize other members of the chromogranin family 

as well as a variety of hormone-related substances, including chromogranin B and 

chromogranin C (secretogranin II); serotonin; histamine; thyroid-stimulating hormone-like 

peptide; calcitonin and related peptides (calcitonin gene-related peptide, katacalcin); α-

human chorionic gonadotropin; somatostatin; bombesin; parathyroid hormone-related 

protein; vasoactive intestinal peptide; neuropeptide Y; cholecystokinin; vascular endothelial 

growth factor (VEGF); glucagon; β-endorphin; Leu-enkephalin; and adrenomedullin 

[reviewed in Ref. (2, 3, 6, 8, 9)]. It remains unclear if a single NE prostatic cell can synthesize 

this huge cocktail, or a vast majority, or only a subset thereof. Regarding the diffuse NE 

system, it is known that, in principle, single NE cells can produce more than one hormone-

related substance [reviewed in Ref. (2)]. Some prostatic NE cells were reported to produce 

two mediators instead of one, and it is apparent that several subpopulations of NE cells 

exist in the prostate, each of them producing a specific subset of mediators (10). Receptors 

for some of these neuromediators were described in benign prostatic tissue and/or in PCa 

and include receptors for serotonin, calcitonin, bombesin, somatostatin, cholecystokinin, 

neuropeptide Y, and neurotensin [Ref. (11, 12); see also Ref. (8) and the references therein]. 

Although NE cells were first described in the normal prostate 65 years ago [Grasso, 1954, 

cited in Ref. (13)], few studies have addressed their function. Do normal prostatic NE cells 
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actually secrete all those compounds they synthesize? Do they regulate other cells and if 

they do, then what are the regulatory mechanisms? What exact role(s) does each of those 

compounds have in the prostate, if secreted? These are all questions that remain to be 

addressed, as most of the data available come from extrapolation. For example, CgA, which 

is one of the most prominent NE markers, regulates the secretory vesicle pool and calcium 

homeostasis, and it accompanies catecholamines in the secretory vesicles in the sympathetic 

and adrenomedullary systems [reviewed in Ref. (14)], but there is considerably less 

evidence as to its specific roles in the prostate. Similarly, the roles of the other 

neuropeptides are incompletely understood. However, the neuropeptides influence 

depolarization, modulate ionic currents, release calcium from intracellular stores, stimulate 

ATP synthesis, stimulate oxidative phosphorylation, and regulate mRNA transcription. 

Globally, prostatic NE cells are thought to play a key role in prostate growth and 

differentiation [reviewed in Ref. (15)]. 

In early descriptions, prostatic NE cells displayed heterogeneous cytokeratin expression (a 

classification into basal, luminal, and intermediate NE cell types is based on this criterion) 

[reviewed in Ref. (16)]. More recent accounts indicate that prostatic NE cells express K5 

cytokeratin, which is a basal cell marker [reviewed  in Ref. (8)]. NE cells appear to be non-

proliferative, postmitotic, as they lack the proliferation marker Ki-67. They, however, lie 

preferentially adjacent to proliferating and Bcl-2-positive cells, a pattern suggesting that 

NE cells support the growth of  non- NE cells through paracrine mechanisms [Ref. (15, 17, 

18); also reviewed in Ref. (2)]. However, most proliferating non-NE cells do not lie close to 

NE cells (17), which makes this relationship harder to rationalize. Another prominent 

feature of these cells is the lack of androgen receptor (AR) [Ref. (19); also see Ref. (6, 16, 

20) and the references therein]. This is particularly intriguing, as androgens are considered to 

be the most important growth-supporting factor in the prostate, with innervation being the 

second most important (21). In animal models, NE cell number and morphology are not 

influenced by castration or prostatic denervation (22). In fact, it remains unclear which 

factors account for the regulatory control of NE prostatic cells, or if these regulatory signals 

are endocrine, paracrine, autocrine, neurocrine, or “lumencrine” (i.e, signals in the duct 

lumen itself) (23). 
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The developmental origin of these cells long has been a matter of debate. Normal prostatic 

NE cells likely share a common developmental origin with urogenital sinus-derived luminal 

and basal cells. A second lineage was identified that has a neurogenic origin from 

periprostatic paraganglia (24). Consequently, some authors have proposed that these cells 

have a neurogenic origin, arising from the paraganglia that flank the urogenital 

mesenchyme; by subsequent migration, these precursor cells populate the prostatic 

epithelium. Other authors have suggested that prostatic NE cells have a local prostatic 

origin, arising through differentiation of a local pluripotent stem cell that gives rise to all 

the epithelial cell types in the prostate [Ref. (20); also reviewed in Ref. (2)]. Recent work 

leans to the local prostatic origin hypothesis. During development, postnatal development, 

as well as in the adult organism, the prostatic NE, luminal, and basal cells arise through 

differen- tiation of local multipotent stem cells expressing the p63 protein marker (25–27). 

 

Neuroendocrine differentiation in prostate cancer: separate categories vs. continuum 

In the context of prostatic malignancy, NED is a highly heterogeneous phenomenon. From 

a spatial viewpoint, there are i) tumors that are purely NE, such as small cell carcinoma of 

the prostate (SCCP), carcinoid, and carcinoid-like tumors, or ii) tumors that are non-NE 

(e.g., adenocarcinomas) but exhibit rather focal NE features (in primary and/or metastatic 

sites). These can be further divided with respect to timing: some adenocarcinomas display 

large populations of NE cells from the start, while others recur as NE carcinoma later on 

[reviewed in Ref. (3, 28)]. Some points of this categorization remain debatable [e.g., more 

recent studies of NED have deliberately excluded carcinoid and carcinoid-like tumors as 

belonging to a different histological category, while others (29) have considered them as 

NED tumors]. The classification, however, emphasizes two important elements. First, the 

extent of NED varies across patients, in that some tumors exhibit focal NED (i.e, only a 

subpopulation of tumor cells exhibit NE features) (Figure 1.1, left) while others display 

universal (pure) NED (i.e, the tumor is entirely composed of NE cells). The universal NED 

is, in fact, SCCP, which accounts for 1% of the prostatic malignancies and, similarly to 

small cell carcinomas from other organ sites, has a particularly poor prognosis (30) (Figure 

1.1, right). Second, the timing of NED varies across patients, in that certain patients show
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Figure 1.1. Prostate cancer displaying focal or universal neuroendocrine differentiation 

(Left) Focal NED typically requires specific staining methods. However, in about 10% of cases, NE cells 
display large eosinophilic granules recognizable by conventional staining (arrows). In focal NED, the NE 
cells occur either as solitary cells or in clusters. (Right) Universal NED is synonymous to SCCP. This cancer 
type is rarer than conventional prostatic adenocarcinoma ( 1% of total PCa cases) and prognosis is dismal. 
Histologically, cells display scarce cytoplasm, hyperchromatic nuclei with finely dispersed chromatin and 
inconspicuous nucleoli, and nuclear molding. Mitotic index is high and necrosis often is present. In about 
half of the cases, the small cell carcinoma is admixed with areas of conventional prostatic adenocarcinoma. 
The Gleason scale cannot be used for pure SCCP, but in mixed cases it should be used to grade the 
adenocarcinoma regions. H&E stain. Courtesy and with permission of Dharam M. Ramnani, MD; 
WebPathology.com.
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NED tumors from the beginning, while others receive treatment for conventional PCa and 

later experience recurrence with NED tumors. 

An important question to be asked is, therefore, if the NED categories described above are 

discrete phenotypes or if they represent a continuum of phenotypes. First, it is known that 

some histological and immunohistochemical traits are common to conventional prostatic 

adenocarcinoma and SCCP (31). Second, there is a growing body of literature reporting 

therapy-associated progression from i) conventional prostatic adenocarcinoma to focal 

NED, ii) focal NED to SCCP, or iii) conventional prostatic adenocarcinoma to SCCP (32–40). 

Progression to these NED categories occurred in any stage of the disease (i.e, organ-

confined, locally advanced, metastatic) (32–34, 36–39; Ando et al., 2019). Third, 

increasing evidence shows cases of mixed adenocarcinoma/SCCP tumors. In these 

patients, disease stage correlates directly, while survival correlates inversely, with the 

proportion of the SCCP fraction and the grade of the associated adenocarcinoma fraction 

(30), suggesting that PCa gains in relative SCCP proportion as the disease progresses. 

SCCP might, in fact, represent the least differentiated type of conventional prostate 

adenocarcinoma (i.e, beyond the Gleason 10 score), which would indicate adenocarcinoma 

and SCCP form a continuum (30). 

Collectively, these data strongly suggest that i) NED in PCa is a dynamic and continuous 

range, spanning from conventional adenocarcinoma to SCCP; ii) progression across this 

range is directed from conventional adenocarcinoma to SCCP; iii) progression can occur at 

any stage of the disease; and iv) progression is driven by therapy (Figure 1.2).  

Last, it is worth mentioning that a new classification of NED has been proposed recently 

(29), in which the extent and timing of NED have been abandoned and NED is categorized 

solely on morphologic observations. As the authors themselves acknowledge, apart from 

the purely histopathologic perspective, most of the new categories proposed bear little 

clinical significance (29). Based on the existing literature discussed above, we suggest that 

the present classification should be kept in place, and refined only as the full genotypic and 

phenotypic character of NED is discovered.
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Figure 1.2. Neuroendocrine differentiation spans a continuous and dynamic range 

Conventional prostatic adenocarcinoma, focal NED, and SCCP traditionally are represented as separate 
entities, but evidence shows that they rather form a unique spectrum of prostatic malignancies. The common 
denominator encompasses two parameters: the extent of NED (green gradient), spanning from zero 
(conventional prostatic adenocarcinoma) to universal NED (SCCP), and the extent of malignant 
dissemination (red gradient), ranging from localized to metastatic disease. During first presentation or 
reoccurrence, NED can be diagnosed at any point across this plane (black human icons). For any patient, any 
parameter can shift to a higher value at any stage during the course of the disease (see color-coded arrows, 
each color corresponding to one patient), but no parameter shifts to a lower value (grey arrows crossed by 
red saltires). Loc, localized disease; Met, metastatic disease; ADK, conventional prostatic adenocarcinoma; 
NED, focal NED; SCCP, small cell carcinoma of the prostate.
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Neuroendocrine cells in prostate cancer 

Neuroendocrine cells first were reported in malignant prostate tissue almost 50 years ago 

(41), making it the first description of NED in PCa. Similarly to normal NE cells, the NE 

tumor cells express various neuromediators (see below). 

It is important to unravel the phenotypic and genotypic associations between normal and 

tumor-associated NE cells. Surprisingly, NE tumor cells are in many ways indistinguishable 

from their adjacent, conventional non-NE tumor counterparts (42). First, NE tumor cells 

express K18 and K8 cytokeratins, which also are expressed by luminal cells of the prostatic 

epithelium and also by conventional tumor cells (i.e, adenocarcinoma cells). However, they 

do not express high-molecular weight cytokeratin and p63, which are associated to the basal 

cells of the prostatic epithelium (43, 44). By contrast, normal NE cells mainly express K5, 

a basal cell marker (see above). Second, both NE tumor cells and non-NE tumor cells 

express the β-oxidation enzyme α-methylacyl-CoA-racemase (AMACR) (43), a recently 

identified marker that is strongly associated with PCa risk (45). By contrast, normal NE 

cells lack this marker (43). Third, genetic analysis revealed that NE tumor cells are similar 

to non-NE tumor cells rather than to NE normal cells. The NE normal cells, in turn, are 

similar to the non-NE normal cells (46). It is thus apparent that belonging to the malignant 

vs. benign prostatic phenotype is a stronger clustering factor than belonging to the NE vs. 

non-NE cell type. Of note, TMPRSS2-ERG gene fusion shows comparable prevalence 

across conventional PCa and SCCP cases (50% vs. 47%, respectively), and is present 

across the majority of mixed conventional PCa cases (85%). Conversely, it is absent across 

bladder SCC or benign prostatic tissue cases. Collectively, these data suggest that 

conventional PCa and SCCP share a common, monoclonal origin (Williamson et al., 2011). 

Similarly to NE cells in the normal and hyperplastic prostate tissue, NE tumor cells are non-

proliferative, postmitotic cells (17, 18, 43, 44), and they lack stem-like cell markers ALDH1, 

NANOG, and CD44 (44). They are mainly adjacent to proliferating (17, 43) and Bcl-2-

positive cells [see Ref. (16) and the references therein], and such NED areas exhibit the 

highest proliferation index across the tumor tissue (47). It is therefore not surprising that, 

the more NED areas a tumor displays, the higher the proliferation index  at the global tumor 

level; that is, the extent of NED correlates with higher proliferation index of the whole 
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tumor [Ref. (47), although see Ref. (17)]. The NE tumor cell density per NED area further 

enhances proliferation. Proliferation index among NE cells is higher in tumors displaying 

clusters of NE cells as compared to tumors displaying solitary NE cells or no NE cells (47). 

How are NE tumor cell signals broadcast, though? In mice, androgen-dependent LNCaP 

prostate tumors can grow in castrate conditions only in the presence of NE tumors, which 

suggests that NE tumor cells secrete some long-range, endocrine factors (48). However, the 

effect is not seen in vitro, as conditioned medium from NE tumor cells does not rescue 

decreased growth of LNCaP cells in androgen-depleted conditions (48). Although this 

difference between in vivo and in vitro could be attributed to a different gene expression 

profile of LNCaP and/or NE cells, it also could be accounted for by the absence of NE cells 

in the in vitro experiments. Namely, it is possible that short-range, paracrine factors [as 

hypothesized more than two decades ago (17)], or direct cell–cell contact are responsible 

for the NE tumor cell supportive role. Indeed, LNCaP cells proliferate more than twofold 

faster when co-cultured with LNCaP cells displaying NED (49), which further supports this 

view. 

It is commonly accepted that NE tumor cells are AR- and PSA-negative and prostatic acid 

phosphatase-positive [Ref. (43, 44), see also Ref. (50) and the references therein]. Older 

studies suggest that a small minority of NE tumor cells display some AR expression (19). 

The lack of AR makes them androgen-independent, as are NE normal cells. In an in vivo 

model of human PCa xenograft subjected to androgen deprivation (AD, castration), the 

residual tumor is enriched in NE tumor cells, which appear to result by selection, i.e., 

survival, despite the lack of androgens (44). 

Regarding the origin of NE tumor cells, it has been suggested that PCa NE cells share a 

common intermediate stem cell origin with their normal NE counterparts. Others 

hypothesized that since normal NE cells do not proliferate, PCa NE cells are likely to arise 

through transdifferentiation from either conventional prostatic adenocarcinoma cells or 

prostatic exocrine cells becoming malignant [Ref. (18); also reviewed in Ref. (8)]. The 

stronger genetic clustering of tumor NE/non-NE cells as compared to tumor NE/normal 

NE cells lends further support to the second hypothesis (46). 
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Interestingly, not all NE cells found in PCa are genuine NE tumor cells. Sion-Vardy’s group 

described a CgA- and serotonin-expressing NE cell population in the normal peritumoral 

regions (10). By contrast, other NE markers (NSE and adrenomedullin) were expressed 

uniformly across normal peritumoral and tumoral regions, and across PCa and benign 

prostate hyperplasia patients, respectively, which suggests that the prostate may contain 

several different NE cell populations (10). It might be that PCa induces neighboring benign 

cells to transdifferentiate into NE cells, which then promotes tumor growth through their 

secretory products (10). Neuropeptides of NE cells promote tumor growth in vitro (51), but 

the functions of various mediators have only begun to be unraveled. 

It is particularly intriguing that not all tumor-produced neuromediators are uniformly 

tumor-supportive. For instance, CgA, which is among the most prominent NED markers, 

displays competing activities. CgA is active in its full-length form, but it is also 

physiologically cleaved at various sites, generating about a dozen of bioactive fragments 

[reviewed in Ref. (14)]. These hormones play intricate regulatory roles in vascular and 

tumoral biology, either as pro-angiogenic or anti-angiogenic factors [reviewed in Ref. 

(52)]. Vasostatin-1, one of the most widely studied CgA fragments, inhibits tumor 

angiogenesis, apparently by inhibiting the endothelium-stimulatory effects of hypoxia and 

tumor-secreted factors. This, in turn, precludes the activation of endothelial cells and 

preserves the integrity of the endothelial barrier. At the molecular scale, vasostatin-1 

inhibits hypoxia-driven nuclear translocation of HIF-1α (53). By contrast, full-length CgA 

has a biphasic effect. While physiologic concentrations inhibit both spontaneous and VEGF- 

and FGF-2-induced angiogenesis, the anti-angiogenic effect is lost at supraphysiologic CgA 

concentrations, suggesting that high CgA levels, as occur in NE and some non-NE cancers, 

might reduce the anti-angiogenic effect (54). Moreover, thrombin provides an angiogenic 

switch characterized by gradual cleavage-induced inactivation of anti-angiogenic 

fragments of CgA, coupled to cleavage-induced generation of pro-angiogenic fragments of 

CgA. This switch is relevant in clinical conditions exhibiting thrombin activation, 

including cancer (54), a hallmark of which is angiogenesis (reviewed in Ref. (55, 56)). CgA 

and CgA-derived hormones also play opposing roles in regulating tumor proliferation. In 

mice, CgA inhibits transit of mammary cancer cells among primary tumor, blood, and 

organ compartments (57). Mechanistically, CgA inhibits tumor cell-induced formation of 



12 
 

endothelial gaps and decreases TNFα-induced vascular leakage (58), reduces vascular 

leakage within tumors, and inhibits tumor cell transendothelial migration (57). However, 

vasostatin-1 and -2 stimulate proliferation in small intestinal NE metastatic cell lines via 

Akt phosphorylation, although they do not affect small intestinal NE primary tumor cell 

lines (59). In PCa cell lines, various CgA fragments have opposing roles, as some stimulate, 

while others inhibit invasion, haptotactic migration, and growth (see Ref. (60) and the 

references therein). It becomes thus apparent that factors produced by NE tumors can exert 

effects of both polarities, either enhancing or diminishing tumor development. 

 

Inducers of neuroendocrine differentiation 

Numerous molecular signals and pathways connect to NED, or to functional features 

commonly associated with it, such as androgen-independent growth. These consist of i) 

ligands that induce NED or NED-related features, and ii) signals generated by NE cells 

that affect tumor dynamics. The distinction between the two categories is blurry, as some 

of the latter stimuli can themselves induce NED. The entire repertoire of NED inducing 

factors include neuromediators (bombesin, calcitonin, serotonin, and vasoactive intestinal 

peptide) (11, 51, 61, 62), cytokines (IL-1β, IL-6, and IL-8) (Deeble et al., 2001; Zhu et al., 

2014; 11, 63–75), conditioned medium from bone marrow stromal cell lines (of note, IL-6 

is believed to be one key component responsible) (Zhang et al., 2011; Delk and Farach-

Carson, 2012) ionizing radiation (76) (of note, IL-6 is involved in radiation therapy 

resistance in PCa cells (Wu et al. 2013)), elevated intracellular cAMP [Cox et al., 1999; 

Ref. (77); Deeble et al., 2001; also see Ref. (46) and references therein], Wnt proteins (78), 

PI3K–Akt–mTOR pathway (79), and high-cell density (80). NED also can be at least 

partially reversed by withdrawal of inducing stimulus, and the extent of reversibility 

depends on the NED inducer and/or time of exposure (46, 76; Cox et al., 1999; Wang et 

al., 2004). Moreover, in vivo NED can be at least partially reversed by pharmacologic 

agents such as Aurora kinase A inhibitors (Beltran et al., 2011). 

While NED transition can be induced by various cues, it mainly results from AD therapy 

(ADT) [Ref. (81); also see cases documented in Ref. (32–36, 38, 39)], which is done by 



13 
 

pharmacological or surgical castration and is the standard of care in advanced PCa (82). 

Because virtually all PCa cells rely on androgens to grow, ADT can hold the disease at bay 

for a while, thus increasing progression-free survival. However, nearly all patients on ADT 

eventually develop androgen resistance (82), a term that, although extensively used in the 

literature, is somewhat confusing. The PCa cells develop the ability to grow in the absence 

of androgens, but it is the AD they become resistant to, not the androgens themselves. 

Clearly stated, PCa cells become androgen-independent, i.e., self-sufficient to androgen 

growth signals, or ADT-resistant, which is a first hallmark of cancer (55, 56). In this text, we 

will use the synonymous term: castrate resistance (CR). 

In PCa, more aggressive ADT promotes more rapid NED transitions [reviewed in Ref. (83)]. 

In mice, androgen depletion triggers regression and NED within the primary tumor. The 

androgen depletion-induced NED is proliferation-independent, and NE tumor cells exhibit 

increased expression of serotonin, bombesin, and somatostatin (16, 44). In patients with 

metastatic PCa, serum CgA levels are associated with duration of ADT (84). Moreover, 

CgA levels increased faster in patients with PSA failure than in patients without it, 

suggesting that velocity of CgA increase might help predict the risk of biochemical 

recurrence (BCR) after ADT (84). The rhythm of ADT administration might also play an 

important role in NED dynamics. Continuous ADT significantly increased serum CgA in 

both localized and metastatic PCa patients, whereas intermittent ADT did not influence 

serum CgA in either patient subset (85). Interestingly, AR expression did not correlate with 

presence of NE cells or with BCR, which is consistent with previous observations and 

suggests that NE cells do not influence AR expression in neighboring cancer cells (86). 

Because ADT promotes both CR and NED, an important question is if CR and NED go 

hand-in-hand and are causally linked? Observations published to date make it hard to give 

a definite answer. However, among patients who develop NED following ADT, more than 

80% developed CR at an intermediate point between ADT initiation and NED (40), so at 

least a subset of patients with CR will develop NED during their clinical course (87). 

Although irrefutable evidence is still lacking, it is therefore usually implied that the most 

common clinical sequence leading to NED is: 

Advanced conventional prostatic adenocarcinoma → ADT initiation → CR → NED 
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It should be kept in mind, however, that the alternative sequence: 

Advanced PCa displaying NED → ADT initiation → CR, 

in which NED precedes CR, also is encountered in the clinic. If found in treatment-naïve 

patients, NED may predict a poor response to ADT (see next section), in which case NED 

must have occurred first. Moreover, as NED can develop at any stage of the disease (Figure 

3), still other clinical sequences also are possible. 

 

Clinical significance of neuroendocrine differentiation in prostate cancer 

In PCa patients, NED is a frequent histopathological finding, ranging from 31 to 100% of 

cases in primary tumors (9, 17, 42, 47, 86, 88–92), while occurring in 12% of metastatic 

lymph node samples (90). It has been proposed that, in PCa, NED cells appear in tissue 

regions that are similar to non-cancerous atrophic glands (86). The most frequently 

expressed neuropeptide across tumor samples is calcitonin (37.1% of samples), followed 

by neurotensin (11.4%), serotonin (10%), α-human chorionic gonadotropin (8.6%), 

vasoactive intestinal peptide (5.7%), and bombesin (2.9%) (86). Using less restrictive 

criteria, others reported NSE (77% of the samples) and CgA (59%) as the most frequently 

expressed neuropeptides (9). However, significant variations were found in these studies 

with respect to the NED markers used and the internal structure of the patient groups (most 

notably, the clinical setting and the prior therapy). We note that while all these 

immunohistochemical markers might be useful for diagnosing NED cancers, it is unclear 

if they also are useful for new therapeutic strategies. Developing new therapies requires 

assessing how efficiently a potential drug reaches its target. In addition, since NED most 

often is a focal process, histopathologic markers are less accurate than serum markers. On 

the other hand, serum markers are expressed by prostatic non-NE cells as well; hence, their 

levels depend on global prostatic tissue volume rather than on specific NE cell number (93). 

This chapter mainly discusses NED from a histopathological, rather than a functional, 

standpoint. Therefore, we will follow the nomenclature tradition of the existing body of 

literature. Histopathologically, while focal NED is relatively frequent, universal NED is a 
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rare event (accounting for 1% of prostatic malignancies). For this reason, focal NED is 

commonly referred to as simply “NED,” while universal NED is usually referred to by its 

well-known pathological term “SCCP.” For consistency, we will follow this convention. 

SCCP (universal NED) and prognosis. Conventional prostatic adenocarcinoma, which 

accounts for the vast majority of PCa cases, has an excellent prognosis due to its slow 

clinical course and the available screening tests. By contrast, SCCP is a fatal disease. In 

patients with SCCP, 2- and 5-year survival rates are 27.5 and 14.3%, respectively, while 

median survival is 15 months for locoregional disease and 7 months for metastatic disease 

(30). Histopathologically, SCCP belongs to a large family of cancers referred to as small 

cell cancers, which share identical tissue architecture (small cells, round- or spindle-

shaped, displaying sparse cytoplasm, nuclear molding, high-mitotic index, and frequent 

necrosis) that can be readily identified by conventional hematoxylin and eosin (H&E) 

staining [reviewed in Ref. (94–96)]. According to the site of origin, small cell carcinomas 

are conventionally divided into small cell lung cancer (SCLC), the most frequent, and 

extrapulmonary small cell cancers (EPSCCs), which include cancers from all other sites, 

including SCCP. Although rare, EPSCCs have been documented in virtually all organs in 

the body (94, 97–99), including the brain, which had traditionally been considered not to 

display primary EPSCC tumors (100). Despite this diversity of organ sites, EPSCC and 

SCLC exhibit virtually identical patterns of behaviors: extremely poor prognosis, quasi-

identical therapeutic regimens, high- and short-lived initial response to platinum agents, and 

topoisomerase inhibitors, followed rapidly by tumor relapse and death, shared molecular 

alterations, and similar histopathology (Figure 1.3). This clinical, pathological, therapeutic, 

and prognostic pattern for both EPSCC and SCLC has remained unchanged over the last 

decades (94, 96, 98, 99, 101–106), and the only organ sites where EPSCC displayed better 

prognosis are breast (99, 104) and female reproductive tract (104), most notably the cervix 

(102, 105). However, the prognosis for breast SCC is poorer as compared to all other types of 

non-inflammatory breast cancers combined (107). Likewise, the prognosis of cervical SCC 

is poorer than the prognosis for squamous cell carcinoma and adenocarcinoma of the 

cervix, respectively (105). Thus, even for these situations where EPSCC breaks the rule 

and displays better outcomes, the relative prognosis is poorer compared to other cancers 

originating from the same site, and the pattern is therefore preserved. Importantly, non
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Figure 1.3. Small cell carcinomas are a large, homogenous family of cancers 

The histology, therapeutic regimens, response to therapy, and prognosis of SCCP are strikingly similar to 
small cell carcinomas of all the other organ sites, including SCLC shown here. Extensive nuclear molding 
and apoptotic bodies can be seen. See Figure 1.1, right for comparison with SCCP. H&E stain. Courtesy and 
with permission of Dharam M. Ramnani, MD; WebPathology.com.
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-SCLC (NSCLC), which accounts for the majority of lung cancers, can also undergo NED 

and transdifferentiate to SCLC (Oser et al., 2015). Collectively, these data strongly suggest 

that universal NED is a unique disease that displays a consistently homogeneous pattern of 

tumor behavior and clinical outcomes irrespective of the organ site of origin. 

NED (focal NED) and prognosis. After three decades of research, it is commonly perceived 

that NED in PCa indicates poor prognosis. This impression could be due to a mere 

association, as NED correlates with tumor grade [reviewed in Ref. (3); see below]. Thus, it 

might not be NED itself, but the high tumor grade it accompanies, which accounts for the 

poor prognosis. Alternatively, this could be a true causative relationship, in which the NE 

tumor cells themselves generate a resistance to hormonal therapy. This idea is consistent 

with repeated findings that PCa that exhibit NED are hormone-resistant [reviewed in Ref. 

(3); also see below], as well as with the fact that adenocarcinomas tend to recur after 

hormonal therapy as carcinomas with focal NED [reviewed in Ref. (3)]. It is worth noting 

that a correlation between NED and poor prognosis would be encountered in both scenarios 

(NED as merely associated with, vs. NED as causatively related to, poor prognosis). This 

correlation is likely to have a strong impact on a grand scale, because PCa is the most 

common cancer and the second-leading cause of cancer death in American men (108). 

Thus, even though patients diagnosed with advanced PCa represent only a small fraction 

of the total number of PCa cases, they still represent a high absolute number. Consequently, 

the ADT-induced NED, which is encountered in these patients, also is expected to occur in 

a high absolute number of patients. 

It is difficult to get an accurate picture of the association between NED and prognosis, 

mainly because of the lack of large, conclusive studies. Instead, many studies report that 

NED correlates with poor prognosis, and still other studies fail to report such association. 

The main reason is the methodological heterogeneity in common practice to detect and 

quantify NED, to collect biological material, and to devise patient inclusion criteria [for a 

snapshot see Ref. (40)]. This heterogeneity is threefold. 

First, NE cells produce a vast array of neuropeptides that are used somewhat stochastically 

in immunostaining procedures to identify NED. However, the freedom to choose among 

various markers relies on the assumption that NED markers are equivalent to one another, 
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i.e., they are present in the tissue in equal or proportional quantities. But is this assumption 

true? The most recent explicit methodological directive implies that any of the three 

common markers (CgA, NSE, or synaptophysin) is sufficient to document NED (8) (Figure 

1.4). In patients with either localized or advanced (stage D2) PCa, strong CgA staining of 

primary tumor correlates with poorer cause-specific survival (109, 110) and overall survival 

(OS) (90) and provides superior information as compared to currently used pathologic 

prognostic factors (109). Similarly, CgA abundance in lymph node deposit also correlates 

with poorer OS (90). By contrast, NSE staining of primary tumor does not correlate with 

survival (110). In fact, as stated above, NSE was equally expressed in tumoral, peritumoral, 

and benign prostatic hyperplasia (BPH) tissue (10), which suggests that it lacks clinical 

significance. Thus, although not systematically demonstrated, CgA is the most clinically 

relevant NED marker (91) and has been used in most studies addressing the clinical 

implications of NED. 

Second, tumor samples can be obtained either through a surgical intervention or a core 

needle biopsy. However, the freedom to choose between these two procedures relies on the 

assumption that they are equivalent procedures. But are they? At a first glance, while 

surgery ensures pathological sampling access to the whole tumor, biopsy is like looking 

through the keyhole. It is thus unclear if NED seen in the biopsy accurately mirrors the 

NED of the whole tumor. In tumor biopsies from patients with advanced PCa (stage D2), 

strong CgA immunostaining was correlated with higher 2-year recurrence rates and much 

shorter time to recurrence (111). Moreover, in biopsies from an unselected population of 

patients with PCa, biopsy CgA immunostaining positivity correlated with shorter survival 

(112). Similarly, in biopsies of a selected population of patients with ADT-resistant PCa, 

NED correlated with decreased cancer-specific survival (113). Additionally, in core needle 

biopsies from PCa patients with Gleason score 8–10 who received primary radiotherapy, 

CgA immunostaining >1% correlated with less favorable biochemical control, clinical 

failure, distant metastases (sixfold), and cancer-specific survival (almost fivefold) rates as 

compared to CgA immunostaining <1% or negative CgA immunostaining, respectively 

(92). Other authors, however, after assessing biopsies from patients with ADT-resistant PCa, 

reported no significant correlation between CgA serum levels and biopsy CgA 

immunostaining intensity (12). Because CgA serum levels correlate with CgA 
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Figure 1.4. Prostate cancer immunostaining for neuroendocrine markers 

In surgical or core needle biopsy samples, NED can be detected by immunostaining against specific markers, 
most notably peptides, which are present inside the NE secretory vesicles (see text for details). A frequently 
used NED marker is the enzyme NSE, seen here as brown cytoplasmic granules. Immunoperoxidase stain. 
Courtesy and with permission of Dharam M. Ramnani, MD; WebPathology.com.
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immunostaining in the primary tumor (see below), biopsy tissues may provide a distorted, 

inaccurate image of NED. To avoid this gray zone of uncertainty, a best approach might be 

to use biopsy CgA immunostaining in tandem with CgA serum levels to increase overall 

accuracy (114). Although, in most cases, biopsy appears to provide a fair image of the extent 

of NED in the primary tumor, it should be remembered that surgical samples provide the 

most reliable snapshots of NED. 

Third, a majority of the neuropeptides can not only be viewed immunohistochemically but 

also can be measured in serum. However, the freedom to choose between these two methods 

relies on two assumptions: i) NED markers produced by NED cells are released into the 

bloodstream, and ii) there is a linear relationship between NED in the tissue and NED 

markers in the blood. But are these two assumptions true? While obtained more easily and 

less invasively, serum levels provide an indirect (and perhaps distorted) measure of the 

NED presence and extent. In addition, blood levels of several NED markers can increase 

in non-NED settings which thereby act as confounders (e.g., chronic use of proton pump 

inhibitors increases CgA levels nearly eightfold) (115). However, CgA serum levels do 

correlate with CgA staining of primary tumor, and they also correlate with CgA staining of 

biopsy samples (9, 110, 114), which suggests that serum CgA accurately mirrors the extent 

of NED in PCa. By contrast, no correlations exist between immunohistochemical staining 

for chromogranin B, NSE, and pancreastatin, respectively, and the corresponding serum 

levels of those markers (9, 110). Thus, CgA is the most reliable serum marker of NED (9). 

CgA serum levels are higher in PCa as compared to BPH, and they are higher in BPH as 

compared to healthy controls (116). In patients with ADT-resistant PCa, high serum levels 

of CgA correlate with reduced OS (12). In patients with ADT-resistant PCa who had not 

received any prior chemotherapy, CgA serum levels increased rapidly over time (twofold in 

9 months), correlate negatively with survival, and are an independent predictor of survival 

(117, 118). However, this might only apply for a subset of patients. Two groups showed that, 

in patients with advanced PCa, elevated serum CgA only correlates with poor prognosis 

when serum PSA is below or equal to the median value, but fails to correlate when serum 

PSA is above the median value (117, 119). The relationship between serum NSE levels 

and prognosis is less clear-cut, but positive correlations have been reported. NSE serum 

levels are higher in PCa as compared to BPH and they are higher in BPH than in healthy 
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controls (116). In patients with advanced PCa, elevated pre-treatment serum levels of NSE 

correlate with short survival (120). However, in patients with advanced PCa, pre-treatment 

serum levels of NSE do not correlate with those of CgA, which correlate with NED and 

prognosis. Moreover, following palliative radiotherapy, serum levels of NSE drop while 

serum levels of CgA and PSA increase. This suggests that CgA- and NSE-secreting NE 

cells differ from each other in terms of radiosensitivity (120). The authors rely on this 

finding to suggest that NSE, rather than providing prognostic information, might actually 

help monitor the response to palliative radiotherapy (120). 

Associations between NED and other tumor features also are linked to prognosis. Some 

reported that NED in the primary tumor correlates with clinical recurrence (90). Others 

reported that NED correlates with high Gleason score (88, 89, 114, 116, 121), tumor stage 

(89, 112, 114, 121), and the presence of metastases (89). Pattern of NE cell growth also is 

important. Tumors with high Gleason score ( 7) tend to show clusters of NE cells, while 

most tumors with low Gleason score display solitary NE cells, and presence of clusters 

appears to impart a poorer prognosis (47). NED also correlates with serum PSA levels, 

but conflicting evidence exists regarding the directness of the correlations (114, 121). 

Similar observations, with less specific NE markers, were made by Ishida’s group. In tumor 

samples from patients who had not received preoperative therapy, the presence of 

calcitonin correlated with high Gleason score, suggesting an association with cancer 

aggressiveness or invasion (86). Furthermore, in PCa patients, serum levels of CgA and 

NSE correlated with tumor stage, with a slightly higher resolution for CgA (116). 

Not all the studies have found associations between NED and clinical, biochemical, or 

pathological features of PCa. Various authors failed to report any correlation between NED 

and prognosis, failure after radical prostatectomy, clinical stage, Gleason score, tumor 

stage, or lymph node metastasis (42, 88, 122). Others reported no correlation between NED 

and proliferation index or disease progression (42), or between NED and PSA levels or 

PSA progression (89, 112). Among the most widely used NED markers, NSE serum levels 

failed to correlate with Gleason score (116). Some of these studies, however, did not 

properly explore the correlations between NED and survival or between NED and more 

specific subsets of patients (e.g, those receiving ADT or displaying CR) (42, 122). This is 
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precisely why these null results are important. That is, if corroborated with the correlations 

described before, they suggest that NED might rather predict a poor response to ADT than a 

globally poor prognosis (42, 112). Indeed, in PCa biopsies from patients with newly 

diagnosed PCa who subsequently received ADT, high CgA immunostaining correlated 

with faster progression to CR and lower OS; moreover, in these patients, CgA serum levels 

almost doubled after 2 years of ADT (114). This increase in CgA serum levels during ADT 

might reflect the development of increased tumor aggressiveness and CR (114). 

Furthermore, although biopsy CgA immunostaining does not correlate with shorter time 

to PSA progression in patients not treated by ADT, it does correlate in those receiving ADT 

(112). The correlation between NED and prognosis might therefore need to be stratified 

further across patient subsets, most notably those receiving ADT. In addition, a 

methodological systematization with respect to selecting a more restrictive panel of NED 

markers to be used [see, e.g., Ref. (12)] and specifying the methods for collecting the NED 

markers thus is paramount. 

The conclusions from these data are: i) universal NED (SCCP) correlates with poor response 

to therapy and particularly dim prognosis. Moreover, universal NED includes a large family 

of tumors that display similar histological, clinical, and prognostic features irrespective of 

the organ site of origin. This suggests that NED, or at least the extreme end of the NED 

spectrum, might actually be a rather unique and homogenous disease entity despite its 

various organ starting points. An in-depth, all-organ-site histological, genetic, 

phenotypical, and clinical comparative analysis of focal NED is warranted; ii) focal NED 

correlates with tumor aggressiveness and poor prognosis, particularly in patients receiving 

ADT; iii) CgA is the most reliable immunohistochemical NED marker; iv) core-needle 

biopsies provide an accurate snapshot of NED. However, until larger studies are done, 

surgery remains the gold standard for visualizing NED; v) serum CgA is the most reliable 

serum NED marker; and vi) large studies are needed to help standardize the methodology 

for detecting and quantifying NED. 
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Interleukin-6 and neuroendocrine differentiation 

Interleukin (IL)-6 plays a key role in ADT-induced NED (63–70, 75). In PCa tissue, IL-6 

is found in higher concentrations (albeit more variable in terms of range) than in non-

cancerous prostate tissue (69). IL-6 is secreted by several PCa cell lines (PC-3, DU-145, and 

TSU), as well as by normal prostatic epithelial cells. By contrast, LNCaP PCa cell line does 

not secrete IL-6 (66, 69, Lescarbeau et al., 2012, although see Siegall et al., 1990). However, 

IL-6 receptor is present in all the aforementioned PCa cell lines, including LNCaP (66; 

Siegall et al., 1990). Similarly to IL-6, concentrations of IL-6 receptor are higher in PCa, 

but more heterogeneous in terms of range, as compared to non-cancerous prostate tissue, 

and its level of expression across PCa samples correlates with increased proliferation (69), 

probably through AR-dependent mechanisms (Malinowska et al., 2009). 

Interleukin-6 induces NED in PCa cell lines, most notably LNCaP, C4-2, and C4-2B (64, 

66, 68, 75, 123). The LNCaP cell line provides the model of choice for studying transition 

of PCa from androgen sensitivity to CR. Because NED and CR in PCa go hand-in-hand (see 

above), it is not surprising that IL-6 also induces CR. In principle, IL-6 can activate the AR 

in an androgen-independent, dose-dependent fashion. The IL-6-activated AR, in turn, 

activates its target genes at 67% of the level reached in the androgen-activated AR scenario 

(63). Interestingly enough, IL-6 and androgens have synergistic effects when co-

administered in low concentrations, but this additive pattern disappears as IL-6 

concentration is increased. The synergistic AR activation by IL-6 and androgens is almost 

completely inhibited by bicalutamide, an AR blocker (63). In LNCaP cells, IL-6 also 

activates AR in an androgen-independent fashion (65), increasing AR-regulated PSA gene 

expression and consequently increasing PSA mRNA and secreted protein levels (63, 70). 

Co-administration of IL-6 and androgen has a synergistic effect that is blocked by 

bicalutamide (63, 70). In C4-2 and C4-2B cell lines, IL-6 is a key mediator of bone marrow 

stroma-induced NED and autophagy (75, 123). Because both NED and autophagy are highly 

protective for PCa cells, IL-6 might facilitate bone metastasis. Interestingly, IL-6 also 

induces neuronal differentiation in the rat pheochromocytoma cell line PC-12 (Satoh et al., 

1988). 
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Both NED and CR influence tumor growth. However, the effect of IL-6 on tumor growth 

remains debatable. In LNCaP cells, several groups showed that IL-6 induces growth (66, 

69, 70) while decreasing cell death and proportion of S-phase cells (69). IL-6 secreted by 

human mesenchymal stem cells at sub-NED-inducing levels increases LNCaP cell survival 

(Lescarbeau et al., 2012). By contrast, others found that IL-6 inhibits LNCaP cell growth 

(which is more compatible with NED features) via the IL-6 receptor subunit gp130 (64, 

67), decreases proliferation induced by androgens (63), and inhibits LNCaP xenograft 

growth (Wang et al., 2004). IL-6 inhibits tumor growth by blocking the cell cycle in the 

G1 phase (64). Cell cycle G1 arrest is associated with an increase in p27Kip1 levels and a 

decrease in CDK2, CDK4, and CDK6 levels (64). 

 

Signaling pathways used by interleukin-6 to induce neuroendocrine differentiation 

The signaling pathways that IL-6 relies on to induce NED and related processes are only 

partially known and their operation principles are yet to be revealed. It is known that the 

JAK/STAT3 system, which is a downstream effector of IL-6, is particularly important. 

STAT3 (but not STAT1) is constitutively active in human PCa cell lines (LNCaP, PC-3, DU-

145, TSU) as well as in various Dunning rat PCa sublines (124). In LNCaP and PC-3 cell 

lines, as well as in PCa samples, STAT3 protein levels are increased twofold over nor mal 

prostate tissue (125). In both human and rat PCa cell lines, STAT3 binding activity is 

correlated with tumor aggressiveness (124). However, other authors report that PC3 cells do 

not express STAT3 (67). 

IL-6 induces phosphorylation and nuclear translocation of STAT3 in both prostatic normal 

epithelial and LNCaP cells (69). In LNCaP cells, IL-6 activates the whole JAK/STAT3 

system with consequent STAT3 phosphorylation (Deeble et al., 2001) at both sites of 

regulation (Y705 and S727, respectively) (70). In LNCaP cells, IL-6-induced activation of 

STAT3 triggers NED (66, 68). Furthermore, in PC3 cells, which normally do not express 

STAT3 (67), overexpression of STAT3 leads to NED (67). Similarly, in C4-2 and C4-2B 

cells, IL-6 induces NED via activation of STAT3 (75). 
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In LNCaP cells, JAK/STAT3 signaling also is required for IL-6-induced, AR-mediated 

gene activation (65). Activated STAT3 associates with AR N-terminal domain (70) in an 

androgen-independent, IL-6 dependent fashion (65). To this end, phosphorylation, 

dimerization, and DNA binding of STAT3 (but not STAT1) are crucial. Any one of the AR 

N-terminal domain regions 234–390 and 391–588 (which STAT3 binds to) can drive the 

process. By contrast, the 1–233 regions, which do not bind STAT3, are not essential (70). 

Others found that, although JAK plays an important role in general, it is not essential in this 

specific context (70). 

The roles of JAK/STAT3 in NED- and CR-related processes, most notably tumor growth, 

are still debated. In TSU cells, phosphorylation of STAT3 (via JAK) is required for tumor 

growth. Thus, overexpression of phosphorylation- and activity-defective STAT3F mutant 

reduces TSU growth in vitro, while decreasing tumorigenicity of TSU cells injected in vivo 

(124). However, Spiotto and Chung reported that TSU line is refractory to STAT3 signaling 

(or at least to STAT3 signaling induced by IL-6) because of decreased STAT3 tyrosine 

phosphorylation (67). In LNCaP cells, STAT3 is not essential for cell growth, because wild 

type and mutant STAT3F cells exhibit similar growth (67). In LNCaP cells, rather than 

influencing default growth, STAT3 might modulate responses to external signals. Thus, in 

LNCaP cells expressing wild type STAT3, IL-6 inhibits growth, whereas in LNCaP cells 

expressing STAT3F mutant, IL-6 enhances growth (67). In PC3 cells, transfected STAT3 

inhibits growth (68), while STAT3 knockdown inhibits growth {accompanied by a decrease 

in c-myc mRNA levels [although see Ref. (67)]}, increases apoptosis (accompanied by a 

decrease in Bcl-2 protein levels), and induces cell cycle G1 arrest (accompanied by a 

decrease in cyclin D1 protein levels) (125). In PC3 cells injected in vivo, STAT3 knockdown 

markedly decreases tumorigenic potential and induces intense tumor apoptosis (125). 

Structurally, the Src homology 2 domain of STAT3 is key in mediating all these effects (125). 

The DU-145 cell line exhibits reduced STAT3 DNA binding, which makes DU-145 cells 

unresponsive to STAT3-mediated IL-6 signaling (67). 

It is likely, but yet to be confirmed, that IL-6 participates in more than one signaling 

pathway to induce these effects. In C4- 2 and C4-2B cells, STAT3 activation is required for 

IL-6-induced NED, but not for IL-6-induced autophagy, which suggests that IL-6 induces 
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these two effects through distinct signaling pathways (75). Besides JAK/STAT3, the other 

canonical signaling pathways in IL-6 signaling are MAPK and PI3K-Akt. In LNCaP cells, 

MAPK pathway is required for IL-6-induced (but not for androgen-induced) activation of 

AR N-terminal domain (70) and consequent expression of AR target genes (63). However, 

others failed to show any such effect in LNCaP cells (65). In IL-6-treated LNCaP cells, the 

effects of MAPK pathway, if any, do not proceed via JAK/STAT3 phosphorylation; 

however, some cross-talk is possible as IL-6 induces JAK to phosphorylate MAPK (70). In 

DU-145 cells, MAPK pathway is necessary for IL-6-induced, but not for androgen-

induced, activation of AR and expression of the latter’s target genes (63). The PI3K 

pathway plays a minor role, if any, in IL-6-induced activation of AR N-terminal domain in 

LNCaP cells (70). Interestingly enough, cAMP and protein kinase A (PKA), as well as 

protein kinase C, may be involved in IL-6 signaling. In LNCaP cells, inhibition of PKA 

decreases IL-6-induced, AR-mediated gene expression, while not influencing androgen 

signaling via AR (63, but see Deeble et al., 2001). In DU-145 cells, PKA is required for 

AR signaling induced by either IL-6 or androgens. In DU-145, protein kinase C influences 

AR signaling induced by IL-6 (but not by androgens) (63). Also, IL-6-induced NED might 

be effected, at least in part, through paracrine, exosome-driven signals containing 

adipocyte differentiation-related protein (ADRP) (Lin et al., 2017). 

 

Correlations between prostate cancer and neural structures 

The significance of NED in PCa is emphasized by the finding that PCa cells benefit from 

close contact with neural structures. A remarkable attempt to systematize this emerging 

field was made by Zänker and Entschladen (126). In tissue samples, PCa cells involved in 

perineural invasion display increased proliferation and decreased apoptosis as compared to 

PCa cells located away from the nerves (Ayala et al., 2004). Similarly, in an in vitro model, 

first described in Ref. (128), DU-145 cells involved in perineural invasion-like actions 

exhibited increased proliferation and decreased apoptosis, accompanied by an upregulation 

of several genes and corresponding proteins, three of which (NF-κB, PIM-2, and DAD-1) 

play anti-apoptotic roles (Ayala et al., 2004). Pharmacologic inhibition of NF-κB reversed 

most of these effects, as it increases apoptosis and down-regulates NF-κB, PIM-2, and 
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DAD-1 proteins (Ayala et al., 2004). Furthermore, in tissue samples, NF-κB is expressed 

in higher levels in PCa cells involved in perineural invasion than in corresponding PCa 

cells remote from the nerves (Ayala et al., 2004). Collectively, these results suggest that 

NF-κB plays a key role in PCa cells proliferation and survival driven by perineural 

invasion. Interestingly, high NF-κB nuclear expression in PCa cells exhibiting perineural 

invasion correlates with recurrence-free survival (RFS) (Ayala et al., 2004). In addition, 

PCa cells undergoing perineural invasion upregulate TGFβ1 secretion, which stimulates the 

perineurium of invaded nerves to secrete caveolin-1. The latter, in turn, inhibits apoptosis 

in PCa cells (Ayala et al., 2006). 

While at least some of the findings above might be the accounted for by the neural stroma, 

lines of evidence implicate neurons themselves. In mice, prostatic adrenergic sympathetic 

nerve fibers contribute to the initial stages of PCa development via stromal β2- and β3-

adrenergic receptors, whereas cholinergic parasympathetic nerve fibers play a key role at 

later stages of tumor invasion, migration, and metastasis through  stromal M1 muscarinic 

receptors (130). Interestingly, rather than being skewed in favor of PCa cells, the benefits 

of perineural invasion might be shared. It has been reported that patients with PCa and 

preneoplastic lesions have increased global nerve density in the prostate as compared to 

healthy individuals. Nerve density is higher in tumor foci as compared to non-tumoral 

regions and healthy prostates, respectively (131), and correlates with increased proliferation 

of PCa cells and activation of cell survival pathways (including PTEN/Akt-1 and 

downstream effectors FKHR and GSK, as well as NF-κB and downstream effectors PIM-2 

and c-Myc) (132). Furthermore, axonogenesis correlated with aggressive disease and BCR 

(131). In an in vitro scenario DU-145 cells involved in perineural invasion-like processes 

upregulated semaphorin 4F gene, which increased neurogenesis (131). Thus, a symbiotic 

contract might occur between PCa cells and adjacent neural structures (128). Nerve growth 

factor (NGF, reviewed in Levi-Montalcini and Angeletti, 1968) is being secreted both in 

the prostate (Geldof et al., 1997) and in the bone tissue microenvironments (García et al., 

2004). In the prostate tissue (either normal, BPH (benign prostatic hyperplasia), or PCa), 

NGF is found mainly in the stroma, while the high-affinity NGF receptor Trk (reviewed in 

Krygier and Djakiew, 2002) as well as the low-affinity NGF receptor p75NTR (neurotrophin 

receptor) (Graham et al., 1992) is found predominantly on the epithelial cells. Interestingly, 
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in PCa, Trk appears to mediate proliferation and metastasis, while the p75NTR appears to 

suppress them (see Krygier and Djakiew, 2002 and the references therein). It is thus not 

surprising that prostatic disease is accompanied by a decrease in p75NTR expression, with 

levels in poorly differentiated PCa well/moderately differentiated PCa (Perez et al., 

1997), and levels in PCa  BPH  normal prostate (Graham et al., 1992; Pflug et al., 1992), 

while the Trk expression remains relatively unchanged (reviewed in Krygier and Djakiew, 

2002). The PCa cell lines LNCaP, PC-3, DU-145, and TSU-Pr1 cells lack p75NTR 

altogether (Pflug et al., 1992). Collectively, these findings suggest that NGF might play a 

role in PCa carcinogenesis and might promote survival of metastatic PCa cells in bone. 

One interesting aspect is that not only epithelial but also NE tumor cells can undergo 

perineural invasion (13). Finally, previous work by our group showed that PCa cells could 

adopt a neural-mimicking phenotype, displaying a subset of brain-upregulated genes that 

were also upregulated in PCa metastases of patients with ADT, and which were proposed to 

be part of a treatment-resistant phenotype (Farach et al., 2016). Although they need to be 

taken cum grano salis, these findings beg the question of how a malignant tissue benefits 

from creating neural-like cells. Because the nervous system is the master device that deals 

with stress, and ADT is itself a stressful situation, a truly neural differentiation within PCa 

tissue would seem less far-fetched. But are there any other lines of evidence to support such 

claims? 

The mutual interplay between PCa and neural structures, and the potential advantage of a 

neural-mimicking PCa phenotype,  is supported by the consistent finding that patients with 

spinal cord injury (SCI) have lower risk of developing PCa than those without SCI (133–

136). These findings are consistent with the more general observation that patients with 

severe SCI have a smaller prostate (133, 137). Several explanations for this phenomenon 

have been proposed [reviewed in Ref. (135)], mostly related to the disruption of prostatic 

regulatory neurohormonal axes following the spinal lesion (133, 134). This would account 

for the observation that risk for PCa is lower only for higher  level SCI (above vs. below 

T6 has been the only cutoff level investigated so far) (135), as prostatic innervation involves 

lower spinal segments (21). Furthermore, in patients undergoing radical prostatectomy for 

PCa, general anesthesia (GA) plus neuraxial (spinal or epidural) anesthesia/analgesia 



29 
 

(NAA) is associated with lower risk of systemic progression, lower risk of BCR, and lower 

overall mortality as compared to GA plus postoperative opioid analgesia (138, 139). We 

suggest that this would make sense particularly if one viewed NAA as a temporary, 

chemical SCI due to the sodium channel blocking action of the agents used, which 

temporarily interrupts the neural pathways. Inhibition of tumoral voltage-gated sodium 

channels by non-anesthetic agents inhibits migration, invasion, and metastasis; it has thus 

been proposed that local anesthetics, due to their main action as voltage-gated sodium 

channel blockers, might have similar anticancer effects [reviewed in Ref. (140)]. Moreover, 

cells derived from tumors with universal NED, such as SCLC, generate action potentials 

relying on inward sodium and outward potassium currents (141, 142). Likewise, normal 

NE cells in the lung are excitable, rely on voltage-activated potassium, calcium, and 

sodium currents, and exhibit spontaneous firing modulated by hypoxia [reviewed in Ref. 

(4)]. In the androgen-independent PCa cell line PC3, growth is inhibited by voltage-gated 

sodium channel blockers, and the potency of the growth-inhibitory effect is roughly 

proportional to the potency of the sodium channel-inhibitory effect (143), suggesting that 

the latter accounts for the growth inhibition. 

One important functional difference between NAA and a real SCI is that the former, in 

dosages commonly used in the clinic, preferentially targets the sensory nerve fibers while 

leaving the less susceptible motor fibers relatively unblocked (144). However, it is the 

sensory, and not the motor innervation of the prostate, which is responsible for neural 

regulation and support of prostate growth and development (21). It is thus tempting to 

construct a unified hypothesis, in which the PCa/nerve symbiosis accounts for the reduced 

risk for PCa in patients with damaged prostatic innervation following SCI, which further 

explains the reduced risk for PCa recurrence in PCa patients with temporarily damaged 

prostatic innervation following NAA (Figure 1.5). Attempts to target PCa with neurotropic 

agents that block the generation or transmission of action potentials are thus legitimate. 

Botulinum toxin has been shown to inhibit the growth of LNCaP cells in vitro and in vivo 

(145),  and an ongoing clinical trial is investigating the effects of botulinum toxin on PCa (see 

NCT01520441 on www.clinicaltrials.gov). Before pursuing this lead, however, one should 

first determine if the observed effects of NAA might be better accounted for by non-

neurotropic factors.
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Figure 1.5. Neuraxial anesthesia/analgesia as a “temporary spinal cord injury” 

(Top) At the micro level, neurons (left) and prostate cancer cells (right) engage in a symbiotic, mutually 
growth-supportive relationship (green arrows). One NE cancer cell, displaying secretory granules, also is 
depicted between the non-NE cells. (Bottom, left) At the macro level, sensory prostatic neurons (blue), but 
not motor prostatic neurons (magenta) support growth of the prostate gland (green arrow). (Bottom, middle) 
At the macro level, spinal cord injury (oblique black bar) disrupts prostatic innervation (dashed sensory and 
motor prostatic neurons), which consequently impairs growth and reduces (red saltire) the risk for developing 
PCa (light purple oval). (Bottom, right) During PCa surgery, NAA also disrupts prostatic sensory innervation 
(dashed sensory prostatic neurons) by pharmacologic blockade (oblique red bar-headed line), which reduces 
risk (red saltire) for recurring PCa (dotted light purple oval line). It is thus reasonable to infer that NAA 
induces a “temporary SCI” that inhibits PCa similarly to SCI-induced sensory neuronal damage (see text for 
details). N, neurons; PCa, prostate cancer; SC, spinal cord; P, prostate; SCI, spinal cord injury; NAA, 
neuraxial anesthesia/analgesia.
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It is widely assumed that most general (as opposed to neuraxial) anesthetics are 

immunosuppressive, mainly by decreasing natural killer (NK) cell activity, and promote 

cancer metastasis [Ref. (146); also reviewed in Ref. (140)]. NAA might help avoid this 

immunosuppression by reducing the use of GA [reviewed in Ref. (140)]. However, several 

studies found that patients receiving both GA and NAA had better outcomes in terms of PCa 

BCR (138), local recurrence (147), systemic progression (metastasis) (139, 147), and/or 

mortality (139), or in terms of colorectal cancer (CRC) mortality (148) than patients 

receiving GA alone. Because GA was given to both study arms, it follows that in all these 

cases NAA did not help avoid the use of GA. If the only anticancer effect of NAA was to 

help avoid GA, then no significant differences in terms of immunosuppression should have 

been present between the arms. Still, significant differences in outcome were present. Thus, 

it follows that NAA might act through additional undiscovered mechanisms. 

Opioid agents, which are routinely used for surgical analgesia, are immunosuppressive 

[reviewed in Ref. (140)]. Another proposed mechanism by which NAA decreases 

perioperative immunosuppression is through reducing the need for systemic opioids 

[reviewed in Ref. (140)]. Sprung’s group performed two significant retrospective studies 

that showed that opioids can be important confounders. In patients undergoing radical 

prostatectomy for PCa, GA plus NAA lowered risk of systemic progression and overall 

mortality as compared to GA plus postoperative opioid analgesia (139). Interestingly, no 

significant differences were found when NAA scheme included fentanyl (149), which is 

rapidly absorbed into the systemic circulation due to its high liposolubility [reviewed in 

Ref. (149)]. The beneficial effects of NAA, including the decreased need for systemic 

opioids, might have been neutralized by the immunosuppressive effects of fentanyl escape 

into the bloodstream (149). The same should in principle apply to the other lipophilic 

opioids (e.g, sufentanil), which might explain why studies in which the NAA patients 

received intraneuraxial lipophilic opioids (150–153) found no significant differences 

between the two anesthetic techniques (149). The other studies reporting non-significant or 

equivocal differences did not mention the pharmacologic agents used (147, 154–156). 

It is expected that NAA works through both mechanisms described above, i.e., helping 

avoid both GA and systemic opioids [reviewed in Ref. (140)]. However, a careful inspection   
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reveals that both mechanisms rely on the passive avoidance of an extrinsic pharmacological 

effect of some other agent, rather than the active promotion of an intrinsic pharmacological 

effect of their own. In other words, NAA is devoid of antitumor effect per se, which has 

actually been proposed (149). This being the case, adjusting for the corresponding 

confounders, i.e, presence of GA in both arms under study and intraneuraxial injection of 

lipophilic opioids in patients receiving NAA, should render uniform results across various 

cancer types. However, the results indicate that this is not the case. In patients undergoing 

surgery for non-metastatic rectal, as opposed to colon cancer, GA plus NAA followed by 

postoperative NAA were associated with reduced mortality as compared to GA alone 

followed by postoperative opioid analgesia (148). The fact that the NAA arm had better 

outcomes in rectal cancer patients is unexplainable, as no significant differences were 

found between the two cancer type groups (rectal vs. colon) with respect to the inclusion 

of opioids or the inclusion of lipophilic opioids in the NAA regimen, and GA was used in 

both therapeutic arms for both cancer type groups (148). Therefore, any confounder 

determined by the rapid absorption of neuraxially administered fentanyl or sufentanil into 

the systemic circulation, as well as any confounder related to GA use in both arms, should 

have manifested itself uniformly across the two cancer types. Besides that, opioids do not 

have significant immunosuppressive effects in CRC. Patients with CRC display suppression 

of NK cell activity, which has important prognostic significance and is reversed following 

tumor resection [reviewed in Ref. (157)]. However, opioids given in analgesic 

concentrations do not induce NK cell-mediated immunity in treated patients (158). In fact, 

some opioids, including fentanyl, might increase NK cell activity [reviewed in Ref. (158)] 

or even have antitumor effects on colon cancer in vivo [reviewed in Ref. (159)]. Given 

these findings, we suggest that a plausible explanation for the observed discrepancies 

between rectal and colon cancer patients would be that NAA has a pharmacological 

antitumor effect per se. In other words, this is not a merely passive antitumor effect due to avoiding 

immunosuppressive factors, but rather an active antitumor effect, either due to inhibiting 

immunosuppressive factors and/or to promoting or inhibiting non-immunological factors. Such an 

intrinsic pharmacologic action could explain why NAA yields better outcomes in some, 

rather than all, cancer types, including prostate (138, 139), breast (160), hepatocellular 
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(161), rectal (148), ovarian (162), and melanoma (163); also see Ref. (164) and the 

references therein. 

Obviously, this simple arithmetic cannot cover all the details. It is difficult to speculate 

upon the nature of the active anti-immunosuppressive effect of NAA, if any, mostly  

because it has become increasingly clear that cancer-associated immune response and 

immunosuppression are tumor type-specific and correlate with disease staging, therapy, and 

prognosis [see Ref.(157, 165, 166) and the references therein]. In particular, this holds for 

PCa (167). However, it has been suggested that NAA decreases perioperative 

immunosuppression through blocking sympathetic activation and decreasing plasma levels 

of catecholamines and cortisol [reviewed in Ref. (140)]. These are genuine neurotropic 

effects, which makes the neurotropic-based antitumor effect of NAA plausible. 

In the same vein, it remains to be seen if NAA has active non-immunologic, neurotropic 

anti-PCa cell growth effects. A recent meta-analysis found no significant differences 

between the effect of NAA and GA, respectively, on postoperative function of NK T 

lymphocytes (168). Since NK T lymphocytes are crucial for anti-cancer immunity 

[reviewed in Ref. (168)], it might be that NAA does not differ from GA in terms of 

immunosuppression. In this case, the beneficial effects of NAA on cancer outcomes as 

compared to GA might be better explained by active non-immunologic effects of the former 

rather than by active immunologic effects. Because the antitumor neurotropic effect, be it 

immunologic or non-immunologic, seems the most plausible scenario, we argue that it is 

legitimate to start by seeking non-immunologic effects of NAA on PCa that are also 

neurotropic in nature, most notably a disruption of the PCa/neural symbiosis. 

Last but not least, while no published NED paper has successfully documented a true 

neuronal phenotype, features compatible with such a phenotype have occasionally been 

described. Untreated LNCaP and PC-3M cells express low molecular weight neurofilament 

protein (Bang et al., 1994). Also, LNCaP NED cells (transdifferentiated by various cues) 

express certain neuronal markers. Namely, LNCaP NED cells (IL-6-induced) express-III 

tubulin (Deeble et al., 2001; Wang et al., 2004; Chang et al., 2014) which appears to be 

involved in NED acquisition (Ploussard et al., 2010), while LNCaP NED cells (serum 

deprivation- and cAMP-induced, respectively) express neuronal nuclei antigen (NeuN) 
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(Farach et al., 2016) (but show an atypical, weak cytoplasmic and nearly absent nuclear 

staining). Interestingly, PC-3 cells, when treated with pigment epithelium-derived factor, 

develop neurite-like appendages, secrete CgA, and express synaptophysin (features 

consistent with NED) but also express MAP2 and Tau and display numerous 

synaptophysin-positive protrusions similar to dendritic spines (features consistent with a 

true neuronal phenotype). Moreover, these protrusions develop via a RhoA-dependent 

mechanism, which resembles the formation of dendritic spines in neurons (Smith et al., 

2008). Also, the transcriptomes from several SCCP patients (Beltran et al., 2011; Lapuk et 

al., 2012), which were screened for the current work aided by the GeneCards database, 

showed overexpression of a large array of neuronal genes. Despite the small number of 

cases, this becomes highly suggestive if corroborated with all the other pieces of evidence 

indicating a putative neuronal trait of NED PCa (reviewed in Grigore et al., 2015). 

Interestingly, the REST transcription factor (which is the master suppressor of the neuronal 

program in non-neuronal cells) is decreased both in vitro, in LNCaP NED cells (IL-6-

induced) (Zhu et al., 2014; Chang et al., 2014) and in vivo, in SCCP tumor samples (see 

Lapuk et al., 2012 and the references therein) and ADT-resistant PCa samples (Chang et 

al., 2014). In fact, it is the REST suppression which appears to be the mechanism of IL-6-

induced NED (Zhu et al., 2014; also see Chang et al., 2014). 

 

Correlations between prostate cancer and neural functions 

In addition to these associations between PCa and peripheral neural structures, a growing 

body of evidence indicates an existing association between PCa and central neural 

functions. This, too, might shed light upon the significance of processes such as NED. 

Following almost a century of observations, systematic nationwide studies conducted 

during the last three decades have revealed an intriguing association between schizophrenia 

and a reduced risk for cancer as compared to the general population (169–175), although 

two other nations reported no difference or even an increased risk (176, 177). The reduced 

risk is more pervasive in males (169, 170, 172, 174, 175), and the risk reduction most 

consistently reported is for PCa (Ref. (169, 171–175); a similar, yet not significant trend was 

also reported in Ref. (178)). The mechanisms responsible for these findings are 



35 
 

incompletely understood, but use of antipsychotic drugs, which are used in several 

psychiatric disorders, including schizophrenia, correlates with reduced risk of developing 

cancer (179, 180), most notably PCa (179). A protective genetic trait cannot be ruled out, 

though, because some instances of cancer risk reduction in schizophrenia had first been 

mentioned in 1909 [reviewed in Ref. (177)], that is, some 45 years before the discovery of 

antipsychotics (181). A meta-analysis reported large sets of genes and pathways that are 

dysregulated in opposite directions between three CNS disorders (schizophrenia, 

Parkinson’s, and Alzheimer’s disease) and three cancers (PCa, lung cancer, and CRC), 

either by being upregulated in one or more of the three CNS disorders and downregulated 

in one or more of the three cancers, or vice versa (182). On the other hand, the up- or 

downregulation of at least some of these genes and pathways might be medication-related 

rather than owed to the disease itself. This leaves open the possibility that some of the drugs 

used in CNS disorders might downregulate certain oncogenes, or upregulate certain tumor 

suppressor genes, thus conferring anticancer protection (182). Furthermore, parents with 

schizophrenic offspring have the same risk for developing cancer as parents with no 

schizophrenic offspring [Ref. (183), although see Ref. (174, 176), but in these studies the 

controls were general population rather than parents with healthy offspring]. This suggests 

that it is a non-shared, environmental, rather than a shared, inherited factor, which accounts 

for most anticancer protection in schizophrenics, which further supports the antipsychotic 

medication hypothesis. Among the antipsychotics currently used, phenothiazine 

compounds are best documented to associate with decreased risk for cancer, most notably 

PCa (179). 

Most experimental findings lend further support to these clinical findings (although see 

Moreno-Smith et al., 2011). In vitro, trifluoperazine, a phenothiazine antipsychotic agent, 

decreases proliferation, induces depletion of cancer stem cells (CSCs), and overcomes 

gefitinib resistance in non-small cell lung cancer (NSCLC) cell lines (184), and decreases 

migration in PCa C4-2B and PC-3 cells (Pulkoski-Gross et al., 2015). Moreover, 

trifluoperazine decreases migration and invasion in fibrosarcoma HT1080 cells grown in 

vitro, and inhibits HT1080 invasion and mediated angiogenesis in vivo. Similarly, 

thioridazine, another phenothiazine antipsychotic agent, selectively induces differentiation 

(i.e, loss of pluripotency) of human CSCs both in vitro and in vivo (namely, acute myeloid 
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leukemia stem cells) while sparing normal stem cells, and allows for 100-fold dosage 

reduction of the antileukemic drug cytarabine when co-administered with it (185). 

Moreover, for both trifluoperazine and thioridazine, the mechanism of action involves mainly D2 

dopamine receptors (Sachlos et al., 2012; Pulkoski-Gross et al., 2015), which also account 

for the antipsychotic effects of  these agents (reviewed in 181, 186). Further extending the 

screening pool identified two additional phenothiazine agents (namely, prochlorperazine 

and fluphenazine) as having similar effects on CSCs in vitro. Although the pharmacologic 

effects of these additional two agents were weaker and less selective as compared to 

thioridazine (185), the data collectively  raise  the  interesting possibility that the effect on 

CSCs might be a class effect (187). Interestingly, SCLC, another major NE cancer (see 

above), displays increased expression of dopamine-synthesizing enzyme DOPA-

decarboxylase (Taniwaki et al., 2006). Of note, LNCaP cells express D2 dopamine 

receptors which dimerize with somatostatin family receptors and appear to be important 

for proliferation (Arvigo et al., 2010). 

 

Interleukin-6 is a common denominator in the pathogenesis of NED and 

schizophrenia 

Apart from playing a central role in ADT-induced NED, IL-6 has recently come to attention 

as a key player in the pathogenesis of schizophrenia. The evidence for this is fourfold. 

First, patients with schizophrenia (especially those previously untreated or not receiving 

medication for prolonged periods of time) have high plasma levels of IL-6 compared to 

healthy controls (188–191), and the increased levels correlate with acute phase (192). 

However, antipsychotic treatment decreases plasma levels of IL-6 and soluble IL-6 receptor 

(188, 189). Plasma levels of IL-6 also are increased in elderly schizophrenics with long-

term dis- ease and persisting symptoms despite long-term therapy, which could reflect 

resistance to therapy and thus explain the apparent paradox (193). 

Second, in middle-aged adults, plasma levels of IL-6 correlate inversely with the volume of 

hippocampal gray matter (194). The hippocampus is an important brain region linked to 
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the anatomic basis of schizophrenia [reviewed in Ref. (195)], and hippocampal volume is 

decreased in schizophrenic patients (191). 

Third, IL-6 gene polymorphism is associated with schizophrenia [Ref. (190), although see 

Ref. (196)] and reduced hippocampal volume occurs in antipsychotic-naïve schizophrenic 

patients (191). 

Fourth, IL-6 is a key player in established pathogenic models of schizophrenia, including 

the “ketamine model” (197). Namely, IL-6 acts as a key downstream effector of  the NMDA  

receptor antagonist ketamine that activates NADPH oxidase in the brain, leading to 

increased superoxide production and consequent dysfunction of parvalbumin-expressing 

inhibitory interneurons (197). The dysfunction of these GABA-ergic interneurons, in turn, 

has been linked to the pathogenesis of schizophrenia [reviewed in Ref. (197)]. 

 

Concluding remarks: seeking neural differentiation in prostate cancer 

It is commonly accepted that PCa NED is enrichment of a cell subset that secretes various 

neuropeptides leading to CR of PCa [see, e.g., Ref. (49)]. It is thus not surprising that PCa 

NED most frequently appears following ADT and therefore acts as an “escape” mechanism 

whereby advanced PCa can evade current therapeutic strategies. A crucial molecular 

mediator is IL-6, which acts as a signaling bridge linking ADT, via STAT3 and activation 

of AR target genes in the absence of androgens, to the ensuing NED and CR. 

Prostate cancer also displays profound correlations with neural structures: i) at the sub-micro 

level, PCa cells express many genes expressed in neurons and other CNS cells; ii) at the 

micro level, PCa and neurons engage in a symbiotic-like relationship; iii) at the macro 

level, SCI reduces risk for PCa (which further explains ii)); iv) at the macro level, NAA, 

but not GA, reduces risk for PCa recurrence by acting as a “temporary SCI” through 

blocking the action potentials of sensory neurons. The NED cancers also exhibit action 

potentials (which further supports ii) and iii)). Prostate cancer also is associated intimately 

with neural functions: iv) schizophrenia decreases risk of cancer, most notably PCa; v) 

antipsychotics explain this risk reduction; vi) at the micro level, antipsychotics exhibit strong 
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anticancer activity, including strong effects on CSCs; vii) IL-6, the prima donna of ADT- 

induced NED, is a key player in the pathogenesis of schizophrenia. Its high levels 

encountered in these patients are decreased by antipsychotics. If corroborated to iv), v), and 

vi), this might provide a further connecting lead to the effects of IL-6 in NED. 

We propose that the lines of evidence i) – vii) make it reasonable to think that there is a real 

neural trait in PCa, and most notably in NED PCa, that should better be explored 

mechanistically. The phenomenon of cancer displaying neural differentiation has been 

previously reported for melanoma (see Ref. (198, 199) and the references therein). Along 

the same chain of  reasoning, brain metastases of both HER2 and triple-negative breast 

cancer have recently been found to switch to a neuronal- and glial-like GABA-ergic 

phenotype as compared to their primary tumor counterparts (200). However, both 

melanocytes and mammary epithelial cells have a completely different developmental 

origin from normal and PCa NE cells (reviewed in Ref. (198, 199, 201)). True neural 

differentiation of PCa, if properly explored, would thus open a fascinating view onto the 

biology of malignant tumors undergoing NED, neural differentiation, or a mixture of the 

two. 
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Chapter 2 – Epithelial-Mesenchymal Transition and Cancer 

Aggressiveness 

Partly as published in Grigore, A. D.*, Jolly, M. K.*, Jia, D., Farach-Carson, M. C., Levine, 

H. (2016) Tumor budding: the name is EMT. Partial EMT. J Clin Med 5(5): 51. 

doi:10.3390/jcm5050051 

 

*These authors contributed equally to this work. 

 

Tumor budding: introducing the concept 

In histological jargon, “tumor budding” basically means the presence of clusters of 

undifferentiated malignant cells in the tumor stroma, which are located mainly (but not 

exclusively) in close proximity ahead of the invasive front of a tumor (reviewed in [1–3]). 

The phenomenon was first described in the Japanese medical literature by Imai, in 1949 

(reviewed in [4]), in relation to stomach cancer, followed by other Japanese authors, in the 

1950–1960s, who found correlations with prognosis in cancers of the tongue, larynx, 

breast, stomach, colon, rectum, and cervix. Tumor budding was revisited after two decades 

in the late 1980s in relation to colorectal cancer (CRC) patients (reviewed in [5], also see 

[6]). 

A phenomenon compatible with the definition of tumor budding was independently 

described in the mid-1980s by Gabbert and colleagues in experimentally-induced colon 

cancers in mice treated with dimethylhydrazine-dihydrochloride. The invasive front of the 

lesions displayed a striking disorganization at the tumor architecture level (i.e., loss of 

glandular aspect for differentiated carcinomas and loss of trabecular aspect for 

undifferentiated carcinomas, respectively) along with a dedifferentiation at the cellular 

level. These changes ultimately resulted in isolated tumor cells showing a uniform 

phenotype, irrespective of the differentiation of the main tumor mass (i.e., differentiated or 

undifferentiated carcinomas). The phenotype had features compatible with cell mobility 
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(loss of cell junctions and basement membrane, presence of cytoplasmic microfilaments 

and pseudopodia, versatile cell shape), which is why the whole process at the invasive front 

was suggested to help mobilize the cancer cells from the main tumor mass, followed by 

invasion of host tissues through locomotion [7]. Similarly, in surgical samples from 

patients with colon cancer, poorly differentiated malignant cells were found moving out 

ahead of the invasive front, either individually or in clusters. Each of the clustered cells 

displayed one large cytoplasmic flap, similar to a leading edge, while single cells displayed 

cytoplasmic projections similar to lamellipodia. All these features are compatible with 

locomotion [8]. 

The definition raised some terminology-related critiques. It was suggested that the term 

“budding”, if to be used correctly, would imply that the clusters of neoplastic cells remain 

connected to the main tumor, which was not the case in the 2D histological sections studied 

[9]. However, this critique was properly addressed by Carr and colleagues [8] through 

serial sections of colon cancer, and then in more detail by Bronsert and colleagues [10] 

through 3D reconstructions from 2D serial sections of various tumor types. These studies 

clearly showed that tumor budding is not a static snapshot, but rather a dynamic process by 

which the tumor actually extends numerous fingerlike projections, each containing 

numerous cells, which, at a later point, break apart from the main tumor mass as small cell 

clusters. Such an extending bud, if seen in a 2D section, might give the false impression 

that a cell cluster has already detached from the main tumor mass. In a nutshell, 2D sections 

show only small cell clusters that appear to have lost connection with the main tumor mass, 

whereas serial sections and 3D reconstructions give the real picture of a cocktail of growing 

buds that remain contiguous with the tumor and bud tips that have truly detached. 

We next move on to describing how tumor budding is defined, identified, and quantified 

in tumor tissue. Although budding is being studied in a growing variety of cancers, we 

hereby discuss the general principles of assessment by using CRC as a model. We 

considered this suitable because CRC was the first cancer type in which budding was 

addressed systematically, thus providing the most abundant and consistent body of 

literature, which accounts for the standardization efforts in this emerging subfield. 
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Tumor budding in colorectal cancer: concepts and methodologies 

Tumor budding is an additional prognostic factor for CRC according to the Union for 

International Cancer Control (UICC) [11], and a potential prognostic factor in early CRC 

according to the European Society for Medical Oncology consensus guidelines [12]. 

According to the latter, malignant polyps, which display tumor budding, should undergo 

standard resection [12]. However, tumor budding has not yet entered routine clinical 

assessment as there is no consensus regarding the exact definition, the methodology of 

assessment, and the best way it can be used to stratify patients and assign them to 

prognostic categories, followed by appropriate therapeutic decisions. Therefore, consensus 

pathological criteria for defining, identifying, and quantifying tumor budding, are 

necessary, based on which statistically robust clinical trials with multivariate analysis 

should be conducted to unequivocally confirm its prognostic value [11]. 

Considerable heterogeneity exists in the methodology used for assessing tumor budding. 

The main differences can be categorized as follows: i) definition, including choice of cutoff 

values for cell number within a bud-looking structure; ii) identification of bud-looking 

structures, namely staining method: hematoxylin and eosin (H&E) staining vs. pan-

cytokeratin immunostaining; iii) final identification of buds following exclusion of bud-

looking structures that are not true buds; iv) region(s) of interest: assessment across the 

whole tumor (i.e., all blocks or slides) or in the region displaying maximal budding; v) 

magnification (chosen by the observer) and field-of-view size (which can vary according 

to the particular instrument used); vi) quantification of tumor budding intensity: subjective 

patterns (descriptive) vs. semiquantitative (relative size, i.e., ratio between the width of 

tumor budding region and width of invasive front) vs. quantitative (bud counts); vii) choice 

of prognostic cutoff values; and viii) applicability of each method to the stage of the 

primary lesion. A great number of combinations and adaptations of these methodological 

ingredients can be found in the literature (excellently reviewed in [2,3,13]). 

Starting from the general definition above, various ways can be used to categorize a 

histological structure as a tumor bud. One of the first studies published in Western literature 

by Morodomi and colleagues defined buds as isolated undifferentiated malignant cells or 

clusters of ≥5 malignant cells showing a microtubular structure [6], and some authors 
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followed this definition ([14,15]; see review by Koelzer and colleagues [3] for more 

references). Ueno and colleagues defined buds as isolated malignant cells or foci of ≤4 

clustered malignant cells in the stroma at the invasive front of the tumor [16]. While 

arbitrarily chosen, this cutoff value for defining a structure as a bud has been widely used 

in the literature since the original publication [13,17–28]. Some authors slightly drifted 

away from this and increased the cutoff value by one cell, thus defining buds as isolated 

malignant cells or foci of ≤5 clustered malignant cells [29–31]. Recent accounts tend to 

favor this latter cutoff definition value [3]. 

Following the chosen definition, tumor buds are sought for in the tissue sample. However, 

there are certain situations when it is particularly difficult to decide, in routine H&E 

staining, whether a bud-looking structure is actually a bud. These situations include: i) 

abundant inflammatory infiltrate at the invasive front, which makes it hard to distinguish 

between real buds and activated lymphocytes and histiocytes; ii) abundant stromal reaction 

at the invasive front, which makes it hard to distinguish between real buds and stromal 

cells; iii) fragmentation of tumor glands induced by abundant inflammatory infiltrate, 

which gives them a bud-looking appearance (in fact tumor budding is inversely correlated 

with the intensity of inflammation [32]); iv) retraction artifacts around fragmented tumor 

glands, which gives them a bud-looking appearance; and v) fragments of tumor tissue 

surrounded by an abundant mucinous extracellular matrix, which gives them a bud-looking 

appearance. For i) and ii), where H&E staining cannot easily distinguish between real buds 

and other structures, a cytokeratin immunostaining should be used. For iii) – v), where tissue 

fragmentation gives the false impression of budding, the fragments should be excluded 

from scoring [33]. 

Five of the most cited methods in the literature are the following: i) Hase et al., 1993 [5] 

(assessment by subjective perception; region of interest spanning entire tumor; 

classification as none/mild vs. moderate/severe); ii) Ueno et al., 2002 [16] (assessment by 

bud counting; region of interest spanning microscope field displaying maximal budding; 

magnification 250×; field area = 0.385 mm2; classification as low grade (<10 buds) vs. 

high-grade (≥10 buds)); iii) Ueno et al., 2004 (assessment by bud counting; region of 

interest spanning one microscope high-power field (1 HPF) displaying maximal budding; 
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magnification 250×, field area = 0.785 mm2; classification as negative (<5 buds) vs. 

positive (≥5 buds)); iv) Nakamura et al., 2005 (assessment by semiquantitative score, i.e., 

percentage involved by tumor budding; region of interest spanning entire advancing 

margin; classification as low grade (none/mild, width of budding region <1/3 of the width 

of advancing margin) vs. high-grade (moderate, width of budding region = 1/3–2/3 of the 

width of advancing margin; marked, width of budding region >2/3 of the width of 

advancing margin); v) conventional Wang [22] (assessment by bud counting; region of 

interest spanning 5 HPF displaying maximal budding (detected by a preliminary scanning 

at 40×) or 5 randomly selected HPF (if buds could not be observed by preliminary scanning 

at 40×); magnification 200×; field area = 0.94985 mm2; classification as high if median 

score ≥ 1 vs. low if median score = 0); and vi) rapid Wang [22] (same algorithm for defining 

and identifying budding, same microscope field features; quantification done in two steps: 

first, binary categorization of each HPF (classified as positive if ≥1 buds vs. negative if 0 

buds); next, binary categorization of the whole case (classified as high if ≥50% of all HPFs 

examined are positive vs. low if <50% are positive)) (reviewed in [2,13,34]). 

The reproducibility of tumor budding assessment varies across different studies. Most 

authors have evaluated reproducibility using Cohen’s κ coefficient (no agreement, κ < 0; 

slight, κ = 0–0.20; fair, κ = 0.21–0.40; moderate, κ = 0.41–0.60; substantial, κ = 0.61–0.80; 

almost perfect, κ = 0.81–1). Intra-observer agreement ranges from substantial [20] to 

almost perfect [16,29], while inter-observer agreement ranges from fair [13,34] to 

moderate [22,24,34] to substantial [25–28,35,36] to almost perfect [14]. It is not clear 

whether pan-cytokeratin immunostaining or H&E staining yields better reproducibility, as 

the two large comparative studies published to date reported conflicting results ([13,31]; 

also reviewed in [2]). Assessment of tumor budding by general pathologists with no special 

interest in this phenomenon, as opposed to experienced gastrointestinal pathologists, does 

not appear to alter reproducibility [28], which might prove useful for wide implementation 

of the method. Moreover, inter-observer reproducibility appears to improve with training 

[22,35]. 

A study performed on pT1-pT4 CRC samples attempted to compare one categorical and 

four quantitative methods, both under H&E staining and pan-cytokeratin immunostaining: 
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i) Hase et al., 1993, categorical [5]; ii) Nakamura et al., 2005, categorical (reviewed in 

[2,13,34]); iii) Ueno et al., 2002, quantitative [16]; iv) Ueno et al., 2004, quantitative 

(reviewed in [2,13,34]); v) conventional Wang, quantitative [22], adapted [13]; vi) rapid 

Wang, quantitative [22], adapted [13]. The quantitative methods proposed by Ueno et al., 

2002 [16], and Wang et al., 2009 [22], proved to be the most effective in both the H&E 

staining and pan-cytokeratin immunostaining settings, while the subjective method 

proposed by Hase et al., 1993 [5] was the least effective. The inter-observer reproducibility 

was fair for all methods under both H&E staining and pan-cytokeratin immunostaining 

[13]. 

A more recent comparative study, conducted on stage II (pT3-4N0) CRC, asessed two 

categorical and five quantitative methods under pan-cytokeratin immunostaining (CK22, 

which recognizes a cocktail of cytokeratins ranging from 40–68 kDa): i) Hase et al., 1993, 

categorical [5]; ii) Nakamura et al., 2005, categorical (reviewed in [2,13,34]); iii) Ueno et 

al., 2004, quantitative (reviewed in [2,13,34]); iv) conventional Wang et al., 2009, 

quantitative [22], adapted (quantification by counting all the buds, without averaging; 

classification as low (≤9 buds) vs. high (>9 buds) as this cutoff value best stratified patients 

with respect to survival); (v) rapid Wang et al., 2009 [22], quantitative, adapted (HPF 

classified as negative (≤9 buds) vs. positive (>9 buds); classification as high (50% of the 

HPFs analyzed per patient are positive) vs. low (<50% of the HPFs analyzed per patient 

are positive)); vi) 1 HPF method, proposed by the authors of the study, quantitative 

(assessment by bud counting; region of interest spanning microscope field displaying 

maximal budding, followed by selection of 1 HPF as seen at 400×, field area = 0.49 mm2); 

and vii) 10 HPF method, proposed by the authors of the study [36], quantitative (assessment 

by bud counting; region of interest spanning microscope field displaying maximal budding, 

followed by selection of 10 HPF as seen at 200×, field area = 0.49 mm2; quantification by 

counting all the buds, without averaging). All methods, except for iv) conventional Wang, 

adapted and v) rapid Wang, adapted, found correlations between budding and infiltrating 

growth pattern. No method found any correlation between budding and gender, tumor 

location, histopathological type, grade, venous invasion, or lymphatic invasion. 

Interestingly, the 1 HPF and 10 HPF methods were the only ones to reveal an independent 

correlation between budding and cancer-specific survival (CSS) time and also showed 
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comparably high discriminatory power across the entire follow-up period, with the 10 HPF 

having a slight edge for 5 and 10 years postoperatively. The 1 HPF and 10 HPF methods 

showed excellent inter-observer reproducibility (intraclass correlation coefficient (ICC) = 

0.83 and 0.91, respectively). The inter-observer reproducibility was moderate to substantial 

for conventional Wang, adapted (Cohen's κ= 0.46–0.62), moderate for rapid Wang, adapted 

(κ = 0.46–0.58), moderate for Nakamura et al., 2005 (κ = 0.41–0.52), fair to moderate for 

Ueno et al., 2004 (κ = 0.39–0.56) and fair to moderate for Hase et al., 1993 (κ = 0.29–0.51) 

[34]. While the 10 HPF and 1 HPF methods appear to be the only ones revealing the 

prognostic significance of budding, the authors recommend using the 10 HPF over the 1 

HPF method, as it provides superior inter-observer reproducibility due to increased 

sampling of the region of interest, which increases statistical significance and, therefore, 

consistency of the findings [34]. However, the best cutoff value for stratifying patients 

under these two methods remains an open question (also see below). 

A recent review encompassing studies done using H&E staining, studies done using pan-

cytokeratin immunostaining, and studies comparing the two methods, respectively (all 

these studies having assessed budding in either CRC, colon cancer, or rectal cancer (RC)), 

concluded that quantitative methods using pan-cytokeratin immunostaining improved 

detection as compared to quantitative methods based on H&E staining. However, the 

prognostic value and the inter-observer reproducibility remained the same, irrespective of 

the staining method used [2]. This conclusion should, nevertheless, be interpreted with 

caution for two reasons. First, it was not derived from a meta-analysis, so there is no 

quantification of the statistical significance of any of the claims from the reviewed studies. 

As the authors themselves acknowledge, a meta-analysis would have been impossible 

anyway because of the great methodological heterogeneity across the tumor budding 

literature [2]. Therefore, the review could only look for very general claims, such as the 

independent correlation between budding and survival. Second, even though pan-

cytokeratin immunostaining does not appear to have more prognostic value than the H&E 

staining, this should probably be rephrased. Namely, it might be, rather, that tumor budding 

is such a strong prognostic factor that the statistical correlation remains even when budding 

is underestimated under less accurate detection methods. The very fact that it consistently 

turned out to be prognostic, despite the methodological heterogeneity used, strongly 
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supports this idea. The ultimate purpose would be to use budding score as a tool for 

selecting a subset of patients with a poorer prognosis than is indicated by the other 

histopathological parameters, and to reassign them to the proper therapeutic regimen. 

While not as important for establishing the prognostic significance of budding in a patient 

set, the slight edge that pan-cytokeratin immunostaining has over H&E staining might, 

thus, become paramount for assigning particular patients to appropriate prognostic and 

therapeutic categories. 

A question as yet incompletely addressed is how frequent tumor budding really is among 

CRC patients. By comparing the results of various studies, some authors have even tried 

to extract a rough prevalence, as seen either by H&E staining or pan-cytokeratin 

immunostaining [2]. However, the heterogeneity of the studies under review, not only in 

terms of methodology used, but also in terms of patient characteristics, renders these 

attempts unable to yield a true quantitative picture. Rather, those percentages should be 

interpreted as a general warning that tumor budding is frequently encountered. However, 

in the same vein, it can be seen that, for the subset of stage I CRC patients (reviewed in 

[3]), the methodology of Ueno et al., 2004 (see [2,3,13,34] and the references therein) 

appears to yield fairly consistent percentages among different studies. While the 

heterogeneity of the studies make it hard to observe similar trends for the other 

methodologies, this indirectly gives further validation to the 1 HPF method [34], which is 

an improved version of the Ueno et al., 2004 method, with increased inter-observer 

reproducibility. This, in turn, gives further credit to the 10 HPF method [34], which, as 

shown above, appears to perform even better than the 1 HPF method. 

Last, but not least, there is still a great deal of debate around choosing the cutoff value for 

stratifying patients, i.e., the intensity of tumor budding, which best separates them into 

prognostic categories, followed by appropriate therapeutic decisions. Many reports tended 

to favor the cutoff = 10 buds [16,19,20,25,32,36], with some reports having relied on either 

the Kaplan-Meier plots themselves [20] or receiver operating characteristic curves with 

survival as the endpoint, which were constructed based on a subset of the patients and run 

for calibration [36]. Other studies, however, chose this value arbitrarily or based on 

previous publications [16,19,25]. Another two studies, one relying on Kaplan-Meier plots 
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[18] and the other one running a receiver operating characteristic curve for one budding 

assessment methodology under study [34], found the close cutoff value = 9 buds. Some 

recent publications suggested using budding score as a continuous variable rather than 

introducing cutoff values ([31,34]; also reviewed in [3]). 

We next discuss the impact of budding on CRC outcome and the utility of its addition to 

the standard pathological diagnostic practice in CRC patients. 

 

Tumor budding in colorectal cancer: clinical significance 

In the absence of a consensus methodology, it is difficult to discuss the real prognostic 

significance of tumor budding. Several attempts have been made to review the various 

studies published to date (see, for example, the excellent reviews by De Smedt and 

colleagues, van Wyk and colleagues, and Koelzer and colleagues [1–3]). The numerous 

studies have, not only used highly diverse methodologies for defining and assessing the 

phenomenon, but they have also relied on equally diverse patient inclusion criteria. The 

various patient populations studied range from one single stage (or even sub-stage), or type, 

of CRC, to all stages and types combined. 

Tumor budding association with recurrence and survival. In CRC, high budding 

correlated with overall recurrence [18,19,21,37], both locoregional [38] and distant 

[29,38]. Among distant recurrence sites, the most frequently involved were the peritoneal 

cavity [37–39] and liver [38,39]. Consequently, high budding also correlated with lower 5-

year disease-free survival (DFS) ([17,18,21,25], although see [40]). In metastatic CRC 

patients treated with cetuximab or panitumumab, high budding correlated with lower 

progression-free survival ([24]). In CRC, high budding correlated with lower 5-year OS 

([5,17–19,37,39], although see [15]), 10-year OS [5,39], 5-year CSS [22,25,28,36,38,39], 

and 10-year CSS [32]. The correlation with lower OS is maintained even for metastatic 

CRC [41]. 

Particular attention has been paid to stage II CRC [22,25,36,38,39,42] (extensively 

reviewed in [1–3]), due to the uncertainty regarding proper risk stratification of these 
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patients (for a thorough discussion see, for example, [43]). A recently conducted meta-

analysis reported that in stage II CRC patients, particularly among pT3N0M0 cases, high 

budding correlated with increased risk of death at five years. Interestingly, the hazard-ratio 

for death did not differ across pathological methodologies for tumor budding assessment 

(as proposed in [16] vs. [5] vs. other authors) or tumor site (colon vs. colorectal) [42]. 

However, a potential (and probably unavoidable) flaw of this conclusion is that the cutoff 

value for ‘high-grade budding’ varied among the studies included in the meta-analysis. 

Budding appears to be an important additional prognostic factor that can correctly identify 

patients who are candidates for adjuvant therapy (reviewed in [3]). 

In colon cancer, high budding correlated with lower 5-year RFS, 5-year OS [5] (although 

see [23]), 10-year OS [5], and 5-year CSS [27]. In RC, high budding correlated with 

recurrence, both local and distant (most notably liver metastases) [14] and consequently, 

with lower 5-year DFS [20]. High budding also correlated with lower 5-year OS [5,16,37] 

and 10-year OS [5].  

Tumor budding association with other factors traditionally linked to poor prognosis. 

Apart from recurrence and survival, tumor budding also correlates with various prognostic 

features (reviewed in [1,3]). In CRC patients, high budding correlated with higher overall 

stage [28,36], higher T stage [18,21,32,36] (but see [26]), higher N stage [17,18], higher 

Dukes stage [5,18], tumor dedifferentiation [5], infiltrating growth pattern [22,26,36], 

lymphatic invasion [5,17,18,21,26], venous invasion [5,17–19,21,26,28,38], 

lymphovascular invasion [22,25,36], perineural invasion [5,17], nodal metastasis 

[15,19,21,32,36,37,40], and distant metastasis [37] (but see [26]). Budding intensity did 

not correlate with tumor grade [17,26,28] (although see [36,40]). In metastatic CRC, high 

budding predicted non-response to anti-epidermal growth factor receptor (EGFR) agents 

[24]. 

Several studies assessed tumor budding separately in each of the two anatomic categories 

of CRC (i.e., colon cancer and RC). In colon cancer patients, high budding correlated with 

high tumor grade [23], infiltrating growth pattern [27], venous invasion [23], 

lymphovascular invasion [27], and infiltration of a free serosal surface [23]. In RC patients, 

high budding correlated with higher tumor grade [16], extramural spread [16], lymphatic 
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invasion [6,14], venous invasion [6], extramural venous invasion (i.e., to vessels outside 

the muscularis propria) [16], nodal metastasis [6,14,16], and lymphocyte infiltrate [16]. 

Apart from the association with high tumor grade, the results are consistent with, and bring 

further support to, the findings in CRC. 

 

Tumor budding in colorectal cancer: implementation in clinical practice 

It has been suggested that tumor budding assessment might help identify patients at risk 

for worse outcome in the following contexts: i) patients with pT1 lesions or malignant 

polyps endoscopically resected with increased risk for nodal metastasis; ii) patients with 

stage II disease who might benefit from adjuvant therapy; and iii) patients with RC 

undergoing biopsy who might benefit from neoadjuvant therapy (reviewed in [31]). 

Although both staining methods are equally reproducible (see above), pan-cytokeratin 

immunostaining should probably be used instead of H&E staining whenever feasible [31] 

(also see above). Comparisons of the two staining methods revealed that H&E staining 

tended to underestimate tumor budding [13,21,29,31,44], while pan-cytokeratin 

immunostaining frequently helped visualize numerous buds intermingled with stromal 

fibroblasts [29], yielding three- to four-fold higher tumor bud counts than H&E staining 

[31]. Moreover, one recent study reported that, among relatively inexperienced 

pathologists (<5 years of practice), pan-cytokeratin immunostaining markedly increased 

inter-observer reproducibility as compared to H&E staining. The increase was weaker 

among the average-experienced pathologists (5–10 years of practice) and weakest among 

the most experienced pathologists (>10 years of practice). This, however, suggests that 

pan-cytokeratin immunostaining might be helpful for inexperienced pathologists [44]. 

Differently put, pan-cytokeratin immunostaining should probably be used instead of H&E 

staining because budding assessment, if implemented into clinical practice, will be 

performed by pathologists with various levels of experience (see also [28] for another 

discussion regarding budding assessment in relation to experience). 

An impartial selection from among the numerous identification and quantification methods 

should be attempted. Quantification across 10 HPF should probably be used for optimal 
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viewing of surgical samples, while the more restrictive 1 HPF method might be reserved 

for small samples, such as biopsies or pT1 stage tumors [31]. While these two methods 

performed very well in a seemingly well-conducted study [34], it should be noted, 

however, that the other older, established methods used in the study did not yield any 

prognostic correlation. Since these latter methods also served as “controls”, against which 

the novel 10 HPF and 1 HPF methods could be validated, the fact that they did not see any 

correlation with outcome (contrary to previous publications, see [2,3,13,34] and the 

references therein) is somewhat surprising. It might, therefore, be necessary to test the 10 

HPF and 1 HPF protocols against other patient sets to confirm their power. 

A tentative unifying algorithm for tumor budding assessment has been proposed: i) tissue 

block selection: seek for block displaying highest budding or infiltrative growth pattern 

(frequently associated with budding, can be used as surrogate selection criterion); ii) 

budding definition: clusters of ≤5 cells in the peritumoral stroma, with clearly visible 

nuclei; iii) budding identification: cytokeratin immunostaining, exclude cytoplasmic 

pseudofragments, fragmented glands, mucinous pools, and necrosis; and iv) budding 

quantification: for surgical samples, use 10 HPF method (scan at low power, 40×–100× for 

ten areas displaying maximal budding; count at high power, 400×, 0.49 mm2; either use 

cutoff value, e.g., ≥10 per HPF (as proposed in [36]) or total bud count across the 10 HPF, 

which can be plotted against continuous hazard ratio-to-bud count graphs, as previously 

described [31,34]; for biopsy samples and malignant polyps (scarce material for pathologic 

assessment), use 1 HPF method (same magnification and field area as for the 10 HPF 

method) (see [3] and the references therein). 

 

Tumor budding in other cancer types 

The consistency among the published reports noting the prognostic significance of tumor 

budding in CRC has stimulated research to determine if this is possible in other cancer 

types. Most of these analyses were undertaken during the last decade. Among the most 

comprehensively studied cancer sites are the esophagus [45–52], pancreas [53–56], head 

and neck [57–59], lung [60–62], and breast [63,64]. These emerging sub-fields relied 
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largely on concepts and methodologies already developed in colorectal cancer studies, 

sometimes with minor adaptations, such as the definition of tumor buds proposed by Ueno 

and colleagues [16], which has apparently become the accepted norm [45–51,54,56–58,60–

68]. Consequently, the heterogeneity of tumor budding research, at least in terms of 

methodology, is decreasing, which brings the field one step closer to being introduced in 

clinical guidelines. 

Esophageal cancer. Most studies have examined tumor budding in squamous cell 

carcinoma of the esophagus (reviewed in [69]), where high budding correlated with larger 

tumor size [45,46,49], higher T stage [45,46,49,51], higher overall stage [45,46,51], 

infiltrative invasion pattern [50], deeper invasion [50], lymphatic invasion [46,49–51], 

vascular invasion [46,49,50], lymphovascular invasion [45], perineural invasion [45], 

nodal metastasis [46,49,50], intramural metastases [46], and incomplete excision of the 

tumor [45]. High budding correlated with lower 5-year DFS [49], lower 3-year OS 

[45,46,50] and 5-year OS [46,47,49,51]. In a recent meta-analysis, tumor budding 

correlated with lower OS [59]. In metastatic squamous cell carcinoma, high tumor budding 

was correlated with an observed non-response to neoadjuvant chemotherapy [47]. The 

significance of budding in adenocarcinoma of the esophagus (reviewed in [69]) is less 

clear. Budding correlated with non-intestinal phenotypes (Lauren classification) and non-

tubular or non-papillary phenotypes (WHO classification), higher tumor grade, higher pT 

stage, lymphatic invasion, venous invasion, perineural invasion [70], nodal metastasis 

[70,71], and recurrence [71], and high budding correlated with an almost 20-fold increase 

in risk for recurrence [71]. However, neither peri-tumoral nor intra-tumoral budding 

correlated independently with OS [70]. Despite this weaker prognostic correlation for 

adenocarcinoma, one study, which included both patients with squamous cell carcinoma 

and patients with adenocarcinoma, found that high budding correlated with higher grade, 

higher T stage, higher overall stage, nodal metastasis, lower inflammatory response, 

incomplete excision of the tumor, and lower OS [48]. 

Stomach cancer. Higher budding correlated with lower 3-year OS and 5-year OS. The 

correlation remained significant for the patient subset with intestinal type tumors [72]. 
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Ampullary cancer. High budding correlated with non-intestinal histology, which is more 

aggressive, infiltrating growth pattern, higher tumor grade, higher T stage, lymphatic 

invasion, perineural invasion, and nodal metastasis [73]. High budding also correlated with 

lower 3-year OS and 5-year OS [73]. 

Gallbladder cancer. Budding correlated with higher tumor grade at the invasive front, 

higher T stage, and nodal metastasis [65]. 

Pancreatic ductal adenocarcinoma (PDAC). For unknown reasons, studies have used very 

different ways to interpret tumor budding, ranging from solitary cell infiltration [53], to the 

average between peri- and intra-tumoral bud counts [54], to the maximal bud count among 

peri- and intra-tumoral budding, combined [55,56]. High budding correlated with higher 

tumor grade [53,55], pT stage [56], lymphatic invasion [53,56], lymphovascular invasion 

[55], perineural invasion [55], and nodal metastasis [53] (marginal correlation in [55]). 

High budding also correlated with lower DFS [56], OS [53,54,56], and CSS [55]. 

Head and neck cancer. Tumor budding is a strong predictor of poor prognosis in head and 

neck cancer (reviewed in [59]). In oral squamous cell carcinoma, high budding correlated 

with lower DFS [67]. In tongue squamous cell carcinoma, high budding correlated with 

higher tumor size, tumor grade, overall clinical stage, and nodal metastasis [58]. High 

budding also correlated with lower 5-year OS [58] and lower CSS (reviewed in [59]). In 

nasopharyngeal carcinoma, high budding correlated with higher T stage, higher overall 

clinical stage, lymphatic invasion, vascular invasion, and nodal metastases. Furthermore, 

high budding correlated with lower OS ([74]; also reviewed in [59]). In laryngeal 

carcinoma, high budding correlated with lower metastatic DFS [57]. In squamous cell 

carcinoma of the external auditory canal, high budding correlated with lower CSS [68]. 

Lung cancer. In lung adenocarcinoma, budding correlated with higher overall pathologic 

stage [60], infiltrating growth pattern [61], schirrhous (i.e., rich in dense connective tissue) 

stromal type [61], lymphatic invasion [60,61], vascular invasion [60], pleural invasion [60], 

and nodal metastases [60,61]. Budding correlated with lower OS [61], including lower 5-

year OS [60]. In lung squamous cell carcinoma, budding correlated with tumor size, higher 
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overall pathologic stage, lymphatic invasion, venous invasion, pleural invasion, and nodal 

metastases [62]. Budding also correlated with lower 5-year OS and 5-year CSS [62]. 

Invasive ductal breast cancer. In invasive ductal breast cancer, high budding correlated 

with larger tumor size [63], lymphatic invasion [75], lymphovascular invasion [63] and 

nodal metastasis [75] (also see [63]). High budding also correlated with lower 5-year OS 

[63] and shorter CSS [64]. The correlation with lower 5-year OS remained significant for 

the patient subsets with good prognosis (i.e., small tumor size, no lymphovascular invasion, 

and no lymph node metastases, respectively) [63]. Similarly, the correlation with lower 

CSS remained significant for the patient subset without nodal metastases [64]. 

Endometrial cancer. In endometrial cancer, high budding correlated with advanced overall 

stage (III + IV) and deep invasion of the myometrium (≥50%) [66]. High budding also 

correlated with lower 5-year OS [66]. 

Normal-appearing epithelium adjacent to primary carcinomatous lesions. Although 

insufficiently studied, it has been reported that epithelia in the vicinity of CRC primary 

tumors also display budding. Such detached cell clusters have been observed to infiltrate 

neighboring lymphatics, which made some suggest that CRC metastasis might also occur 

from a tumor cell niche located in the surrounding, seemingly normal epithelium [76]. 

Similar findings have been reported (albeit by the same group) in breast and prostate cancer 

(reviewed in [76]). However, according to the definitions published to date, tumor budding 

refers to the presence of malignant (as opposed to normally looking epithelial) cells in the 

tumor stroma. Therefore, these observations should be interpreted with caution, not only 

due to their absolute novelty and replication by one single group of authors, but also in 

terms of definition, which does not fit into the malignant cell-centered definition of tumor 

budding. 

It should, however, not be forgotten that the only cancer type where budding is already 

recognized by the UICC and authoritative guidelines as a prognostic factor is the CRC. In 

addition, CRC is the type of cancer where the methodologies for assessing tumor budding 

have been reviewed the most. Thus, for CRC, the distance towards reaching a consensus 

and implementing tumor budding assessment into clinical practice is the shortest. While 
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the studies conducted in other cancer types do indeed depict a similar trend in terms of 

prognostic significance, the relative methodological heterogeneity applied to a 

comparatively lower number of patients analyzed per cancer type make it more difficult to 

assess the real importance of tumor budding in these patients. 

 

Intra-tumoral budding 

Although tumor budding most often has been described as occurring at the invasive front 

of the tumor, this is rather an approximation. Some authors noticed that similar structures 

are also present (albeit less frequently) in other areas of the malignant tissue, and decided 

to count them as true buds (see, for example, [6,22] for CRC, [54–56] for pancreatic cancer, 

and [75] for breast cancer). Several questions might arise. First, does intra-tumoral budding 

have prognostic significance? Second, is that significance similar to peri-tumoral budding? 

Third, when might intra-tumoral budding be preferable for use as a histologic marker 

instead of peri-tumoral budding? 

Intra-tumoral budding essentially means the presence of buds within the main tumor mass. 

Several authors have studied this phenomenon separately [26,30,32,75,77], most notably 

in CRC. Intra-tumoral budding has generally been defined using the same criteria as for 

peri-tumoral budding (see above). The cutoff value chosen for defining intra-tumoral 

budding has been either <5 cells, as in the earlier criteria proposed by Ueno and colleagues 

(see above) [26] or as clusters of ≤5 cells, according to the criteria proposed more recently 

by Karamitopoulou and colleagues (see above) [30,75,77]. As for assessment, the various 

authors used either (i) the semiquantitative method of Nakamura (see above) [26]; (ii) the 

quantitative 1 HPF method of Karamitopoulou (see above), either unchanged [30] or 

adapted with cutoff value for stratification = 6 buds [77]; or (iii) the quantitative 10 HPF 

method of Karamitopoulou (see above), adapted with cutoff value for stratification = 10 

buds [75]. In CRC, high intra-tumoral budding correlated with higher tumor grade, higher 

T stage, lymphatic invasion, vascular invasion, and nodal metastasis. Moreover, intra-

tumoral budding was independently associated with a shorter survival time [77]. This is 

roughly similar to the prognostic significance of peri-tumoral budding; in fact, in the 
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surgical samples analyzed, intra-tumoral budding correlated with peritumoral budding 

[77]. In breast cancer, intra-tumoral budding yielded conflicting statistical results between 

observers [75]. 

Intra-tumoral budding might become a particularly attractive histopathologic marker in 

preoperative biopsies, which usually cannot properly assess the tumor invasive margin [26] 

and, consequently, peri-tumoral budding. In fact, in CRC patients, high intra-tumoral 

budding in biopsy samples correlated with high peri-tumoral budding in surgical samples 

from the same patients [26]. In biopsy samples, high intra-tumoral budding correlated with 

higher tumor grade [26], advanced pT stage [30] (although see [26]), venous invasion [30] 

(although see [26]), lymphatic invasion [30] (although see [26]), lymph node metastasis 

[26,30] and distant metastasis [26,30] at the time of diagnosis, but not with tumor growth 

pattern or perineural invasion [26]. In RC patients, high intra-tumoral budding in pre-

treatment biopsy samples predicted non-response to neoadjuvant therapy and cancer-

specific death [78]. 

 

Epithelial-mesenchymal transition and partial epithelial-mesenchymal transition 

Epithelial-mesenchymal transition (EMT) is a multistep dynamic cellular phenomenon in 

which epithelial cells lose their cell–cell adhesion and gain migratory and invasive traits 

that are typical of mesenchymal cells [79]. EMT and its reverse process, mesenchymal-

epithelial transition (MET), are physiologic processes that play key roles during embryonic 

development, wound healing, and tissue repair. Aberrant activation of EMT is considered 

to be a hallmark of cancer metastasis (reviewed in [79–81]). 

EMT involves loss of membranous localization of the epithelial marker E-cadherin and an 

increase in levels of one or more mesenchymal markers, such as vimentin, N-cadherin, α-

smooth muscle actin, or fibronectin, along with a loss of polarized function of epithelial 

cells. The E-cadherin usually sequesters β-catenin at cell-cell contacts; a decrease in its 

membranous levels can result in nuclear translocation of β-catenin and consequent 

activation of Wnt/β-catenin signaling as EMT progresses [82]. An increase in the levels of 

one or more of the EMT-inducing transcription factors, such as ZEB1, ZEB2, SNAI1, 
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SNAI2 (SLUG), TWIST, GSC, and FOXC2 also often accompanies EMT progression 

(reviewed in [83]). 

Recent findings suggest that EMT and MET are not all-or-none responses, i.e., switching 

between purely epithelial and purely mesenchymal phenotypes [81], but rather multi-state 

processes, ranging from purely epithelial to purely mesenchymal via one or several 

intermediate phenotypes. These intermediate phenotypes, the number of which is still a 

matter of debate, have been variously and sometimes interchangeably referred to as 

‘intermediate EMT’ [84,85], ‘intermediate mesenchymal’ [86], ‘incomplete EMT’ [87–

89], ‘semi-mesenchymal’ [90], ‘hybrid epithelial/mesenchymal’ [91–95], ‘EMT-like’ [96–

98], ‘partial EMT’ [99–103], or ‘metastable’ [104,105] phenotype(s). For the purpose of 

this review, the intermediate phenotype(s) will be referred to as “partial EMT”. 

Most of the studies reporting partial EMT have been conducted at a cell population level 

(as opposed to a single-cell level), thereby raising questions of whether partial EMT 

represents (i) a mixed cell population composed of epithelial and mesenchymal cells; (ii) a 

pure cell population composed of hybrid epithelial/mesenchymal cells (E/M); or (iii) a 

mixed cell population composed of epithelial, mesenchymal, and hybrid 

epithelial/mesenchymal cells. Several recent theoretical studies of EMT regulatory 

networks have predicted that a hybrid E/M phenotype can exist at a single-cell level 

[85,92,93,95,102]. Concomitantly, several experimental studies using fluorescence 

activated cell sorting in a few cell lines have identified a subpopulation of cells that can 

co-express epithelial and mesenchymal markers [85,106], and a recent report showed that 

lung cancer cells can maintain a hybrid E/M phenotype at a single-cell level stably over 

multiple passages [107]. Cells in a hybrid E/M phenotype are expected to display both 

adhesion (an epithelial trait) and migration (a mesenchymal trait), hence exhibiting 

collective cell migration. Therefore, the cells moving collectively during wound healing 

[108], mammary morphogenesis [109], and cancer, as clusters of circulating tumor cells 

[110], are likely manifestations of the hybrid E/M phenotype, and a similar proposition can 

be made for tumor buds encompassing more than one cell.  

The magnitude of change in the levels of the epithelial and mesenchymal markers can be 

used to distinguish between EMT and partial EMT phenotype. While EMT often associates 
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with an almost complete loss of membranous localization of E-cadherin, i.e., a ‘cadherin 

switch’ from E-cadherin to N-cadherin, single-cell co-expression of an epithelial marker 

(usually E-cadherin) and a mesenchymal marker can be considered as the most reliable set 

to identify a hybrid E/M phenotype. For example, i) Andriani et al. [111] investigated 

single-cell co-expression of SNAI2 and E-cadherin to identify the relative abundance of 

different subpopulations (epithelial, hybrid E/M, and mesenchymal) in lung cancer cell 

lines (A549, LT73, and H460); ii) Grosse-Wilde et al. [106] sorted the breast cancer cell 

line HMLER based on an epithelial surface marker CD24 and a mesenchymal stem cell 

marker CD44, and showed that CD24+/CD44+ cells co-expressed epithelial and 

mesenchymal genes equivalently; iii) Lu and colleagues [92] predicted via mathematical 

modeling that the single-cell co-expression of ZEB and E-cadherin levels can account for 

a hybrid E/M phenotype; iv) Jolly and colleagues [107] showed that H1975 lung cancer 

cells co-express E-cadherin and vimentin stably over two months in culture; and v) Jeevan 

and colleagues [112] indicated that metastatic brain tumor samples can co-express E-

cadherin and vimentin at a single-cell level. Furthermore, relative levels of E-cadherin and 

vimentin at a population level has also been used to categorize panels of cell lines into 

epithelial, partial EMT, and mesenchymal [86,94,113]. Notably, as already discussed 

earlier, classification of a population as partial EMT does not necessarily imply a stable 

single-cell hybrid E/M phenotype.  

 

Tumor budding and partial epithelial-mesenchymal transition 

Tumor budding often is observed at the invasive edge due to detachment of a few tumor 

cells from the main tumor mass (reviewed in [1–3,114]). Consistently, the membranous 

localization of E-cadherin, the key cell-cell adhesion molecule in epithelial cells, is 

relatively low in tumor buds of CRC [10], esophageal cancer [51], PDAC [53,54], head 

and neck cancer [58,59,67], lung cancer [60], and invasive ductal breast cancer [63]. Loss 

of membranous localization of E-cadherin is a hallmark of EMT [33], thus tumor buds have 

been proposed to be “EMT-like” (see [63] and the references therein). However, do they 

really mirror EMT, or a partial EMT? 
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Evidence connecting tumor budding and EMT (i.e., purely mesenchymal phenotype) is 

scarce. One of the first studies to address budding in CRC found truly single cancer cells 

ahead of the invasive front, both on 2D sections and serial sections); the single cells 

extended cytoplasmic projections similar to lamellipodia. However, sectioning artifacts 

could not be ruled out, which rendered the finding of single cells equivocal [8]. More 

convincing piece of evidence comes from esophageal squamous cell cancer, where high 

budding correlated with EMT [51]. Similarly, in PDAC, budding correlated with both 

reduced E-cadherin and increased vimentin levels, which suggests that it might be the 

morphological feature of EMT [53]. 

By contrast, most evidence seems to connect tumor budding with partial EMT. In PDAC, 

the membranous localization of E-cadherin and beta-catenin in tumor buds was lower (at a 

cell population level) as compared to the tumor center. However, vimentin levels in tumor 

buds did not show any correlation (either direct or inverse) with E-cadherin levels [54]. In 

addition, few tumors showed vimentin positivity, which suggests that most EMT 

occurrences in PDAC patients are partial EMT [54]. In invasive ductal breast cancer, 

budding cell populations had lower membranous localization of E-cadherin and higher 

vimentin cytoplasmic levels than center tumor cells [63]. In tongue squamous cell 

carcinoma, the membranous localization of E-cadherin was reduced in tumor buds as 

compared to the main tumor mass, while vimentin levels were positive in tumor buds but 

not in the main tumor mass. High budding correlated with reduced membranous 

localization of E-cadherin and positive vimentin levels [58]. Furthermore, in a study 

conducted on various tumor types (CRC, liver metastases of CRC, PDAC, lung 

adenocarcinoma, and invasive breast ductal cancer), Bronsert and colleagues found no 

evidence of single-cell migration. While not irrefutably dismissing their existence, this 

observation still suggests that single-cell migration is very rare (0.000%–0.003% of total 

tumor cell number) [10], and, therefore, that cancer cell invasion relies mostly, if not 

entirely, on collective cell migration, rather than single cell migration, which in turn 

suggests that some epithelial cell–cell adhesions persist. Hence, these findings imply that 

not all the cells become purely mesenchymal, which is indicative of a partial EMT. 
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The expression and/or localization of other EMT-related markers further support the 

correlation between tumor budding and partial EMT. In lung cancer, tumor buds display 

decreased levels of membranous β-catenin [62], while in CRC and oral squamous cell 

carcinomas they display reduced levels of miR-200 family [115,116] which are strong 

inhibitors of ZEB1/2 [117–119]. Furthermore, buds exhibit increased levels of laminin-5γ2 

[60,68] (also see [59] and references therein), an extracellular matrix glycoprotein that is 

expressed at the leading edge [120] of collectively migrating cells during wound healing 

[80], a manifestation of partial EMT [108]. Therefore, the decreased levels of epithelial 

markers argue for tumor budding to be correlated with EMT. However, association of 

tumor buds with increased levels of mesenchymal markers remains inconclusive. Although 

tumor buds of breast carcinoma display higher levels of vimentin [63], and oral squamous 

cell carcinoma tumor buds have significantly upregulated fibronectin [116], only a fraction 

of tumor samples of oral squamous cell carcinoma underwent a full ‘cadherin switch’ from 

E-cadherin to N-cadherin [67]. Moreover, lung cancer buds do not express ZEB1 (the 

predicted master regulator of EMT [92,121,122]) at a significantly upregulated level as 

compared to the main tumor mass [62]. In PDAC buds, ZEB1 is significantly higher, but 

increased nuclear localization of β-catenin is absent [123]. RNA-sequencing analysis of 

tumor buds in oral squamous cell carcinomas showed that the protein level of ZEB1 was 

higher as compared to that in the tumor center, but lower than that in adjacent stromal cells 

[116]. This observed trimodal distribution of ZEB corroborates with Lu and colleagues 

suggesting that (miR-200/ZEB) double negative feedback loop enables the three 

phenotypes—i.e., epithelial (high miR-200, low ZEB), mesenchymal (low miR-200, high 

ZEB), and hybrid E/M (medium miR-200, medium ZEB) [92]. Collectively, these studies 

suggest that tumor buds do not have a full-blown stable mesenchymal phenotype; instead 

they are manifestations of a partial EMT. Importantly, they also call for a more quantitative 

approach to characterize the levels of many tumor budding markers. 

In this setting of tumor budding as a histological expression of partial EMT, several studies 

have suggested that tumor budding might mirror a real single-cell hybrid E/M phenotype. 

In esophageal squamous cell cancer, tumors displaying high budding showed weak 

membranous E-cadherin and strong cytoplasmic vimentin immunostaining, while tumors 

exhibiting low budding showed strong membranous localization of E-cadherin and no 
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cytoplasmic vimentin [51]. In PDAC, high budding correlated with reduced E-cadherin 

and increased vimentin levels [53]. Interestingly, E-cadherin, although reduced, was still 

at least weakly positive in most of these cells [53], which supports the idea of a hybrid E/M 

phenotype. In oral squamous cell carcinoma, tumor buds showed loss of membranous 

localization of E-cadherin and increased cytoplasmic levels of vimentin, at both cell 

population and single-cell level [67]. Moreover, in the study conducted on various tumor 

type by Bronsert and colleagues, the budding tumor cells displayed loss of cell polarity 

(i.e., a morphological shift towards rounded and spindle-like phenotype), decreased levels 

of E-cadherin, decreased membrane localization coupled to increased cytoplasmic 

localization of E-cadherin, and increased nuclear ZEB1 immunostaining at a single-cell 

level [10]. However, because the hallmarks of EMT (spindle-like shape, E-cadherin loss 

and ZEB1 levels) were rarely seen even among tumor buds, and because of the absence of 

single cell migration, their findings might rather be interpreted as a collective migration 

with partial EMT [10] showing a hybrid E/M phenotype, instead of a full-blown 

mesenchymal phenotype. 

To further decode any causal connections between EMT and tumor budding, molecular 

events that trigger tumor budding should be characterized beyond clinical studies. Various 

EMT-inducing signaling pathways, such as TGF-β and Wnt [83], have also been reported 

to be active in tumor budding [116,124]. Future in vivo experimental studies that 

investigate how various molecular players govern EMT [125] at multiple stages of the 

invasion-metastasis cascade should explore how tumor budding at both primary and 

metastatic tumor sites is affected. 

 

Proliferation/quiescence and cancer stem cells in tumor buds: further connection  

with epithelial-mesenchymal transition 

In CRC, tumor buds showed lower nuclear Ki-67 levels (i.e., lower proliferation) and 

higher nuclear p16INK4, cyclin D1, and β-catenin levels [126–128], as compared to the main 

tumor mass [126,127]. Since the aforementioned markers correlated, not only at a cell 

population level, but also at a single cell level as seen from serial sections, as opposed to 
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the main tumor mass which displayed inverse levels [127], it has been suggested that the 

p16INK4 increase sequesters Cdk4 in the cytosol, thus enabling nuclear cyclin D1 to bind 

Cdk2, which competes with (and prevents) binding of cyclins A and E to Cdk2, resulting 

in the decreased proliferation reported in tumor buds [128]. Most cells in the tumor buds 

are in this low or non-proliferative state [129]. Similarly, in breast cancer, budding cells 

showed lower Ki-67 levels as compared to the main tumor mass [63]. Interestingly, in lung 

cancer, tumor buds exhibited decreased nuclear levels of geminin, a key cell cycle regulator 

as compared to the main tumor mass [62], which might offer an alternative explanation for 

the co-occurrence of decreased E-cadherin and β-catenin levels with a non-proliferative 

state in budding cells (see [62] and the references therein). Moreover, in CRC, tumor buds 

show lower levels of the apoptosis markers caspase-3 and M30 [130] and the proliferative 

marker Ki-67 [131]. Collectively, these findings suggest that tumor buds are quiescent, 

which further supports a putative involvement of EMT in tumor budding because i) it 

corroborates with the ‘go-or-grow,’ or proliferation/migration dichotomy, hypothesis 

([132], recently demonstrated in a developmental context by Matus and colleagues [133] 

who showed that the invasive phenotype requires cell cycle arrest); ii) induction of EMT 

has been shown to be capable of both blocking the cell cycle and conferring resistance to 

apoptosis in multiple contexts [134–137]; and iii) overexpression of miR-200 and 

consequent MET can restore sensitivity to apoptosis and anoikis, a form of cell-death 

triggered by separation from the extracellular matrix [138]. However, these observations 

do not necessarily resolve whether tumor budding is a surrogate for either a partial EMT 

or a complete EMT.  

Tumor buds express higher levels of stem-cell surface markers such as CD133 (reviewed 

in [139]) and aldehyde dehydrogenase 1 [74], indicating a cancer stem-cell like trait 

associated with tumor budding. Interestingly, budding tumor cells expressing aldehyde 

dehydrogenase 1 were directly involved in aggressiveness and lower OS [74]. Recent 

theoretical [140,141] and experimental studies [106,142,143] investigating the interplay 

between EMT and stemness have indicated that cells in a partial EMT phenotype can be 

more stem-like than both purely epithelial or purely mesenchymal cells, thereby bolstering 

the proposed association of tumor budding and partial EMT. Therefore, tumor buds at the 
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invasive edge can be considered to be the realization of the proposed ‘migrating cancer 

stem cells’ [144]. 

 

Conclusions 

Tumor budding is a phenomenon encountered in various cancers whereby the primary 

tumor sends numerous fingerlike projections, or buds, towards the neighboring stroma, 

some of which eventually detach from the main tumor mass as small cell clusters. It is 

widely believed that tumor buds provide the histological basis for invasion and metastasis. 

Tumor budding correlates with poor outcomes across all the cancer types in which it has 

been described. The down-regulation of epithelial markers and concomitant up-regulation 

of mesenchymal markers, which have been reported in tumor buds, have raised the idea 

that tumor budding is the morphological expression of EMT (Figure 2.1). Most EMT 

processes in tumor buds, however, are not complete, which rather suggests that tumor buds 

undergo partial EMT, with at least a subset of tumors displaying a true hybrid, single-cell 

E/M phenotype in their buds.
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Figure 2.1. Tumor budding as partial epithelial-mesenchymal transition 

(Left) Tumor budding (TB) occurs mainly at invasive tumoral margin (IM) which is opposite to luminal 
margin (L). Studies have shown that tumor buds as a whole show loss of epithelial markers and gain of 
mesenchymal markers as compared to the main tumor mass. These features are compatible with EMT, which 
is why budding is considered to be the histological expression of the same. However, not all cells in a tumor 
bud are purely mesenchymal, so budding rather mirrors partial EMT. While main tumor mass is most notably 
composed of purely epithelial (E) cells, tumor buds are greatly enriched in purely mesenchymal (M) and 
even hybrid epithelial-mesenchymal (E/M) cells. (Inset) Epithelial-mesenchymal transition (EMT) is 
controlled by a core regulatory circuit composed of four players: two microRNAs, miR-34 (34, pink 
hexagon) and miR-200 (200, purple hexagon), respectively, and two transcription factors, SNAIL (orange 
ellipse) and ZEB1/2 (ZEB, blue ellipse), respectively. MicroRNAs promote the epithelial phenotype, 
characterized by synthesis of epithelial markers such as E-cadherin (green rounded rectangle). Transcription 
factors promote the mesenchymal phenotype, characterized by the synthesis of mesenchymal markers such 
as vimentin (red rounded rectangle). The core EMT regulatory circuit consists of two mutually inhibitory 
feedback loops, miR-34/SNAIL and miR-200/ZEB1/2, respectively. Solid arrows depict transcriptional 
activation, with circled arrows showing self-activation. Solid bar-headed arrows depict transcriptional 
inhibition, with circled bar-headed arrows showing self-inhibition. Dotted bar-headed arrows represent 
microRNA-mediated regulation at a translational level. Relative concentrations of the four players at any 
given time point alter the resultant state of core EMT regulatory circuit, thus altering expression of E and M 
genes and consequently the synthesis of E and M markers. By this mechanism, the core EMT regulatory 
circuit governs the cellular phenotype, which can exist in (or dynamically switch between) a purely E, a 
hybrid E/M, and a purely M phenotypic state. See text for more details on the relationship between EMT at 
a molecular scale and tumor budding at a histologic scale.
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Chapter 3 – Neuroendocrine Differentiation and Tunneling Nanotubes 

Partly as prepared for submission in Grigore, A. D., Utama, B., Holland, J. N., Levine, H., 

Farach-Carson, M. C. 

 

Materials and methods 

 

Cell lines 

C4-2 cells (a gift from Prof. Leland W. K. Chung, PhD, at that time at the University of 

Texas MD Anderson Cancer Center) (Wu et al., 1994; Thalmann et al., 2000) and PC-3 

cells (American Type Culture Collection (ATCC), Cat. #CRL-1435) were grown in T75 

flasks (Corning, Cat. #430641U) in Roswell Park Memorial Institute-1640 (RPMI-1640) 

medium (Gibco/ThermoFisher Scientific, Cat. #11875-093) formulated with 2 mM L-

glutamine (L-Gln) and supplemented with 10% (v/v) fetal bovine serum (FBS) (Atlanta 

Biologicals, Cat. #S11150) and 1% (v/v) penicillin-streptomycin solution (P/S) 

(Gibco/ThermoFisher Scientific, Cat. #15140-122) formulated with 10,000 U/mL 

penicillin and 10 mg/mL streptomycin. This formulation will be referred to as growth 

medium (if discussed alone) or complete medium (if discussed in comparison with other 

formulations). If medium was older than four weeks past opening date, it was re-

supplemented with 1% (v/v) L-Gln (Gibco/ThermoFisher Scientific, Cat. #25030-081) (L-

Gln quickly degrades after opening the medium bottle). For subculturing, flasks were 

washed 1 with PBS, then cells were detached by incubation with 0.25% (w/v) trypsin, 

0.038% (w/v) ethylenediaminetetraacetic acid (EDTA) – 4Na  2H2O solution (TE) 

(Gibco/ThermoFisher Scientific, Cat. #25200-072) at 37 C, 5% CO2 for 3 min. Next, 

digestion was inhibited by addition of a double volume of growth medium, cells were 

centrifuged at 1,100 rpm, 2 min, then cell pellet was resuspended in growth medium and 

subcultured to new T75 flasks. 
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HS-5 cells (ATCC, Cat. #CRL-11882) and HS-27a cells (ATCC, Cat. #CRL-2496) were 

grown in T75 flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Gibco/ThermoFisher Scientific, Cat. #11995-065) formulated with 4 mM L-Gln, 4.5 g/L 

Glc, and 1 mM sodium pyruvate and supplemented with 10% (v/v) FBS and 1% (v/v) P/S. 

This formulation will be referred to as growth medium (if discussed alone) or complete 

medium (if discussed in comparison with other formulations). If medium was older than 

four weeks past opening date, it was re-supplemented as described above. For subculturing, 

flasks were processed as described above. 

PC-12 cells (ATCC, Cat. #CRL-1721) were grown in CellBIND surface 100 mm culture 

dishes (Corning, Cat. #3296) coated with collagen IV (see below) in RPMI-1640 

supplemented with 10% (v/v) horse serum (HS) (Gibco/ThermoFisher Scientific, Cat. 

#26050-070), 5% (v/v) FBS, and 1% (v/v) P/S, which is the canonical formulation (Greene 

and Tischler, 1976; Greene, 1978; also reviewed in Greene et al., 1998; Teng et al., 2006). 

An alternative, non-canonical DMEM-based formulation (supplemented as above) is 

frequently used by various authors (Li et al., 1999; Bang et al., 2001) and the ATCC. 

DMEM contains more Ca2+ than RPMI-1640, which leads to cell flattening and increased 

adhesion. PC-12 cells grown on the DMEM-based formulation (e.g, cells purchased from 

the ATCC) often regain their canonical properties after switching back to the RPMI-1640-

based formulation (reviewed in Tischler and Powers, 2004), which was the case here. This 

formulation will be referred to as growth medium (if discussed alone) or complete growth 

medium (if discussed in comparison with other formulations). For subculturing, 80 – 90% 

confluent cells were detached by forceful pipetting (not by trypsinization (reviewed in 

Teng et al., 2006)), centrifuged at 1,100 rpm, 4 min, then cell pellet was resuspended in 

growth medium and subcultured to new 100 mm culture dishes. 

For long-term storage, all cells were kept frozen in liquid nitrogen vapor phase. For cell 

culture, cells were thawed and allowed to grow for two passages before conditioned 

medium (CM) collection or experiments. All cells were kept in an incubator 

(ThermoScientific Model 3110 Forma Series II Water Jacketed CO2 Incubator) at 37 C in 

a humidified atmosphere of 95% (v/v) air and 5% (v/v) CO2. It was extremely important 

to keep the cells (particularly C4-2 cells) in a very low-traffic incubator (1 – 2 persons, 
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thus avoiding frequent door opening/closure and consequent variations in CO2 levels) and 

regularly monitor/reset CO2 levels to eliminate cell death, poor growth, and/or unusual 

sensitivity to environmental factors (also reported by past lab members working with C4-

2 cells) which had occurred throughout the first half of this project. 

 

HS-5 and HS-27a conditioned medium collection 

HS-5 or HS-27a cells of the same passage, subcultured from the same parental T75 flask, 

were grown in multiple T75 flasks to near-confluency (when cells start extending a network 

of straight-shaped processes, but before cells start clustering or growing in a fibroblast-like 

pattern (i.e, in same direction)). Next, flasks were washed 1 with PBS (Lonza, Cat. #17-

516F), and fed with DMEM supplemented with 0% FBS (no FBS, serum-free (SF)) and 

0.1% P/S (SF formulations greatly increase concentration of free antibiotic, thus 

concentration of total antibiotic should be decreased tenfold) (SF DMEM). After 2 d, 

medium from each flask was collected and flasks were re-fed with SF DMEM. Medium 

collected from all flasks was pooled and centrifuged at 1,400 rpm, 3 min to eliminate cell 

debris. Next, the supernatant (referred to as an HS-5 or HS-27a CM batch) was collected, 

aliquotted into single-use portions (200 L), and stored at –80 C for future use (HS-5 CM 

does not seem to lose NED-inducing potency over time). This collection cycle was repeated 

every 2 d as needed or until cells started to show prominent changes (abnormal 

morphology, cell detachment, numerous floating cells), whichever occurred first, at which 

time cells were discarded. Aliquots were used only once to avoid freeze/thaw cycles 

(adapted from Zhang et al., 2011; Delk and Farach-Carson, 2012). A mock HS-5 CM that 

would serve as a negative control in NED experiments (see below) was also prepared. 

Multiple cell-free T75 flasks were “fed” with SF DMEM, maintained identically to cell-

bearing T75 flasks, then after 2 d medium from all flasks was pooled, processed, and stored 

identically as described above. 

For IL-6 ELISA (see below), HS-5 CM and HS-27a CM batches derived from successive 

collection cycles were used. For NED experiments, only HS-5 CM batches derived from 
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first collection cycle were used. For preliminary experiments, HS-5 CM batches derived 

from any collection cycle were used. 

 

Interleukin-6 quantification in HS-5 and HS-27 conditioned medium by sandwich 

enzyme-linked immunosorbent assay 

HS-5 CM and HS-27a CM were collected and processed as described above. IL-6 was 

quantified by sandwich enzyme-linked immmunosorbent assay (ELISA) with the Human 

IL-6 ELISA Kit (Millipore, Cat. #EZHIL6), following the manufacturer’s instructions. All 

steps were carried out at RT unless otherwise specified. Briefly, IL-6 standard 

concentrations were prepared by serial binary dilutions of the IL-6 standard solution in 

assay buffer (500.0, 250.0, 125.0, 62.5, 31.25, 15.625, and 7.8125 pg/mL), with assay 

buffer alone serving as blank standard (0.0 pg/mL). Four HS-5 CM batches (1:10,000) and 

HS-27a CM (undiluted), respectively, were assessed, with one SF DMEM batch (1:10,000) 

and one SF DMEM batch (undiluted) serving as matched negative controls. For each CM 

type, batches were derived from different cell passages and different collection cycles (see 

above) to account for inter- and intra-passage variability. In a pre-coated 96-well plate, 

wells were washed 4 with wash buffer (prepared from kit stock solution) and incubated 

with standards and samples in assay buffer, all in triplicate, for 2 hr while shaking at 200 

rpm. Next, wells were washed 4 with wash buffer and incubated with IL-6 detection Ab 

for 1 hr while shaking at 200 rpm. Next, wells were washed 4 with wash buffer and 

incubated with avidin-horseradish peroxidase for 30 min while shaking at 200 rpm. Wells 

were then washed with wash buffer for 5  1 min to minimize background and incubated 

with substrate solution for 15 min in the dark. Reaction was terminated with stop solution, 

and absorbance at 450 nm was read at a TECAN Infinite 200 Plate Reader using the 

Magellan software. Calculations were performed in Excel (Microsoft). Absorbance 

values were normalized by background subtraction (blank standard), which yielded 

negative values for analysis in all negative controls. Sample concentrations were 

interpolated from the standard curve by linear regression in GraphPad Prism 8. For each 
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CM type, the results were derived from n  4 biological replicates (i.e, CM batches), each 

run in n  3 technical replicates. 

 

HS-5 conditioned medium-induced neuroendocrine differentiation in C4-2 cells 

NED induction medium was prepared using RPMI-1640 supplemented with 10% (v/v) 

FBS and 1% (v/v) P/S, to which HS-5 CM was added to a working concentration of 1% 

(v/v). This low HS-5 CM concentration ensures low levels of fibulin-1, an HS-5-secreted 

protein which causes PCa cell death (Lertsuwan et al., 2017), and also ensures low levels 

of HS-5 excretion products and higher levels of nutrients (as CM is by definition a nutrient-

depleted medium), which might also contribute. Control medium was prepared using 

RPMI-1640 supplemented with 10% (v/v) FBS and 1% (v/v) P/S, to which mock HS-5 

CM (see above) was added to a working concentration of 1% (v/v). For simplicity 

purposes, throughout the text pertaining to NED experimental results or discussions, the 

NED induction medium (which is a dilution of HS5-CM) will be referred to as HS-5 CM. 

For NED experiments, C4-2 cells were seeded in 24-well plates (unless specified 

otherwise) at 1.0  104 cells/cm2 (unless specified otherwise) on d0 in 1 mL/well of either 

control medium or HS-5 CM. Previous work on neuronal differentiation in non-PCa cells 

recommends using low seeding densities within this range, as otherwise neurites are not 

extended (Drubin et al., 1985). For NED in PCa cells (as seen here), low seeding densities 

yield longer neurites. Either 24-well ibiTreat -plates (#1.5 polymer coverslip bottom, 

suitable for confocal imaging) (ibidi, Cat. #82406) or 24-well Costar Clear TC-treated 

plates (Corning, Cat. #3524) were used, as specified. Cells were kept in the incubator as 

described above and fed every 2 d with 1 mL/well of the same respective medium 

formulations. It is paramount that control cells maintain their epithelial morphology (rather 

than mesenchymal, spindle-shaped, fibroblast-like morphology with long cell processes), 

growth pattern (cobblestone-like colonies with very few lacunae between cells), and 

growth rate (at the specified seeding density, they should reach confluence in ca. 6 d), 

otherwise the experiment must be aborted and repeated. 
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Assessment of cell growth in neuroendocrine C4-2 cells 

C4-2 cells were seeded in 21 24-well Costar Clear TC-treated plates and NED was 

induced and maintained as described above. Every day, one plate was removed from the 

incubator, and cells were screened under a cell counting microscope for confluence. The 

decision to further stain the cells was taken for each experimental condition separately (i.e, 

control and NED, respectively). Namely, if cells were  one day post-confluence, they 

were stained. Otherwise, the experimental condition was deemed overconfluent and 

subsequent re-feeding, staining, and imaging of that condition was aborted for all 

remaining plates. Cells were washed 1 with PBS, and incubated with 1 g/mL Hoechst 

33342 (Enzo Life Sciences, Cat. #ENZ-52401) in PBS at 37 C for 30 min. Then, cells 

were washed 1 with PBS. Imaging was performed on an A1-Rsi confocal microscope 

(Nikon) equipped with a high-resolution color CCD camera, using the NIS-Elements 

software suite. For each well, image stitching was performed using the Large Image tab to 

generate a segmented panoramic image of the entire well. Total cells were defined as 

Hoechst+ spots and counted semi-automatically in Imaris version 9.2 (Bitplane). 

The results are derived from n  2 biological replicates, each run in n  3 technical 

replicates. More than  1.07  107 control cells and more than 0.69  107 HS-5 CM-treated 

cells were counted (the latter grow slower and also detach more during staining than the 

former). 

 

Collagen IV coating of cell culture surfaces 

PC-12 cells adhere poorly to plastic (Bethea and Kozak, 1984; also reviewed in Greene et 

al., 1998) but selection occurs in time, yielding plastic-adherent subpopulations that 

display different properties from wild-type cells (reviewed in Greene et al., 1998). Thus, 

coating of cell culture surfaces is necessary. Collagen IV (Sigma-Aldrich, Cat. #C5533) 

was reconstituted in PBS to a stock concentration of 1 mg/mL and stored at –20 C 

according to manufacturer’s instructions. Working solution was prepared by diluting stock 

solution 1:200 in ultrapure Milli-Q water (reviewed in Teng et al., 2006). Dilution 
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required some optimization, as too low dilutions lead to poor adherence and subsequent 

selection, while too high dilutions lead to difficulties in cell dislodgment during 

subculturing and poor NGF-induced neurite outgrowth (reviewed in Teng et al., 2006). 

Working solution was added to cell culture surfaces (100 mm culture dishes or 24-well 

plates) until surface was completely covered, and cell culture surfaces were left to dry 

overnight inside biosafety cabinet (lids temporarily removed). While UV sterilization 

overnight might be effective at this step, PC-12 cells tend to adhere poorly to UV-exposed 

collagen IV (Greene et al., 1998), thus ethanol (Et-OH) rinsing after coating was preferred. 

The next day, residual coating solution was discarded, cell culture surfaces were dried 

inside biosafety cabinet by agitation, rinsed with Et-OH, and dried again. 

 

NGF-induced neuronal differentiation in PC-12 cells grown on collagen IV-coated 

plates 

NGF 2.5S purified from submaxillary glands of male mice (Gibco/ThermoFisher 

Scientific, Cat. #13257-019), supplied at a stock concentration of 100 g/mL (reviewed in 

Teng et al., 2006) in 10.0 mM sodium acetate buffer pH  5 (reviewed in Greene et al., 

1998; Teng et al., 2006), was aliquotted into single-use portions (5 L) and stored at –20 

C according to manufacturer’s instructions. It is paramount not to dilute stock solution, as 

diluted NGF solutions are not stable (reviewed in Teng et al., 2006). Aliquots were not 

refrozen once thawed (reviewed in Greene et al., 1998) but were stored at 4 C and reused 

within one month (reviewed in Teng et al., 2006). Aliquots for induction were diluted right 

before use (reviewed in Greene et al., 1998; Teng et al., 2006) (see below). 

For NGF-induced neuronal differentiation, PC-12 cells were seeded in 24-well plastic 

plates coated with collagen IV. Of note, NGF adheres to glass (reviewed in Teng et al., 

2006), so plasticware should be used. Also, NGF further decreases PC-12 adherence to 

plastic (Greene and Tischler, 1976; also reviewed in Greene et al., 1998), so coating is 

paramount for experiments involving NGF treatment of PC-12 cells. PC-12 cells were 

seeded at 1.0  104 cells/cm2 (it is recommended to use low seeding densities within this 

range, as otherwise neurites are not extended (Drubin et al., 1985, but see Greene et al., 
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1998)) and were grown in RPMI-1640 supplemented with 1% HS, 0.5% FBS, and 0.1% 

P/S, to which NGF was added to a working concentration of 100 ng/mL (Greene, 1978; 

Drubin et al., 1985; Lim et al., 1995; also reviewed in Teng et al., 2006) (differentiation 

medium). Other formulations are available, ranging from complete medium (see, e.g, 

Cosgaya et al., 1997) to low serum formulations to SF medium (reviewed in Greene et al., 

1998), but low-serum medium (as used here) is recommended as it decreases cell clumping 

(reviewed in Greene et al., 1998; Teng et al., 2006). Cells were kept in the incubator as 

described above and fed every 2 d with differentiation medium. In this setting, neurites 

become visible by d1 – 2; at the differentiation peak (ca. d7 – 10), at least 90 – 95% of the 

cells display neurites (reviewed in Greene et al., 1998; Teng et al., 2006). 

 

Immunocytochemistry-immunofluorescence 

For NED experiments, C4-2 cells were seeded and maintained as described above. On d6, 

wells were fixed for subsequent staining and imaging (see below). For NGF-induced 

neuronal differentiation, PC-12 cells were seeded and maintained as described above. On 

d14, wells were fixed for subsequent staining and imaging (see below). 

For cells grown in wells, immunocytochemistry-immunofluorescence (ICC-IF) was 

performed according to a protocol previously used by our group (Wu et al., 2018), adapted. 

For fixation, cells were washed 1 with PBS and fixed in 4% (w/v) paraformaldehyde 

(PFA) solution at RT for 1  10 min. Next, cells were washed with PBS for 1 10 min, 

sealed with Parafilm, and stored at 4 C short-term. For staining, cells were washed with 

PBS for 1 × 10 min while shaking at 60 rpm. Next, cells were permeabilized with 0.2% 

(v/v) Triton X-100 (Sigma-Aldrich, Cat. #T8787-250ML) in PBS (permeabilizing 

solution) for 2 × 10 min while shaking at 60 rpm, then blocked in 3% (v/v) goat serum 

(EMD Millipore, Cat. #S26-100ML) in permeabilizing solution (blocking solution) at RT 

for at least 1 hr without shaking. Next, cells were incubated with the primary antibody (1 

Ab) combination (see below) in blocking solution at 4C for 26 hr. The next day, cells were 

rinsed 1 with blocking solution and washed with permeabilizing solution for 4 × 5 min 

while shaking at 60 rpm. Next, cells were incubated with the secondary antibody (2 Ab) 
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combination (see below) plus 4’,6-diamidino-2-phenylindole (DAPI) 

(Invitrogen/ThermoFisher Scientific, Cat. #D3571, 1:500) in blocking solution at RT for 1 

hr in the dark. Starting with this step, well plates should always be kept covered in 

aluminium foil, as the 2 Abs and DAPI are photosensitive and undergo irreversible 

photobleaching. Next, cells were washed with PBS for 2 × 10 min while shaking at 60 rpm, 

sealed in Parafilm, and stored in aluminium foil at 4C. For long-term storage, PBS in the 

wells should be replenished as needed to avoid evaporation. Imaging was performed on an 

A1-Rsi confocal microscope (Nikon) equipped with a high-resolution color CCD camera, 

using the NIS-Elements software suite. 

 

Immunohistochemistry-immunofluorescence 

For tissue slides, immunohistochemistry-immunofluorescence (IHC-IF) was performed 

according to a protocol previously used by our group (Brasil da Costa et al., 2020). 

Formalin-fixed, paraffin-embedded (FFPE) tissue samples were deparaffinized in xylene 

changes for 3  5 min, then rehydrated in Et-OH changes of 100% (v/v), 95% (v/v), and 

70% (v/v) for 2  5 min each, then washed with ultrapure Milli-Q water for 1  5 min. 

Next, samples were subjected to heat-induced antigen retrieval with 10 mM sodium citrate 

dihydrate (MilliporeSigma, Cat. #SX0445-20) in ultrapure Milli-Q water (pH  6) to 

which 0.05% (v/v) Tween 20 (Fisher Scientific, Cat. #BP337-500) was added (antigen 

retrieval solution) at 98 C for 20 min, then kept in the same solution and cooled to RT for 

10 min. Next, samples were washed with 0.25% (v/v) Triton X-100 in TBS (Tris-buffered 

saline (ThermoFisher Scientific)) (TBSTx) for 2  5 min while shaking at 60 rpm, after 

which a hydrophobic barrier was drawn around each sample using an ImmEdge 

Hydrophobic Barrier PAP Pen (Vector Laboratories, Cat. #H-4000). Samples were then 

blocked with 10% (v/v) goat serum, 1% (w/v) bovine serum albumin (BSA) in TBSTx 

(blocking solution) at RT for at least 1 hr without shaking. Next, samples were incubated 

with the primary antibody (1 Ab) combination (see below) in blocking solution at 4C 

overnight. The next day, samples were washed with TBSTx for 3  5 min while shaking at 

60 rpm. Next, samples were incubated with the secondary antibody (2 Ab) combination 
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(see below) plus DAPI (1:500) in 1% (w/v) BSA in TBS at RT for 1 hr in the dark. Starting 

with this step, well plates should be kept covered in aluminium foil, as the 2 Abs and 

DAPI are photosensitive and undergo irreversible photobleaching. Next, samples were 

washed with TBS for 3 × 5 min while shaking at 60 rpm, and coverslips were mounted in 

1 – 2 drops of ProLong Gold antifade Mountant (Invitrogen/ThermoFisher Scientific, Cat. 

#P36934). Then, coverslips were sealed with nail polish and left at RT for 24 hr in the dark 

to allow for mountant curing and consequent reaching of the optimal refractive index. 

Samples were stored in slide boxes at 4 C short-term (i.e, repeated imaging scheduled for 

the near future) and then switched to –20 C long-term. Imaging was performed on an A1-

Rsi confocal microscope (Nikon) equipped with a high-resolution color CCD camera, 

using the NIS-Elements software suite. 

 

Antibodies 

The 1 Abs were used in different dilutions for ICC-IF vs. IHC-IF, as follows: anti--III 

tubulin (mouse monoclonal [2G10], Abcam, Cat. #ab78078, 1 g/mL for ICC-IF/IHC-IF); 

anti-CgA (rabbit polyclonal, Abcam, Cat. #ab15160, 1:25 for ICC-IF); anti-NSE (rabbit 

polyclonal, Abcam, Cat. #ab53025, 20 g/mL for ICC-IF); anti-synaptophysin (rabbit 

polyclonal, Thermo Scientific, Cat. #PA5-27286, 1:100 for ICC-IF); anti-NeuN (rabbit 

monoclonal [EPR12763], Abcam, Cat. #ab177487, 1:100 for ICC-IF); anti-MAP2 (rabbit 

polyclonal, Abcam, Cat. #ab32454, 1:100 for ICC-IF); anti-tau (chicken polyclonal, 

Abcam, Cat. #ab75714, 1:100 for ICC-IF); anti-Syn-1 (rabbit polyclonal, Abcam, Cat. 

#ab64581, 1:50 for ICC-IF), anti-CPE (rabbit polyclonal, Abcam, Cat. #ab11044, 1:100 

for ICC-IF); anti-CRMP2 (rabbit polyclonal, GeneTex, Cat. #GTX113420, 1:200 for ICC-

IF, 1:100 for IHC-IF); anti-MAP1B (mouse monoclonal [AA6], Abcam, Cat. #ab11266, 

1:200 for ICC-IF); anti-SC5D (rabbit polyclonal, Invitrogen/ThermoFisher Scientific, Cat. 

#PA5-67092, 1 g/mL for ICC-IF/IHC-IF); anti-USP11 (mouse monoclonal, Santa Cruz 

Biotechnology, Cat. #sc-365528, 1:100 for ICC-IF); anti-ENC1 (chicken polyclonal, 

Abcam, Cat. #ab106683, 10 g/mL for ICC-IF/IHC-IF); anti-GAB2 (rabbit polyclonal, 

Abcam, Cat. #ab235932, 1:400 for ICC-IF/IHC-IF); anti-PJA2 (rabbit polyclonal, Sigma-
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Aldrich, Cat. #HPA040347, 1 g/mL for ICC-IF, 1:500 for IHC-IF); anti-GABARAPL1 

(rabbit polyclonal, Abcam, Cat. #ab86497, 1:100 for ICC-IF); anti-CCDC92 (rabbit 

polyclonal, Novus Biologicals, Cat. #NBP2-56862, 1 g/mL for ICC-IF); anti-NFIL3 

(1:500 for ICC-IF); anti-Ki-67 (mouse monoclonal, Santa Cruz Biotechnology, Cat. #sc-

101861, 1:100 for IHC-IF); anti-E-cadherin (rabbit monoclonal [EP700Y], Abcam, Cat. 

#ab40772, 1:100 for ICC-IF); anti-vimentin (chicken polyclonal, Abcam, Cat. #ab24525, 

1:300 for ICC-IF, 1:200 for IHC-IF); anti-vimentin (chicken polyclonal, Novus 

Biologicals, Cat. #NB300-223, 1:1,000 for ICC-IF). 

The 2 Abs were used in the same dilutions for ICC-IF vs. IHC-IF, as follows: goat anti-

mouse Alexa Fluor 488 (Invitrogen/ThermoFisher Scientific, Cat. #A-11029, 1:1,000); 

goat anti-rabbit Alexa Fluor 568 (Invitrogen/ThermoFisher Scientific, Cat. #A-11011, 

1:1,000); goat anti-chicken Alexa Fluor 594 (Invitrogen/ThermoFisher Scientific, Cat. 

#A-11042, 1:1,000, only for ICC-IF); goat anti-chicken Alexa Fluor 647 

(Invitrogen/ThermoFisher Scientific, Cat. #A-21449, 1:1,000). 

 

Assessment of neuroendocrine and neuronal markers in neuroendocrine C4-2 cells 

For core neuronal markers -III tubulin and cell process length, C4-2 cells were seeded in 

24-well ibiTreat -plates and NED was induced for 6 d as described above. On d6, cells 

were fixed and stained as described above. Imaging was performed on an A1-Rsi confocal 

microscope (Nikon) equipped with a high-resolution color CCD camera, using the NIS-

Elements software suite. Total cells were defined as DAPI+ spots and counted semi-

automatically in Imaris version 9.2 (Bitplane). Core neuronal markers were quantified in 

Fiji. First, cells were defined as -III tubulin+ if they displayed equal or higher staining 

than a cutoff intensity (previously chosen in a representative image of NED cells, which 

was then used as reference), and were counted if part of the nucleus was visible in the 

image. Next, -III tubulin+ cells were further defined as -III tubulin+/cell process length+ 

if longest cell process was  3 cell body length. Measurements were performed manually 

using the Segmented Line tool, and cells displaying core neuronal marker(s) were counted 
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manually using the Cell Counter plugin. Calculations were performed in Excel (Microsoft). 

If total cells  -III tubulin+ cells, the former were set equal to the latter to account for 

errors generated by semi-automatic measurements. The results were derived from n  3 

biological replicates, each run in n  6 technical replicates. More than 5.55  104 control 

cells and more than 0.79  104 HS-5 CM-treated cells were counted (the latter grow slower 

and also detach more during staining than the former). 

For NE and other neuronal markers, C4-2 cells were seeded in 24-well Costar Clear TC-

treated plates and NED was induced for 6 d as described above. On d6, cells were fixed 

and stained as described above. Imaging was performed on an A1-Rsi confocal microscope 

(Nikon) equipped with a high-resolution color CCD camera, using the NIS-Elements 

software suite. 

 

Long-term time-lapse imaging of neuroendocrine C4-2 cells 

C4-2 cells were seeeded in two 24-well Costar Clear TC-treated plates and NED was 

induced in all wells as described above. At the beginning of the experiment, plates were 

permanently assigned as the time-lapse NED plate and the control NED plate, respectively. 

Starting d1, cells were monitored for 6 hr daily following a consistent schedule. Shortly 

before each daily session, the time-lapse NED plate was briefly screened under the 

microscope and a region of interest (ROI) was chosen. To ensure consistent imaging of 

same ROI in the absence of a motorized xy stage, ROI xy-position was marked by using an 

in-house system (Figure 3.8, top). The control NED plate was imaged once at the 

beginning and at the end of the session, respectively, and the time-lapse NED plate was 

imaged every 15 min for 6 hr in between. For each imaging step, the well plate was quickly 

retrieved, imaged, returned to incubator (ca. 1.5 min), and left to recover (ca. 13.5 min). 

Imaging was performed on a TE300 inverted microscope (Nikon) equipped with a 

monochrome brightfield camera, using the NIS-Elements software suite. Time-lapse image 

series were assembled by cropping ROI (defined as region of consistent size, centered on, 

and extending around cells of interest) from all consecutive images using Photos 

(Microsoft). Time-lapse movies were assembled in Fiji. 
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Senescence-associated -galactosidase activity assay of neuroendocrine C4-2 cells 

C4-2 cells were seeded in 24-well Costar Clear TC-treated plates at 5.0  103 cells/cm2 

and NED was induced for 6 d as described above. It is important to use this lower density, 

as control cells tend to proliferate and reach near-confluency on d6, yielding false-positive 

results because contact inhibition also elicits SA--Gal positivity (reviewed in Kuilman et 

al., 2010). Senescence-associated -galactosidase (SA--Gal) activity assay (Dimri et al., 

1995) was performed using the Senescence Cells Histochemical Staining Kit (Sigma-

Aldrich, Cat. #CS0030), according to manufacturer’s instructions adapted. Briefly, on d6 

cells were washed 2 with PBS (prepared from kit stock solution), and fixed in a fixation 

buffer containing 2% formaldehyde, 0.2% glutaraldehyde, 7.04 mM Na2HPO4, 1.47 mM 

KH2PO4, 0.137 M NaCl, and 2.68 mM KCl in ultrapure Milli-Q water for 6 – 7 min at 

RT. Next, cells were washed 3 with PBS (prepared from kit stock solution) and incubated 

in a staining mixture containing 10% (v/v) staining solution, 1.25% (v/v) potassium 

ferricyanide solution (supplied at a stock concentration of 400 mM), 1.25% (v/v) potassium 

ferrocyanide solution (supplied at a stock concentration of 400 mM), and 2.5% (v/v) pre-

warmed 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal) solution (supplied at 

a stock concentration of 40 mg/mL) in ultrapure Milli-Q water. The 24-well plates were 

sealed with Parafilm to prevent evaporation and incubated at 37 C in the absence of a 

CO2-enriched atmosphere (warm room) for 48 hr. Since this staining method is pH-

dependent, the cells must not be incubated in a CO2-enriched atmosphere. Next, cells were 

washed 1 with PBS, and incubated with 1 g/mL Hoechst 33342 (Enzo Life Sciences, 

Cat. #ENZ-52401) in PBS (Ewald et al., 2009) at 37 C in the absence of a CO2-enriched 

atmosphere (warm room) for 30 min. Then, cells were washed 1 with PBS. Imaging was 

performed on an A1-Rsi confocal microscope (Nikon) equipped with a high-resolution 

color CCD camera, using the NIS-Elements software suite. Total cells were defined as 

DAPI+ spots and counted semi-automatically in Imaris version 9.2 (Bitplane). SA--Gal 

staining was quantified in Fiji. Cells were defined as senescent (body) if they showed 

typical staining pattern (large region of cell body), and senescent (process) if they showed 
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atypical staining pattern (cell process(s) or a small, round, intensely stained region within 

cell body). Senescent cells were counted manually using the Cell Counter plugin. 

Calculations were performed in Excel (Microsoft). If total cells  senescent (body)  

senescent (process) cells, the former were set equal to the latter to account for errors 

generated by semi-automatic measurements. The results are derived from n  3 biological 

replicates, each run in n  6 technical replicates. More than 9.1  103 control cells and more 

than 0.9  103 HS-5 CM-treated cells were counted (the latter grow slower and also detach 

more during staining than the former). 

 

Cytoskeletal live staining of neuroendocrine C4-2 cells 

C4-2 cells were seeded in 24-well ibiTreat -plates and NED was induced as described 

above. 

For multiplex staining, on d3 cells were washed 1 with Dulbecco’s PBS 

(Gibco/ThermoFisher Scientific, Cat. #14287-080) formulated with 100 mg/L CaCl2 

(anhydrous), 100 mg/L MgCl2  6H2O, 1 g/L Glc, and 36 mg/L sodium pyruvate (which 

will hereby be referred to as DPBSG). Next, cells were incubated in the first staining 

mixture containing 5 g/mL CF568 wheat germ agglutinin (WGA) (Biotium, Cat. 

#29077-1) and 1 M SiR-actin (Spirochrome, Cat. #CY-SC001) (Melak et al., 2017; also 

see Lukinavičius et al., 2014; Lukinavičius et al., 2015 for SiR dyes) in complete RPMI-

1640 at 37 C for 60 min, then cells were washed 3 with DPBSG. Next, cells were 

incubated in the second staining mixture containing 1 g/mL Hoechst 33342 and 500 nM 

TubulinTracker Green (Invitrogen/ThermoFisher Scientific, Cat.#T34075) in DPBSG at 

37 C for 30 min, then cells were washed 3 with DPBSG. Starting with second staining 

mixture, cells should only be kept in PBS-based formulations for good TubulinTracker 

Green staining signal. Due to long cumulative exposure to PBS, the DPBSG formulation 

should be used instead of low calcium/low magnesium PBS formulations, which cause 

massive cell detachment. For the same reason, aspirations between washes should be 

incomplete to avoid cells’ direct exposure to air, which can also increase cell detachment. 
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Imaging was performed on an A1-Rsi confocal microscope (Nikon) equipped with a high-

resolution color CCD camera, using the NIS-Elements software suite. 

For double staining, on d6 cells were washed 1 with complete RPMI-1640. Next, cells 

were incubated with 1 M SiR-actin and 1 M SiR700-tubulin (Lukinavičius et al., 2016) 

in complete RPMI-1640 at 37 C for 1 hr, then cells were washed 1 with complete RPMI-

1640. For each experimental condition (i.e, control and NED, respectively), cells stained 

with each fluorophore alone were also included. Imaging was performed on an A1-Rsi 

confocal microscope (Nikon) equipped with a spectral detection unit with a 32-channel 

multianode photomultiplier tube, using the NIS-Elements software suite. Lambda stack 

images were scanned in 6 nm wavebands ranging between 642 – 750 nm, yielding 18 

spectral sections/stack. Spectral signatures of individual fluorophores were constructed in 

single-stained cells, and were then resolved in double-stained cells by linear unmixing. 

 

Mitochondrial labeling with carbocyanine dyes in C4-2/HS-5 cell co-cultures 

C4-2 cells were maintained in complete DMEM for at least two passages before 

experiments, while HS-5 cells were maintained as described above. Co-culture requires 

same growth medium for both cell types, thus it is preferable to switch C4-2 cells to 

complete DMEM (which does not change their growth pattern) rather than switch HS-5 

cells to complete RPMI-1640 (which changes their growth pattern to a clustered aspect). 

The pair of mitochondria-labeling carbocyanine dyes MitoTracker Green FM (Cell 

Signaling) and MitoTracker Deep Red FM (Molecular Probes) was used (see, e.g., 

Koyanagi et al., 2005; Önfelt et al., 2006; Wang and Gerdes, 2015 for the use of such dyes 

in TNT analysis). MitoTracker Green FM (Cell Signaling, Cat. #9074) and MitoTracker 

Deep Red FM (Invitrogen/ThermoFisher Scientific, Cat. #M22426) were reconstituted in 

dimethylsulfoxide (DMSO) to a stock concentration of 1 mM and stored at –20 C.  

Staining solutions were prepared by diluting stock solutions right before use. Cells were 

labeled according to manufacturer’s instructions, adapted. Briefly, both C4-2 and HS-5 

cells were detached, centrifuged, and resuspended in DMEM as described above. After cell 
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counting, two cell labeling suspensions of 1 mL final volume were prepared, as follows: i) 

for C4-2 cells, 1.0  106 cells/mL, 400 nM MitoTracker Green FM; and ii) for HS-5 cells, 

1.0  106 cells/mL, 200 nM MitoTracker Deep Red FM. Cells were incubated at 37 C 

for 30 min. It is advisable to briefly agitate tubes at 15 min to avoid complete cell 

sedimentation. Next, cells were subjected to 3 cycles of centrifugation and resuspension 

in DMEM. Biosafety cabinet lights should be turned off and dye-containing tubes should 

always be kept covered in aluminium foil (Docherty, 2014; also see Wang et al., 2014; 

Wang et al., 2015), as carbocyanine dyes are photosensitive and can be phototoxic. Next, 

cells were seeded to separate compartments in a 2-well culture insert in 35 mm ibiTreat -

dish (#1.5 polymer coverslip bottom, suitable for confocal imaging) (ibidi, Cat. #81176) as 

follows: i) C4-2 cells at 8.0  104 cells/cm2, and ii) HS-5 cells at 4.0  104 cells/cm2 and 

were allowed to attach for 16 hr. On d1, each insert compartment was washed 2 with PBS, 

then the insert was overflooded by filling the dish with 5 mL DMEM to allow for free 

diffusion between compartments, and cells were allowed to sit for 24 hr. Factors secreted 

by HS-5 cells could thus diffuse to C4-2 cells and induced NED. On d2, insert was removed 

to allow for direct contact between C4-2 and HS-5 cells, thus yielding conditions more 

standardized and tunable, yet similar to scratch assays (Liang et al., 2007). On d3, dish lid 

was replaced with an ibidi DIC lid for -dishes (ibidi, Cat. #80050). Imaging was 

performed on an A1-Rsi confocal microscope (Nikon) equipped with a high-resolution 

color CCD camera, using the NIS-Elements software suite. 

 

In silico construction of a candidate tunneling nanotube gene set 

In previous work by our group, the Novartis Gene Atlas database was screened for the gene 

sets upregulated and downregulated in brain vs. epithelial tissues, respectively (Farach et 

al., 2016). Next, LNCaP cells were transdifferentiated using four types of cues (serum 

starvation, induces NED; cAMP, induces NED; semaphorin 4F overexpression, induces 

non-NED differentiation; and apoptosis stimulating of p53 protein 2 overexpression, 

induces non-NED differentiation). Gene expression profiling of the LNCaP 

transdifferentiation types was performed and compared to the Novartis Gene Atlas-derived 
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gene sets, to seek for brain-upregulated and brain-downregulated signatures shared by 

LNCaP transdifferentation types (Farach et al., 2016). 

In current work, this dataset was screened for genes either consistently upregulated or 

consistently downregulated in both NED types (serum starvation- and cAMP-induced, 

respectively). Two gene subsets were derived: i) brain-upregulated, consistently 

upregulated or consistently downregulated in both NED types, and ii) brain-

downregulated, consistently upregulated or consistently downregulated in both NED types. 

These will hereby be referred to as the 2NED subset. Next, the Gene Expression Omnibus 

(GEO) database (Edgar et al., 2002) was screened for gene expression profiles of LNCaP 

NED models. A curated dataset of the gene expression profile of LNCaP cells subjected to 

long-term AD (GDS3358; published in D’Antonio et al., 2008) was selected as typifying 

a third type of NED. The 2NED subset was then checked against the GDS3358 dataset for 

genes potentially involved in tunneling nanotube (TNT) formation and/or maintenance. 

First, time series images of LNCaP cells subjected to long-term AD (D’Antonio et al., 

2008) were screened for TNT-like structures, and the time span consistent with their 

presence was identified. Next, time series gene expression profiles of LNCaP cells 

subjected to long-term AD (GDS3358; published in D’Antonio et al., 2008) were used to 

validate and adjust the same, which outlined the time course pattern of TNT-like structures: 

i) LNCaP cells, control (absence of TNT-like structures); ii) LNCaP cells, 

early/intermediate stage AD (3 wk – 5 mo; presence of TNT-like structures); iii) LNCaP 

cells, late stage AD (11 – 12 mo; absence of TNT-like structures). 

Next, the 2NED subset was filtered through the GDS3358 dataset for genes matching the 

time course pattern of TNT-like structures. To account for inconsistencies caused by gene 

name changes over time, 2NED subset genes not appearing in the GDS3358 dataset were 

cross-checked using the GeneCards database (Stelzer et al., 2016), and inconclusive results 

were resolved using the Ensembl database (Cunningham et al., 2019). Gene search was 

repeated for all aliases used in the past, and genes still not appearing were considered 

absent. For each 2NED subset gene, the curated GDS3358 time series heatmap was 

manually inspected, and the gene was filtered if the following criteria were met: i) dataset 

consistency: gene consistently upregulated or downregulated in all three NED types 
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(upregulated in 2NED subset and early/intermediate stage AD, while downregulated in AD 

control and late stage AD; or downregulated in 2NED subset and early/intermediate stage 

AD, while upregulated in AD control and late stage AD); ii) time interval consistency: 

within each given time interval (control, early/intermediate stage AD, and late stage AD), 

gene was consistently upregulated or downregulated across time points and between 

replicates; iii) time course consistency: the whole AD time course followed a similar trend 

to the control time course; iv) probeset consistency: for cases when a gene was represented 

by multiple probesets (which have biological significance, e.g, alternative splicing (Stalteri 

and Harrison, 2007)), the whole AD course followed a similar trend across probesets. For 

each 2NED subset gene, the GDS3358 data were also plotted in GraphPad Prism 8. Two 

gene subsets were derived: i) brain-upregulated genes which were consistently upregulated 

or consistently downregulated in all three NED types (see above), and ii) brain-

downregulated genes which were consistently upregulated or consistently downregulated 

in all three NED types (see above). These will hereby be interchangeably referred to as the 

3NED subset or TNT subset. 

 

In silico analysis of candidate tunneling nanotube genes 

For each 3NED subset gene, transcription factors (TFs) that regulate it were identified 

using the TF2DNA database (Pujato et al., 2014), and TFs which were shared by at least 

two genes in the 3NED subset (2G TFs) were highlighted. Next, for each possible gene 

pair in the 3NED subset, the shared 2G TFs were counted in Excel (Microsoft), and the 

genes were ranked and plotted based on the number of 2G TFs in Power BI (Microsoft) 

using the Chord app (optimized by Mihai Dan Delgeanu). TFs that were shared by at least 

three, four, and up to at least nine genes in the 3NED subset, respectively (3G TFs, 4G 

TFs, …, 9G TFs) were also highlighted separately. 
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Preliminary drug testing in neuroendocrine C4-2 cells 

C4-2 cells were seeded in 24-well Costar Clear TC-treated plates in log concentrations of 

drug (0 nM, 10 nM, 100 nM, 1 M, and 10 M) in NED induction medium. Cells were fed 

the same formulation every 2 d. On d6, imaging was performed on a TE300 inverted 

microscope (Nikon) equipped with a monochrome brightfield camera, using the NIS-

Elements software suite. Cells were counted manually in Fiji using the Cell Counter plugin, 

and dose-response curves were plotted in GraphPad Prism 8. 

 

Statistical analysis 

For quantification experiments, the following levels of computing and averaging were 

followed for control and condition of interest, respectively: i) the parameter of interest was 

measured or computed for each technical replicate, as needed (see below); ii) next, the 

mean value of the parameter of interest was computed per biological replicate by averaging 

the technical replicates; iii) next, the mean of means was computed by averaging the 

biological replicates; iv) last, the means of means of control and condition of interest, 

respectively were compared using the unpaired Student’s t-test in GraphPad Prism 8. 

For microscopy quantification experiments (which involved cells grown in circular, flat-

bottom wells), unless otherwise specified, images were taken from five consistent regions 

across all wells for control and condition of interest, respectively (i.e, center, 12:00 o’clock, 

03:00 o’clock, 06:00 o’clock, and 09:00 o’clock positions) to avoid bias. If cell density of 

condition of interest was low, additional images were taken from four consistent regions 

across all wells for that condition (i.e, 01:30 o’clock, 04:30 o’clock, 07:30 o’clock, and 

10:30 o’clock positions) to avoid bias and also increase sampling (Figure 3.1). The 

parameter of interest was computed for each technical replicate by summing up the values 

across all images, followed by normalization if necessary (e.g, for parameters involving 

fractions of total cell population). The levels of computing and averaging were then 

followed as described above.
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Figure 3.1. Levels of replication used in microscopy quantification experiments 

(Left) An experiment run in n  2 biological replicates (i.e, 24-well plates), each run in n  4 technical 
replicates (i.e, wells) is shown. Cells were treated with either control medium (light blue-bordered wells) or 
different HS-5 CM batches (green- or dark green-bordered wells). (Insets) Imaging process is shown for one 
biological replicate. For each control well (light blue) or HS-5 CM-treated well (green), cells lacking marker 
of interest (white) and showing marker of interest (blue) are shown. Cell proliferation is higher and marker 
frequency is lower in control cells vs. HS-5 CM-treated cells, as usually expected. Images are taken from five 
consistent regions across each well (i.e, center, 12:00 o’clock, 03:00 o’clock, 06:00 o’clock, and 09:00 
o’clock positions) (yellow-bordered squares). If cell density of HS-5 CM-treated cells is low, additional 
images are taken from four consistent regions across all HS-5 CM wells (i.e, 01:30 o’clock, 04:30 o’clock, 
07:30 o’clock, and 10:30 o’clock positions) (dashed yellow-bordered squares). Cells not completely 
encompassed within field-of-view are included or excluded as described in the text. The levels of computing 
and averaging are followed as described in the text. 
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Association between 2NED and 3NED subsets, respectively, and brain signature was 

assessed using Fisher’s exact test. 

Data are expressed as mean  s.e.m., and a p-value  0.05 was considered statistically 

significant. Throughout the paper figures, p-values are specified in the legends and also 

shown on the graphs using the following key: *p  0.05; **p  0.01; ***p  0.001; ****p  

0.0001; ns (i.e, non-significant), p  0.05. 

 

Results 

 

HS-5 conditioned medium should be used in replicates and in low concentration 

In current work, the chosen NED inducer was HS-5 CM, which by definition displays far 

more complex composition and less standardization than other NED inducers described 

(see Chapter 1). Knowing the extent of HS-5 CM variability could guide choosing 

adequate level of replication. Therefore, HS-5 CM variability was assessed by measuring 

IL-6 concentration in various CM batches, followed by comparison with previously 

published data. HS-27a CM, which is known to contain far lower IL-6 concentrations 

(Roecklein and Torok-Storb, 1995; Delk and Farach-Carson, 2012), was used for 

confirmation. For each CM type, batches were derived from different cell passages and 

different collection cycles (see above) to account for inter- and intra-passage variability. 

IL-6 concentration in HS-5 CM was 3.15 g/mL, while in HS-27a CM it was much lower 

at 140.8 pg/mL (p  0.0001) (Figure 3.2, left). Comparing IL-6 concentration in HS-5 CM 

from current work vs. previous publications (Figure 3.2, right) indicates high HS-5 CM 

variability. Therefore, subsequent NED experiments were conducted using multiple 

biological replicates. 

Previous work by our group on NED induction by HS-5-secreted factors used high 

concentrations thereof (Zhang et al., 2011; Delk and Farach-Carson, 2012), which cause 

C4-2 cell death with consequent cell number decline after 1 – 2 d (Zhang et al., 2011;
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Figure 3.2. HS-5 conditioned medium variability 

(Left) IL-6 concentration in HS-5 CM and also HS-27a CM (for confirmation) was measured by sandwich 
ELISA assay. For each CM type, results were derived from n  4 biological replicates, each run in n  3 
technical replicates. Data are mean  s.e.m. Unpaired Student’s t-test, ****p  0.0001. (Right) IL-6 
concentration in HS-5 CM as reported by previous publications. Data are means. *Levels as estimated by 
Western blot.
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Nikki A. Delk, PhD, personal communication; also observed in current work (not shown)). 

Therefore, in current work, HS-5 CM concentration was decreased down to 1% (v/v), 

which appeared to retain full NED-inducing properties, including NED morphology and 

growth pattern (Figure 3.3, above) while avoiding cell death. Instead, this concentration 

decreased growth rate (Figure 3.3, below), which is also consistent with NED (reviewed 

in Grigore et al., 2015). 

Collectively, these findings show that HS-5 CM should be used in replicates and also in 

low concentration. 

 

C4-2 cells induced with HS-5 CM are neuroendocrine but lack neuronal phenotype 

In current work, a battery of NE markers and a battery of neuronal markers were 

constructed to assess the NE and neuronal phenotype, respectively. Three canonical 

markers CgA, NSE, and synaptophysin can be used to document the NE phenotype 

(reviewed in Grigore et al., 2015), and they were all selected. Various markers (sometimes 

one marker alone) can be used to document the neuronal phenotype in true neurons, without 

credibility issues. However, the same might not apply for transdifferentiated neuronal cells. 

During the last decade, several groups have successfully induced neuronal transformation 

of non-neuronal cells, including fibroblasts, hepatocytes, and astrocytes (Vierbuchen et al., 

2010; Marro et al., 2011; Su et al., 2014b; Victor et al., 2014). The induced neuronal cells 

displayed numerous neuronal proteins, action potentials, and functional synapses 

(Vierbuchen et al., 2010; Marro et al., 2011; Victor et al., 2014), differentiated further to 

brain region-specialized subtypes (Victor et al., 2014), persisted for  6 months following 

transplantation to those regions, and extended projections to the same anatomical targets 

as their native neuronal counterparts (Victor et al., 2014). Several conceptual elements 

have been distilled. First, reprogramming to a neuronal phenotype takes longer for human 

cells than mouse cells (e.g, for human fibroblasts it takes 5 – 6 weeks until first functional 

synapses appear) (reviewed in Yang et al., 2011). Second, glutamatergic type appears to 

be the default fate during reprogramming to neuronal phenotype (reviewed in Yang et al., 

2011). Third, there are four essential criteria that a reprogrammed cell should meet to be 
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Figure 3.3. Cell growth in C4-2 cells induced with HS-5 conditioned medium 

(Above) Live confocal imaging of C4-2 cells treated as indicated for 6 d (shown here as an example) and 
stained with Hoechst 33342 (blue). Images were cropped from equal-sized ROIs, selected from consistent 
regions (09:00 o’clock position, chosen due to better well illumination in that area) in panoramic images of 
consistent wells. Magnification 10. (Below) Quantification of cell growth. For one HS-5 CM batch (red, 
which induced slowest growth), d9 – d14 were not shown for consistency and clarity. Results were derived 
from n  2 biological replicates, each run in n  3 technical replicates. Data are mean  s.e.m. Ctrl, control.
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considered an induced neuronal cell (Table 3.1) (reviewed in Yang et al., 2011). By 

corroborating these findings, a battery of neuronal markers was constructed that could 

accurately document neuronal phenotype. The core criteria (i.e, the only criteria that should 

be met for neuronal phenotype to be present at its minimum) are -III tubulin positivity 

and appendage length positivity (i.e, length of at least one cell appendage  3 length of 

cell body) (Table 3.2) (Vierbuchen et al., 2010; Marro et al., 2011; Victor et al., 2014). 

NE and neuronal markers were validated in NGF-induced, neuronally-differentiated PC-

12 cells (Figure 3.4). 

Of the three canonical NE markers, C4-2 cells treated with HS-5 CM displayed NSE and 

synaptophysin, but lacked CgA (Figure 3.6, above). Of the core neuronal markers, NED 

cells displayed -III tubulin at higher frequency than control cells (35.11% vs. 0.44%, p  

0.0218), but displayed both -III tubulin and appendage length (double positivity) at highly 

variable frequency (0.15 – 3.69% of the total cell population) as compared to control cells 

(0.00 – 0.03% of the total cell population), rendering the difference non-significant (1.93% 

vs. 0.01%, p  0.1336) (Figure 3.5). Of the other pan-neuronal markers, NED cells lacked 

NeuN, MAP2, Tau, and synapsin-1 (Figure 3.6, below). 

Collectively, these findings show that C4-2 cells treated with HS-5 CM display NED, but 

do not display neuronal phenotype. 

 

Neurite-like processes of neuroendocrine C4-2 cells form tunneling nanotube-like 

structures, others are artifacts 

Despite lacking neuronal phenotype, NED cells extend neurite-like processes which 

sometimes appear closely apposed to corresponding processes of neighboring cells (Figure 

3.7, top) and sometimes display arborization (Figure 3.7, top and middle right). Time-

lapse imaging of NED cells showed occasional membrane retraction events, resulting in 

“processes” displaying complex arborization (Figure 3.7, bottom). This further dismissed 

the existence of neuronal phenotype. Instead, time-lapse imaging of NED cells showed 

formation of intercellular bridges resembling tunneling nanotubes (TNTs) (Rustom et al., 
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Table 3.1. Criteria for neuronal phenotype in reprogrammed cells* 

Criterion Observations 

Distinct neuronal 
morphology 

Complex dendritic arborization and cell polarization (i.e, axon vs. dendrites, 
each expressing its own markers, i.e, Tau vs. MAP2) 

Neuronal-specific 
gene products 

Multiple pan-neuronal markers (-III tubulin, MAP2, Tau, NeuN, synapsin) 

Functional neurotransmitter receptors (which trigger membrane currents in 
response to agonists) 

Action potentials Spontaneous or evoked repetitive action potentials, in a stereotypic membrane 
voltage response pattern 

Functional synapses Synaptic transmission in pure induced neuronal culture (presynaptic function) 
and in co-culture with primary neurons (postsynaptic function) 

Synaptic plasticity (short-term facilitation or depression) 

*Reviewed in Yang et al., 2011
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Table 3.2. Markers previously used to document neuronal reprogramming of non-neuronal cells 

Marker and references Observations  

-III tubulin (Vierbuchen et al., 2010; 
Marro et al., 2011; Yang et al., 2011; Su et 
al., 2014b; Victor et al., 2014) 

Weak expression in non-neuronal cells ( 
0.1%) 

Pan-neuronal marker 

Pan-neuronal marker (immature neurons) 

 

Im
m

atu
re n

euronal p
h

en
otyp

e 

Appendage length (Vierbuchen et al., 
2010; Marro et al., 2011; Yang et al., 2011; 
Victor et al., 2014) 

Cutoff value: length of at least one cell 
appendage  3 length of cell body 

-III tubulin/appendage length (double 
positive) is necessary to define neuronal 
phenotype 

-III tubulin/appendage length (double 
positive) is sufficient to define immature 
neuronal phenotype 

MAP2 (Vierbuchen et al., 2010; Marro et 
al., 2011; Yang et al., 2011; Su et al., 
2014b; Victor et al., 2014) 

Pan-neuronal marker 

Marker for mature neurons 

 

Tau (Vierbuchen et al., 2010; Marro et al., 
2011; Yang et al., 2011) 

  

NeuN (Vierbuchen et al., 2010; Marro et 
al., 2011; Yang et al., 2011; Su et al., 
2014b) 

Pan-neuronal marker; sometimes induced 
neurons did not express it, but only expressed 
MAP2 and synapsin 

Marker for mature neurons 

 

Synapsin (Vierbuchen et al., 2010; Marro 
et al., 2011; Yang et al., 2011; Su et al., 
2014b; Victor et al., 2014) 

Pan-neuronal marker 

Neuronal marker (antibody specifically 
targeted against synapsin 1) 

Marker for presynaptic terminals 

 

 

SCN1A (Victor et al., 2014) Neuronal marker  

vGLUT1 (Vierbuchen et al., 2010; Marro 
et al., 2011; Su et al., 2014b) 

Marker for excitatory glutamatergic neurons  

GABA (Vierbuchen et al., 2010) Marker for inhibitory GABA-ergic neurons  

GAD65 (Su et al., 2014b) Marker for inhibitory GABA-ergic neurons  

GAD67 (Victor et al., 2014) Marker for inhibitory GABA-ergic neurons  
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Figure 3.4. Validation of markers in neuronally-differentiated PC-12 cells 

Confocal imaging of PC-12 cells treated as indicated for 14 d and stained with DAPI (blue) and for -III 
tubulin (green), NE markers (NSE, synaptophysin) and neuronal markers (MAP2 for dendrites, Tau for 
axons, NeuN for nuclei, and synapsin-1 for presynaptic terminals), respectively (red). Magnification 40 
water. -III tub, -III tubulin; Syp, synaptophysin; Syn-1, synapsin-1.
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Figure 3.5. Core neuronal markers in C4-2 cells induced with HS-5 conditioned medium 

(Above) Confocal imaging of C4-2 cells treated as indicated for 6 d and stained with DAPI (blue) and for -
III tubulin (green). Magnification 40 water. -III tub, -III tubulin. (Below) Quantification of core neuronal 
markers. Results were derived from n  3 biological replicates, each run in n  6 technical replicates. Data 
are mean  s.e.m. Unpaired Student’s t-test, *p  0.05; ns, p  0.05. Ctrl, control.
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Figure 3.6. Neuroendocrine and other neuronal markers in C4-2 cells treated with HS-5 conditioned 
medium 

Confocal imaging of C4-2 cells treated as indicated for 6 d and stained with DAPI (not shown) and for 
following markers: (Above) NE markers CgA, NSE, and synaptophysin, respectively. Syp, synaptophysin. 
(Below) Neuronal markers NeuN, MAP2, Tau, synapsin-1. Syn-1, synapsin-1. Magnification 20.
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Figure 3.7. Neurite-like processes of neuroendocrine C4-2 cells 

(Top and middle) Confocal imaging of C4-2 cells treated as indicated for 6 d and stained with DAPI (blue) 
and for -III tubulin (green). Magnification 40 water. (Top) Neurite-like processes displaying complex 
arborization are seen. Occasionally, processes of neighboring cells are closely apposed. (Middle left) Two 
otherwise identical, -III tubulin cells are seen which only differ by appendage length positivity. (Middle 
right) One cell extending neurites with complex arborization is seen. (Bottom) Inverted microscopy time-
lapse imaging of C4-2 cells treated as indicated for 17 d. Images shown are from d12. A flatten, triangular-
shaped cell is seen (t  75 min) which undergoes membrane retraction, ultimately resulting in “processes” 
(actually membrane folds) showing complex arborization (t  225 min). Insets show enlarged views. 
Magnification 10.
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2004; Vidulescu et al., 2004). Some TNT-like structures appeared to form by cells’ coming 

into close apposition followed by cell dislodgment, leaving a trailing intercellular bridge 

(Figure 3.8, middle), while others appeared to form by cells’ extending processes which 

ultimately reached a neighboring cell, resulting in an intercellular bridge (Figure 3.8, 

bottom). 

Collectively, these findings show that while some neurite-like processes of NED cells are 

artifacts, others are genuine structures, sometimes engaging in TNT-like connections. 

 

Neuroendocrine C4-2 cells display senescence phenotype 

Given the absence of neuronal phenotype, alternative mechanisms underlying formation of 

neurite-like processes were inquired. Cellular senescence emerged as a potential candidate 

(Hayflick et al., 1962; Rattan and Clark, 1994), particularly since C4-2B cells mutant for 

CXCR7 receptor, which showed senescence (Hoy et al., 2017), also showed NED 

morphology (although the authors did not report this fact). Senescence was assessed in 

NED cells by SA--Gal staining. Two staining patterns were observed, one typical (i.e, 

large region of cell body) and one atypical (i.e, cell process(s) or a small, round, intensely 

stained region within cell body). NED cells displayed SA--Gal staining at higher 

frequency than control cells (typical staining pattern, 50.58% vs. 3.20%, p  0.0026; 

atypical staining pattern, 9.99% vs. 3.88%, p  0.0355) (Figure 3.9). Collectively, these 

findings show that NED cells display senescence phenotype. 

 

Intercellular bridges in neuroendocrine C4-2 cells are tunneling nanotubes, allow for 

passage of mitochondria 

To enquire whether intercellular bridges observed were true TNTs, as well as to quantify 

the TNTs, characterization of their cytoskeleton was necessary. In current work, a live 

multiplex staining protocol was developed using Hoechst 33342 (blue); TubulinTracker 

Green (green); CF568 WGA (red); and SiR-actin (far-red). Live multiplex staining 
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Figure 3.8. Formation of tunneling nanotube-like structures in neuroendocrine C4-2 cells 

(Top) In-house system for ensuring consistent imaging of same ROI. Once desired ROI is identified under 
microscope, furniture sliders (inset and magenta arrows) are placed to secure and memorize current position 
of well plate on xy stage (dashed contour). (Middle and bottom) Inverted microscopy time-lapse imaging of 
C4-2 cells treated as indicated for 17 d. Magnification 10. (Middle) Images shown are from d3.Two NED 
cells can be seen coming into apposition (from t  90 min to t  150 min) and finally establishing a close 
cell-cell contact (t  165 min), followed by formation of a TNT-like structure and elongation thereof as the 
cells start diverging from each other (from t  180 min to t  360 min). At the beginning of the sequence (t  
0 min), both cells are connected to a third cell (top left) through TNT-like structures. One such TNT-like 
structure is seen elongating (from t  60 min to t  150 min) and eventually disappearing (t  165 min) as the 
two cells diverge from each other. Magnification 10. (Bottom) Images shown are from d10. A group of three 
cells can be seen (top right) (t  0 min) where bottom cell approaches top right cell (t  75 min) and extends 
a process which contacts it (t  120 min), resulting in a TNT-like structure (best visible from t  120 min to 
t  150 min), followed by an additional contact with top left cell (t  225 min). Next, bottom cell from this 
group starts moving towards another, remote cell (down left) (from t  225 min to t  315 min) whose cellular 
process it ultimately contacts (t  345 min), leading to the formation of a TNT-like structure (t  360 min). 
Given the fact that at the same time it does not lose connection to its other partners, a group of three (from t 
 225 min to t  345 min) and then four (t  360 min) cells interconnected via TNT-like structures is formed. 
Magnification 10.
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Figure 3.9. Senescence staining in neuroendocrine C4-2 cells 

(Left) Inverse microscopy imaging of C4-2 cells treated as indicated for 6 d and stained with SA--Gal 
(turquoise-green) and Hoechst 33342 (not shown). Magnification 20. (Right) Quantification of SA--Gal 
staining. Results were derived from n  3 biological replicates, each run in n  6 technical replicates. Data 
are mean  s.e.m. Unpaired Student’s t-test, *p  0.05; **p  0.01. Senescence (body), typical staining pattern; 
senescence (process), atypical staining pattern.
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showed that NED cells can in principle form TNTs containing both F-actin and 

microtubules (Figure 3.10, above). However, the stringent conditions required by the 

tubulin dye (i.e, cells being incubated and then imaged in PBS rather than growth medium) 

induced cell detachment, precluding TNT quantification. 

Consequently, in current work an alternative, live double staining protocol was developed 

using SiR-actin (far-red); SiR700-tubulin (far-red). To resolve the two far-red-emitting 

dyes, spectral imaging followed by linear unmixing was used. Live double staining 

confirmed previous findings (Figure 3.10, below). Moreover, the lenient conditions 

allowed by both dyes (i.e, cells being incubated and then imaged in growth medium) 

precluded cell detachment, thus in principle allowing TNT quantification. 

To assess TNT functions In C4-2/HS-5 cell co-cultures, both cell types formed TNT-like 

connections. These appeared to be mainly homotypic (i.e, between pairs of C4-2 cells or 

between pairs of HS-5 cells, respectively). C4-2 cells tended to form thicker connections, 

which contained MitoTracker-labeled particles (Figure 3.11). By contrast, HS-5 cells 

tended to form thinner and more numerous connections, which did not contain 

MitoTracker-labeled particles (not shown). 

Collectively, these findings show that NED cells form TNT connections containing both 

F-actin and microtubule cytoskeleton, which allow for passage of mitochondria. 

 

A candidate tunneling nanotube gene set 

Given the novelty of TNT findings for PCa in particular, as well as the scarce knowledge 

regarding TNT molecular players in general, finding putative genes involved in NED TNTs 

is necessary. Since i) NED seems a rather non-specific cellular response to a large variety 

of cues (reviewed in Grigore et al., 2015); and ii) NED TNT-like structures can be observed 

(despite not having been described by the authors) in various publications, in current work 

it was inferred that genes involved in TNT formation and/or function should be found 

among genes consistently consistently upregulated or consistently downregulated in 
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Figure 3.10. Tunneling nanotubes in neuroendocrine C4-2 cells 

(Above) Live confocal imaging of C4-2 cells treated as indicated for 3 d and stained with Hoechst 33342 
(blue), TubulinTracker Green (green), CF568 WGA (red), and SiR-actin (magenta). One TNT displaying 
both F-actin and microtubules is seen. Magnification 60 oil. (Below) Live spectral imaging and linear 
unmixing of C4-2 cells treated as indicated for 6 d and stained with SiR-actin (magenta) and SiR700-tubulin 
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(cyan). Insets show enlarged views of a TNT displaying F-actin and also microtubules (partially). 
Magnification 40 water.
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Figure 3.11. Mitochondria inside tunneling nanotubes of neuroendocrine C4-2 cells 

Confocal imaging of co-cultured C4-2 cells, labeled with MitoTracker Green FM (green), and HS5 cells, 
labeled with MitoTracker Deep Red FM (purple). Cells were plated in separate compartments and allowed 
to adhere overnight. Compartments were overflooded on d1, allowing factors secreted by HS-5 cells to reach 
C4-2 cells and induce NED. Compartments’ walls were removed on d2, allowing for direct contact between 
C4-2 and HS-5 cells. Images shown are from d3. TNT-like structures are seen between C4-2 cells (small 
arrows) which contain MitoTracker Green FM-labeled particles. Occasional C4-2 cells are seen which 
contain MitoTracker Deep Red FM-labeled particles (dashed large ellipses). Also, occasional HS-5 cells 
are seen which contain MitoTracker Green FM-labeled particles, either finer-grained (dashed small ellipse) 
or coarse-grained (large arrow). Magnification 40 water.
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various NED types. Since published gene profiles of C4-2 cells are scarce, gene profiles of 

parental LNCaP cells (Wu et al., 1994; Thalmann et al., 2000) were screened instead. 

Two NED types (i.e, serum starvation- and cAMP-induced, respectively) were chosen from 

previous work by our group (Farach et al., 2016) (Figure 3.12, left), yielding the 2NED 

subset (Figure 3.12, middle). For the 2NED subset, there was a high correlation between 

brain upregulation and consistent NED upregulation (p  0.0001) (Table 3.3). 

A third NED type (long-term AD) (D’Antonio et al., 2008) was selected as typifying a 

third type of NED. By corroborating the images (D’Antonio et al., 2008) with the gene 

expression profiles (GDS3358; published in D’Antonio et al., 2008), the following time 

course pattern emerged: i) LNCaP cells, control (absence of TNT-like structures); ii) 

LNCaP cells, early/intermediate stage AD (3 wk – 5 mo; presence of TNT-like structures); 

iii) LNCaP cells, late stage AD (11 – 12 mo; absence of TNT-like structures). The 2NED 

subset was manually filtered through the GDS3358 dataset heatmap (Figure 3.13), yielding 

the 3NED subset (Figure 3.12, right and inset). For each 2NED subset gene, the GDS3358 

expression intensities were also retrieved (Appendix A) and plotted for confirmation 

(Appendix B). For the 3NED subset, there was a high correlation between brain 

upregulation and consistent NED upregulation (p  0.0001) (Table 3.4). 

Next, for each 3NED subset gene, TFs that regulate it were identified, and 2G TFs were 

highlighted (Table 3.5). Similarly, 3G TFs, 4G TFs, …, 9G TFs were highlighted 

(Appendix C). Each 3NED gene was then ranked based on total shared 2G TFs with all 

other 3NED genes, yielding an image of indirect connectedness within the candidate 

NED/TNT gene network (Figure 3.14 and Appendix D). 

Of the 3NED subset genes and their protein products consistently upregulated in all three 

NED types, ENC1-encoded protein displayed strong vs. absent staining in NED vs. control 

cells, while DPYSL2-encoded protein displayed moderate, but marginally higher staining 

in NED vs. control cells (Figure 3.15). The other genes were preliminary assessed in NED 

cells only, where their encoded proteins displayed strong staining (SC5D, PJA2, GAB2, 

CCDC92, CPE, and NFIL3), moderate staining (GABARAPL1) (Figures 3.16 – 3.17), and 

absent staining (MAP1B, USP11) (not shown). In metastatic PCa tissue samples, ENC1-
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Figure 3.12. In silico construction of candidate tunneling nanotube gene set 

(Left) Farach gene set (Farach et al., 2016) was derived by i) screening the Novartis Gene Atlas database for brain-upregulated and brain-downregulated genes (as 
compared to epithelial tissues), followed by ii) gene expression profiling of LNCaP cells undergoing four types of transdifferentiation (serum starvation, induces 
NED; cAMP, induces NED differentiation; semaphorin 4F overexpression, induces non-NED; and apoptosis stimulating pf p53 protein 2 overexpression, induces 
non-NED differentiation), followed by iii) comparison of the four LNCaP transdifferentiation gene profiles against the Novartis Gene Atlas-derived gene sets, to 
seek for brain-upregulated and brain-downregulated signatures shared by LNCaP transdifferentiation types. (Middle) 2NED gene subset was derived by screening 
the Farach gene set for i) brain-upregulated genes consistently upregulated (magenta) or consistently downregulated (green) in both LNCaP NED types (i.e, serum 
starvation- and cAMP-induced, respectively); and ii) brain-downregulated genes consistently upregulated (magenta) or consistently downregulated (green) in both 
LNCaP NED types. (Right) 3NED gene subset was derived by filtering the 2NED gene subset through the Gene Expression Omnibus GDS3358 dataset (a curated 
dataset of the gene expression profile of LNCaP cells subjected to long-term AD) for genes matching the time course pattern of TNT-like structures, yielding i) 
brain-upregulated genes consistently upregulated (magenta) or consistently downregulated (green) in all three LNCaP NED types (i.e, upregulated in 2NED subset 
and early/intermediate stage AD, while downregulated in AD control and late stage AD; or downregulated in 2NED subset and early/intermediate stage AD, while 
upregulated in AD control and late stage AD); and ii) brain-downregulated genes consistently upregulated (magenta) or consistently downregulated (green) in all 
three LNCaP NED types (i.e, upregulated in 2NED subset and early/intermediate stage AD, while downregulated in AD control and late stage AD; or downregulated 
in 2NED gene subset and early/intermediate stage AD, while upregulated in AD control and late stage AD). Inset shows enlarged view of 3NED gene subset.
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Table 3.3. Relationship between 2NED neuroendocrine differentiation genes and brain signature 

 Up in brain Down in brain Fisher’s exact test p-
value 

Up in NED 38 29  0.0001 

Down in NED 8 67  
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Figure 3.13. Gene Expression Omnibus GDS3358 dataset 

GEO webpage for GDS3358 dataset. A small contiguous region of the heatmap (customizable by the user) 
is shown, displaying ten of the total 54,613 probesets. Rows depict probesets (labeled as gene IDs, right), 
columns depict experimental conditions (labeled as growth protocol, two shades of green, above; time (i.e, 
AD duration), six shades of magenta, above; and sample IDs, above). Despite also being color-coded in green 
and magenta (a webpage flaw), column labelings have nothing to do with gene expression intensities shown 
on heatmap itself. Growth protocol categories corresponding to two shades of green are i) control; and ii) 
AD. Time (i.e, AD duration) categories corresponding to six shades of magenta are i) 0 weeks (not assessed 
in AD condition); ii) 3 weeks; iii) 1 month; iv) 5 months; v) 11 months (not assessed in control condition); 
and vi) 12 months. Control and AD condition were assessed in n  1 and n  2 technical replicates, 
respectively.
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Table 3.4. Relationship between 3NED neuroendocrine differentiation genes and brain signature 

 Up in brain Down in brain Fisher’s exact test p-
value 

Up in NED 10 1  0.0001 

Down in NED 4 20  
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 Table 3.5. TFs regulating 3NED subset genes, 2G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B

Up in brain
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Table 3.5 (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
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Figure 3.14. Connectedness within 3NED subset 

Chord diagram showing indirect connectedness within 3NED subset. For each 3NED subset gene (n  35 genes), its shared 2G TFs with each other 3NED gene (n 
1,190 gene pairs) were counted. Next, each 3NED subset gene was ranked based on total shared 2G TFs with all other 3NED genes. Ranked genes (color-coded 
annulus sectors) are shown in counterclockwise descending order (annulus arc length). Chords depict existence of shared 2G TFs between two genes (color-coded 
with color of higher-ranked gene). Chord thickness depicts number of shared 2G TFs between two genes. Several genes were not labeled by software to preserve 
graph clarity: NFIL3 (between 06:00 – 07:00 o’clock positions), TUBA1C, MAP1B, and RPA3 (all between 12:00 – 01:00 o’clock positions).
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Figure 3.15. Validation of DPYSL2 and ENC1 in neuroendocrine C4-2 cells in vitro 

Confocal imaging of C4-2 cells treated as indicated for 6 d and stained with DAPI (blue) and for following 
markers: (Above) DPYSL2-encoded CRMP2 (red). (Below) ENC1 (magenta). Magnification 40 water.
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Figure 3.16. Preliminary assessment of SC5D, PJA2, GAB2, and CCDC92 in neuroendocrine C4-2 cells 
in vitro 

Confocal imaging of C4-2 cells treated as indicated for 6 d and stained with DAPI (blue) and for following 
markers: (Above) SC5D and PJA2 (red). (Below) GAB2 and CCDC92 (red). Magnification 40 water.
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Figure 3.17. Preliminary assessment of CPE, GABARAPL1, and NFIL3 in neuroendocrine C4-2 cells 
in vitro 

Confocal imaging of C4-2 cells treated as indicated for 6 d and stained with DAPI (blue) and for following 
markers: (Above) CPE and GABARAPL1 (red). Due to 24-well plate brand used, images show lower signal-
to-noise ratio and could not be taken at higher magnification. Magnification 20. (Below) NFIL3 (red). 
Magnification 40 water.
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encoded protein displayed absent staining in femoral metastasis (low-grade PCa) (not 

shown), strong staining acetabular metastasis (high-grade PCa), and absent staining in liver 

metastasis (highest-grade PCa, SCCP). ENC1 was located inside the epithelial component 

of the tumor foci, contrasting with vimentin which was inside the stromal component. By 

contrast, SC5D-encoded protein displayed absent staining in both acetabular and liver 

metastasis, and DPYSL2-encoded protein displayed absent staining in acetabular metastasis 

(Figure 3.18). 

 

Neuroendocrine C4-2 cells do not respond to antipsychotic, respond to antidepressant 

In current work, olanzapine treatment did not affect cell number in NED cells while 

decreasing it in control cells in a dose-dependent fashion. By contrast, sertraline affected 

cell number in both NED and control cells in a dose-dependent fashion (Figure 3.19). 

 

Discussion 

 

Experimental system 

For any given cell type, it is anecdotally assumed that CM composition and effects display 

certain batch-to-batch variability. While rigorous attempts to substantiate this belief are 

scarce, some cell types have indeed been shown to produce variable CM, due primarily to  

intrinsic variations in cellular metabolic profile, but also to CM storage conditions (see, 

e.g, MacIntyre et al., 2011). However, this variability has not yet been accounted for in 

relation to HS-5 CM composition or NED-inducing effects. In the same vein, publications 

using this NED model do not report the use of biological replicates (if any) or 

corresponding statistical analysis. Since IL-6 is one key component of HS-5 CM 

responsible for its NED-inducing effects, as shown in previous work by our group (Delk 

and Farach-Carson, 2012), in current work it was therefore used as a proxy parameter for 

HS-5 CM variability.
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Figure 3.18. Validation of DPYSL2, SC5D, and ENC1 in metastatic prostate cancer tissue samples 

Confocal imaging of metastatic prostate cancer tissue samples. (Top row) Serial sections of an acetabular 
metastasis (high-grade PCa) stained for  DAPI (blue) and for following markers: (Top left) -III tubulin 
(green), SC5D (red), and ENC1 (magenta). (Top right) Ki-67, DPYSL2-encoded CRMP2 (red), and vimentin 
(magenta). (Bottom row) Serial sections of a liver metastasis (SCCP) stained as follows: (Bottom left) -III 
tubulin (green), SC5D (red), and ENC1 (magenta). (Bottom right) H&E stain. Magnification 40 water.
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Figure 3.19. Preliminary drug testing in neuroendocrine C4-2 cells 

Live inverted microscopy imaging of C4-2 cells treated as indicated for 6 d. (Above) Olanzapine. (Below) 
Sertraline. Results were derived from n  1 biological replicate, each run in n  2 technical replicates. Data 
are mean  s.e.m. Ctrl, control.
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For current work, long-term storage did not appear to decrease HS-5 CM shelf life. In 

human colostrum samples kept in –80C or –20C, IL-6 appeared to remain stable up to 

12 months (Ramírez-Santana et al., 2012). This suggests that intrinsic variations in cellular 

metabolic profile (rather than CM storage conditions) were the most likely reason for HS-

5 CM variability. Several groups have assessed IL-6 concentration in HS-5 CM, ranging 

from ca. 40 pg/mL to ca. 200 ng/mL (Roecklein and Torok-Storb, 1995; Nakao et al., 2002; 

Elsawa et al., 2011; Delk and Farach-Carson, 2012; Teo et al., 2015), i.e, a 5,000-fold 

range. The upper value, in particular, remains open to discussion as it was only estimated 

by comparing Western blots from HS-5 CM and medium supplemented with recombinant 

IL-6 at a known concentration, respectively (Delk and Farach-Carson, 2012). In addition, 

IL-6 concentration in HS-5 CM displayed ca. threefold variation throughout experiments 

reported within the same paper (Nakao et al., 2002). In current work, IL-6 concentration 

in HS-5 CM was 3.15 g/mL, i.e, a 75,000-fold range as compared to the minimum value 

reported in the literature, which further documents HS-5 CM variability. By contrast, IL-6 

gene expression is lower in HS-27a cells (Graf et al., 2002) and IL-6 is low in HS-27a CM 

(Roecklein and Torok-Storb, 1995; Delk and Farach-Carson, 2012) which accounts for its 

lower NED-inducing effects (Delk and Farach-Carson, 2012). In current work, IL-6 

concentration in HS-27a CM was merely 140.8 pg/mL, which was in agreement with 

previous findings. 

In current work, 1% (v/v) HS-5 CM was used for NED experiments. Since IL-6 

concentration in HS-5 CM was 3.15 g/mL, it follows that the IL-6 concentration used in 

NED experiments was 31.5 ng/mL. While the IL-6 concentration in bone metastatic PCa 

tissue is unknown, in benign prostate and PCa tissue, respectively, IL-6 concentration was 

measured at 0.51 ng/g wet weight and 9.26 ng/g wet weight, respectively (Giri et al., 2001). 

In surgical samples from PCa patients undergoing radical prostatectomy, the specific 

gravity of prostate tissue was 1.05 – 1.06 g/cm3 (Watanabe et al.,1974), 0.98 g/cm3 

(Torlakovic et al., 2005), and 1.0 g/cm3 (Varma and Morgan, 2010). The mean from these 

three independent reports is very close to 1.0 g/cm3 and rounding it to this value is 

considered practically comfortable and clinically insignificant (Watanabe et al., 1974; 

Torlakovic et al., 2005). Since this is equal to the specific gravity of water, it can be 
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assumed that IL-6 concentration in PCa tissue is roughly 9.26 ng/mL. However, this was 

measured in whole tissue extracts, while IL-6 is secreted in the extracellular space. In 

benign prostate and PCa tissue, respectively, the extracellular extravascular fraction is 31% 

and 32%, respectively (Langer et al., 2010). Thus, the IL-6 concentration in the 

extracellular milieu of PCa tissue is ca. 29 ng/mL. Collectively, these findings imply that 

the 1% (v/v) HS-5 CM concentration used in the current work is physiologically relevant 

(at least as an approximation of IL-6 levels that PCa cells are exposed to). 

 

Absence of neuronal markers in neuroendocrine C4-2 cells 

In current work, C4-2 cells induced by HS-5 CM displayed NSE and synaptophysin (but 

lacked CgA). Since any of the three canonical NE markers is sufficient to define NED 

(reviewed in Grigore et al., 2015), this confirms that HS-5 CM induces NED, as shown by 

previous work in our group (Zhang et al., 2011). However, except for -III tubulin 

(frequent) and cell process length, NED cells lacked all other pan-neuronal markers – i.e, 

cell process length, NeuN, MAP2, Tau, and synapsin-1. In particular, -III tubulin/cell 

process cells, which were almost nonexistent in control conditions, were found at highly 

variable frequencies among HS-5 CM batches, which rendered the difference non-

significant. 

In addition, experiments showed two increasingly apparent qualitative features. First, many 

-III tubulin/cell process cells had a bipolar, fibroblast-like morphology (Figure 3.7, 

middle left). This suggests that cells showing both core neuronal markers actually tended 

to be the most remote from neuronal morphology. Second, cells whose longest process 

generally exceeded 3  cell body length by the highest margin actually tended to show 

weaker or absent -III tubulin staining. This suggests that -III tubulin staining intensity 

and cell process length actually did not seem to correlate. The core criteria might thus have 

little informative value in this context. Actually, many bipolar, fibroblast-like, -III 

tubulin/cell process that were observed did not show any staining or morphologic 

differences from -III tubulin/cell process cells. It is highly unlikely that cells otherwise 
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identical are functionally very different (neuronal vs. non-neuronal) solely based on one of 

their appendages (longer vs. shorter by a few m – tens of m). 

Moreover, time-lapse imaging of NED cells showed that in some cases, cellular processes 

displaying complex arborization, which is closest to true neuronal morphology (Table 3.1), 

were produced by cell membrane retraction, raising questions about such processes in 

general (Figure 3.7). Similar findings have been reported in primary cells (rat bone marrow 

stromal cells, rat fibroblasts) and cell lines (HEK-293, PC-12), which adopted a neuron-

like morphology with branched processes and displayed variable staining for NSE and 

NeuN in response to various types of stress (chemicals, detergents, high concentrations of 

NaCl, or changes in pH). These apparent phenotypic changes, which occurred within a few 

hr post-exposure to the aforementioned agents, were thus likely artifacts caused by cell 

body shrinkage resulting in residual neurite-like processes and cytoplasmic condensation, 

which produced a false impression of increased staining (without an increase in mRNA 

expression for those markers). The changes were reversible, as they disappeared within a 

few hours after switching the cells back to physiological conditions (Lu et al., 2004). Also, 

insect cells exposed to heavy metal toxicity adopt a neuron-like morphology with long, 

branched neurites (reviewed in Braeckman, 2011). 

While -III tubulin is one of the most popular neuronal markers, its specificity is less clear. 

-III tubulin shows staining across various normal tissue types, with a particularly strong 

staining in neurons of the brain, endothelium of blood vessels, fibroblasts, spermatogenic 

cells, stromal cells, and endocrine/NE cells (including NE cells of the digestive and 

respiratory tract, melanocytes, islets of Langerhans, acidophilic cells of the pituitary gland) 

(Person et al., 2017), and is upregulated in elderly female keratinocytes (Lehmann et al., 

2017). Also, -III tubulin shows frequent staining across various tumor types (with 93 of 

100 types showing at least one weakly stained sample and at least one strongly stained 

sample). Strong staining was most frequent across brain tumors (85 – 100%), lung cancer 

(35 – 80%), pancreatic adenocarcinoma (50%), renal cell carcinoma (15 – 80%), and 

malignant melanoma (77%) (Person et al., 2017). In treatment-naïve stage III – IV ovarian 

cancer, -III tubulin showed positive staining in 82.2% of cases. Percentage of positive 

cells was highly variable (0 – 100%) (Ferrandina et al., 2006). In ADT-naïve PCa, -III 
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tubulin showed positive and strong staining in 16.7% and 6.2% of cases, respectively. 

Percentage of positive cells was highly variable (5 – 100%), with only tumor cells being 

positive (Ploussard et al., 2010). 

In certain cancers,-III tubulin appears to correlate with tumor aggressiveness and poor 

prognosis. In treatment-naïve stage III – IV ovarian cancer, -III tubulin staining correlated 

independently with lower OS. In hormone-naïve PCa,-III tubulin staining correlated with 

Gleason score  8, pT stage  3, extraprostatic extension, and nodal metastasis, and was an 

independent predictor for BCR (Ploussard et al., 2010). In initial biopsies from patients 

who subsequently progressed to CRPC and received docetaxel chemotherapy, -III tubulin 

staining correlated with Gleason score  7 at diagnosis, and was an independent predictor 

for lower OS (Ploussard et al., 2010). As a sidenote, however, in current work -III tubulin 

was not seen in liver metastasis (SCCP), which further complicates the interpretation of 

this marker. 

Prognostic correlations were paralleled by cellular and sub-cellular features. In PCa cell 

lines LNCaP, DU-145, and 22Rv1, -III tubulin was involved in resistance to docetaxel 

(Ploussard et al., 2010). In NSCLC cell lines Calu-6 NCI-H460, -III tubulin was involved 

in resistance to paclitaxel and vincristine (Gan et al., 2007). These seem to rely on -III 

tubulin’s specific modulation of microtubule dynamics. In vitro, microtubules derived from 

-III isotype showed markedly increased dynamic instability as compared to 

microtubules derived from -II or -IV isotype, or unfractionated tubulin (Panda et al., 

1994). In Chinese hamster ovarian epithelial cells, overexpression of -III tubulin (but not 

of -I, -II, or -IVb tubulin) decreased microtubule assembly, with consequent 

proliferation arrest and large, flat, multinucleated cells, but also induced resistance to 

paclitaxel (see Hari et al., 2003 and the references therein). 

Collectively, these findings show that C4-2 cells induced with HS-5 CM display NED, but 

do not display neuronal phenotype. -III tubulin presence, in this cancer context, is not 

consistent with true neuronal differentiation, but rather with NED features (most notably 

resistance to treatment) and certain neuronal features (cell process length). While in some 

cases, highly branched neurite-like processes are mere artifacts caused by membrane 
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retraction, this would not account for the long thin neurite-like processes displayed by 

many NED cells. Their functional significance remains to be assessed. 

 

Senescence in neuroendocrine C4-2 cells 

Cellular senescence was first observed in vitro in primary human fetal and adult fibroblasts. 

The phenomenon was inexorable, gradual, spanning over 1 – 3 months, and consisted of i) 

progressive growth rate decline until growth arrest (making further passaging impossible); 

ii) progressive accumulation of cellular debris, including cytoplasmic vacuolization; iii) 

decrease of cell polarization; iv) enlargement of cell size; and v) loss of contact inhibition. 

The cells still retained some metabolic activity for a few months (as seen by the ongoing 

drop in growth medium pH), which ultimately ceased, followed by complete cellular 

degeneration and/or detachment (Hayflick and Moorhead, 1961; Todaro et al., 1963). 

Senescence has been categorized into replicative and premature (reviewed in Kuilman et 

al., 2010). 

Replicative senescence is inherent to all primary cells grown in vitro and inevitably appears 

after a fixed average number of population doublings, now known as the Hayflick limit 

(Hayflick, 1965; also reviewed in Shay and Wright, 2000; Kuilman et al., 2010). It is 

caused by the accumulation of errors in DNA replication (as initially speculated in 

Hayflick, 1965) – namely, shortening of telomeres (reviewed in Kuilman et al., 2010). 

Premature senescence, which is independent of telomere shortening, is induced by various 

factors, including cell stress (absence of physiological concentrations of nutrients, growth 

factors, O2 levels, lack of neighboring cell types and loss of connections to extracellular 

matrix constituents), oncogenes, and loss of tumor suppressors (reviewed in Kuilman et 

al., 2010). 

Both senescence types are accompanied by dramatic changes of the cell secretome, most 

notably secretion of proinflammatory cytokines, which in certain settings have pro-

oncogenic effects and/or are important for inducing and maintaining senescence itself. For 

instance, senescence induced by either replicative exhaustion or BRAF requires signaling 

via IL-6 and IL-8 receptors, which in turn is relayed by C/EBP and NF-B and leads to 
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the expression of an inflammatory transcriptome. Along with p53, the p16INK4A-Rb 

pathway has also been found to play critical roles in cellular senescence in various human 

cell strains (reviewed in Kuilman et al., 2010). Interestingly, various authors have reported 

a correlation between autophagy and senescence (reviewed in Kuilman et al., 2010), as 

well as reversibility of senescence in certain conditions, e.g, simian virus 40 large T antigen 

immortalization (Wright et al., 1989; also reviewed in more depth in Kuilman et al., 2010). 

Previous work by our group and others has reported a correlation between some NED types 

(HS-5 CM- and IL-6-induced) and autophagy (Delk and Farach-Carson, 2012; Chang et 

al., 2014). Also, reversibility of some NED types (cAMP-induced – e.g, by epinephrine, 

forskolin, and dibutyryl cAMP, respectively, each co-administered with a 

phosphodiesterase inhibitor) has been reported (Cox et al., 1999). This might reflect an 

association between NED and senescence. Such association was previously hypothesized 

(but not demonstrated) in NED induced by radiation therapy (reviewed in Hu et al., 2015). 

Normal human fetal lung fibroblasts display marked morphological changes after 

poliovirus infection, including cytoplasmic retraction (with consequent empty spaces 

between the cells on the growth surface), lengthy cytoplasmic processes (which 

subsequently show blebbing), and frequent arborized cytoplasmic processes. The last two 

effects were also thought of as a consequence of cytoplasmic retraction (Hayflick et al., 

1962). Normal adult human mammary skin fibroblasts reaching Hayflick limit extend 

lengthy processes (as seen in the images, while not specifically pointed out by the authors) 

(Rattan and Clark, 1994). 

There are various markers that are used to identify senescence, either in vitro or in vivo, 

including i) loss of proliferation; ii) morphological changes (e.g., flat morphology is 

commonly observed in H-RASV12-, stress-, or DNA damage-induced senescence, while 

e.g, spindle-shaped morphology is frequently seen in BRAFE600-induced senescence); iii) 

SA--Gal activity (see below); iv) production of senescence-associated heterochromatic 

foci; v) increase of DNA damage response markers and cell cycle inhibitors p16INK4A, 

p15INK4B, p21CIP1, and p53; vi) inflammation-related factors. However, none of these 

markers alone can unequivocally identify senescent cells. Furthermore, different senescent 

lesions may show different marker profiles (reviewed in Kuilman et al., 2010). 
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In cells grown in vitro, senescence is associated with the expression of a particular state of 

-galactosidase, termed SA--Gal, which is detected at pH  6 in senescent cells only 

(Dimri et al., 1995), as opposed to the constitutive lysosomal -galactosidase which is 

detected at pH  4 – 4.5 in both senescent and non-senescent cells (Lee et al., 2006). SA-

-Gal is not an isoenzyme of lysosomal -galactosidase, but rather an additional peak in 

its activity. This is caused at least in part by a true increase of lysosomal -galactosidase 

levels in senescent cells, which makes detection possible even at the suboptimal pH  6 

(Lee et al., 2006). SA--Gal was generally absent in cells showing decreased proliferation 

without being senescent, suggesting that it is senescence, rather than non-specific decrease 

in proliferation, which is associated with SA--Gal staining (Dimri et al., 1995). SA--Gal 

is detected in both replicative and induced senescence (suggesting that some mechanisms 

might be shared) but is not required for senescence; it is rather an epiphenomenon thereof 

(Dimri et al., 1995; Lee et al., 2006). In current work, the fraction of SA--Gal cells was 

markedly increased in NED vs. control cells. In addition, cells were observed that displayed 

atypical SA--Gal staining, often limited to cell process(s). While the significance of this 

staining pattern is unclear, the fraction of these SA--Gal cells was also increased in NED 

vs. control cells, following the previous trend. Collectively, these findings show that NED 

cells display senescence phenotype. 

Despite being one of the most popular senescence markers, however, SA--Gal positivity 

should not be regarded as unequivocal. Contact inhibition and serum starvation in vitro, as 

well as proliferating dysplastic gastrointestinal epithelium in vivo, also display SA--Gal 

positivity. Moreover, increases of the lysosome number and activity unrelated to 

senescence might arguably lead to an increase in lysosomal -galactosidase levels, thus 

increasing SA--Gal (reviewed in Kuilman et al., 2010). The fact that SA--Gal is an 

additional peak of lysosomal -galactosidase activity explains these non-specific findings 

(Lee et al., 2006). In current work, large, crowded cell populations (such as control cells 

on d6, at a seeding density of 1.0  104 cells/cm2) did indeed show markedly increased 

senescence staining, possibly via a contact-related mechanism, thus lower seeding densities 

were used instead (5.0  103 cells/cm2). Also, NED was induced by HS-5 CM, rather than 
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serum starvation. While avoiding these confounders renders current work’s findings 

reasonably reliable, additional senescence markers should still be assessed in the future 

(see Chapter 4). 

 

Tunneling nanotubes in neuroendocrine C4-2 cells 

Morphological features of TNTs as compared to processes extended neuroendocrine C4-

2 cells. While initially named “nanotubes” because of their small diameter (Rustom et al., 

2004), TNTs have since been shown to range between 35 – ca. 900 nm in diameter (Rustom 

et al., 2004; Vidulescu et al., 2004; Koyanagi et al., 2005; Watkins and Salter, 2005; Önfelt 

et al., 2006; Pontes et al., 2008; Gousset et al., 2009), with some reporting TNTs 1 – 5 m 

in diameter (Vidulescu et al., 2004). TNTs have been categorized as either thin or thick, 

but defining a cutoff value is difficult as there are differences in size distribution among 

the different cell types in which TNTs have been described. Some authors have provided 

such cutoff values, at least for the cell type under study (e.g,  700 nm vs.  700 nm, as 

proposed in Önfelt et al., 2006). Thin TNTs connect the cells at their nearest distance 

(Rustom et al., 2004), and tend to have a straight-shaped morphology (see Rustom et al., 

2004; Önfelt et al., 2004; Vidulescu et al., 2004; Koyanagi et al., 2005; Watkins and Salter, 

2005; Gurke et al., 2008; Veranič et al., 2008; Gousset et al., 2009; Lehmann et al., 2014 

for images). By contrast, thick TNTs as well as some thin TNTs appear to have a less 

regular shape (see Vidulescu et al., 2004; Önfelt et al., 2006; Chinnery et al., 2008; 

Lehmann et al., 2014 for images). TNTs extended by neurons tended to display a bouton-

like structure at the distal end, although this was not specifically described by the authors 

(Wang et al., 2012). 

A very peculiar hallmark of TNTs, as seen in vitro, is that many of them extend between 

the connecting cells at a certain height above the underlying growth surface without making 

contact with it (Rustom et al., 2004; Watkins and Salter, 2005; Önfelt et al., 2006; Gurke 

et al., 2008; Gousset et al., 2009), similar to a skybridge between two buildings. In NED 

cells, both thin and thick TNT-like structures were observed which connected neighboring 

cell bodies without making contact with the subjacent growth plane. 
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Contact via TNTs can extend beyond single pairs of cells, with networks composed of three 

or more cells interconnected by TNTs being observed (Rustom et al., 2004; Önfelt et al., 

2004; Vidulescu et al., 2004; Önfelt et al., 2006; Gousset et al., 2009). Sideways pulling 

on TNTs using optical tweezers gave more insight into how such complex interconnection 

form, as it yielded i) V-Y bifurcations, whereby the TNT was initially bent into a V shape 

(two arms connecting paired cells, and optical tweezer at the apex), followed by rupture 

into an Y shape (two arms connecting paired cells, and optical tweezer at the base); ii) I-D 

bifurcation, whereby the TNT appeared to rupture longitudinally into two structures, the 

main one retaining shape and trajectory of the TNT and the thinner one shaped like an arc 

(main structure at the base and optical tweezer at the apex) (Pontes et al., 2008). 

TNT cytoskeleton. TNTs display cytoskeletal organization, and their classification based 

on diameter apparently mirrors their internal cytoskeletal structure. Namely, thin TNTs 

contain F-actin only (Rustom et al., 2004; Watkins and Salter, 2005; Önfelt et al., 2006; 

Gurke et al., 2008), while thick TNTs contain both F-actin and microtubules (Önfelt et al., 

2006; Wang and Gerdes, 2015), which sometimes form complex 3D structures (Wang and 

Gerdes, 2015). However, TNTs (particularly thin TNTs) appear to be fragile and can easily 

rupture under various conditions, including mechanical stress (e.g, shaking of the plate) 

(Rustom et al., 2004; Koyanagi et al., 2005; Watkins and Salter, 2005; Gurke et al., 2008;  

Pontes et al., 2008), prolonged light excitation (e.g, during fluorescence microscopy) 

(Rustom et al., 2004; Koyanagi et al., 2005), or chemical fixation (Rustom et al., 2004; 

Watkins and Salter, 2005). While mechanical stress and prolonged light excitation can only 

be partially controlled, chemical fixation can be completely avoided by using live staining. 

First, it has previously been shown that TNTs can be detected using the membrane dye 

WGA, which is a lectin that binds to N-acetyl-D-glucosamine from the cell membrane 

(Rustom et al., 2004; Koyanagi et al., 2005; Gurke et al., 2008; Wang et al., 2010). Second, 

thin TNTs can be identified using the recently described live actin dye SiR-actin (Melak et 

al., 2017; also see Lukinavičius et al., 2015 for more information about SiR dyes). 

Based on these, in current work a live multiplex staining protocol was developed for TNT 

visualization and quantification. The staining included i) a nuclear dye (Hoechst 33342), 

intended for cell identification and counting; ii) a membrane dye (CF568 WGA), intended 
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for total (i.e, thin and thick) TNT identification and counting; iii) an actin dye (SiR-actin), 

intended for thin TNT identification and counting; and iv) a tubulin dye (TubulinTracker 

Green), intended for thick TNT identification and counting. Choosing the last dye was 

limited by availability of tubulin dyes compatible with live staining, toxicity on C4-2 cells, 

and staining pattern. Multiplex staining showed that NED cells can in principle form thick 

TNTs containing both F-actin and microtubules. However, the stringent conditions 

required by the last dye (i.e, cells being incubated in PBS rather than growth medium) 

induced cell detachment, precluding quantification. 

Consequently, in current work an alternative, live double staining protocol was developed 

for TNT visualization and quantification. The staining included i) an actin dye (SiR-actin), 

intended for total (i.e, thin and thick) TNT identification and counting; and ii) a tubulin dye 

(SiR700-tubulin), intended for thick TNT identification and counting. Both dyes emit in 

the far-red spectrum and cannot be resolved by traditional confocal imaging due to spectral 

overlap, thus spectral imaging followed by linear unmixing was used. 

Spectral imaging first emerged as a branch of remote sensing (reviewed in Lu and Fei, 

2014), in which satellite or aircraft imaging is used to extract information about the material 

properties of the pixels in a remote scene (e.g, terrain) (reviewed in Keshava and Mustard, 

2002). A spectral image of a scene includes all xy pixels in the scene, along with their 

spectral characteristics at consecutive  wavelengths comprising the spectrum of interest. 

A spectral image can thus be considered (and collected) either i) as a stack of pixel arrays, 

or ii) as an array of pixel stacks. Each member of the array corresponds to a pixel in the 

imaged scene, while each member of the stack corresponds to a wavelength band in the 

spectrum (reviewed in Shaw and Burke, 2003; Garini et al., 2006). 

Often, pixels occur that are a mixture of more than one substance (either due to low 

resolution or to genuine mixing) (reviewed in Keshava and Mustard, 2002). Resolving 

algorithms assume that i) the surface of a given scene predominantly consists of a small 

number of distinct materials (endmembers) whose spectral properties are relatively 

constant; ii) for a given mixed pixel, the endmembers occur in variable proportions 

(fractional abundances), each  0 and sum of all  1; iii) since endmembers’ spectral 
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properties are constant, for any given pixel there is some linear combination of 

endmembers/fractional abundances that can model the observed spectral properties of the 

pixel (reviewed in Keshava and Mustard, 2002). 

Same principles apply for spectral imaging in confocal microscopy. Any given pixel of the 

sample image can thus be described as a system of equations, whereby each equation 

describes the linear combination of endmembers/fractional abundances for a given 

wavelength band, and number of equations  number of consecutive wavelength bands 

imaged (see above). Endmembers (i.e, fluorophores) can be resolved (i.e, unmixed) by 

solving the system of equations, which is possible if i) number of wavelength bands imaged 

 number of fluorophores, and ii) software is first trained with samples stained for each 

fluorophore alone (reviewed in Dickinson et al., 2001; Hiraoka et al., 2002; Zimmermann 

et al., 2003; Zimmermann et al., 2005; Garini et al., 2006; Cole et al., 2013; Zimmermann 

et al., 2014). Spectral imaging followed by unmixing have greatly expanded multiplex 

staining, whose advantages include i) detection of markers co-occurring in the same spot, 

thus allowing for colocalization studies; and ii) multiple analyses performed on a single 

section, thus avoiding the need for serial sections (reviewed in Mansfield et al., 2008). 

Using this technique, fluorophores with overlapping spectral signatures can be 

deconvolved whose peaks are as little as 5 nm apart (Gao et al., 2004). 

Spectral imaging followed by unmixing has been successfully used for visualization of 

multiple immune cell populations (Tsurui et al., 2000), multiplex staining using extensive 

label panels (Valm et al., 2016), in vivo fluorescence imaging in animals (Gao et al., 2004; 

Mansfield et al., 2005) and plants (Mylle et al., 2013), quantifying autophagy and apoptosis 

(Dolloff et al., 2011), discrimination between cancer and normal cells in vitro (Millon et 

al., 2010) and in vivo (Dicker et al., 2006), and removing background tissue 

autofluorescence (Pyon et al., 2019). Medical applications rely on its ability to discriminate 

among chemical constituents of human tissues, primarily hemoglobin (oxygenated and 

deoxygenated), melanin, lipids, and water, as well as changes in relative abundances and 

spatial organization thereof. Many diseases trigger biochemical, physiological, and 

anatomical changes which modify the relative abundance and spatial organization of tissue 

components (e.g, changes in tissue blood content or composition as a result of 
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neoangiogenesis or hypoxia). Spectral imaging followed by unmixing has shown promise 

in the diagnosis and treatment of various diseases, including cancer (CRC, breast cancer, 

cervical cancer, head and neck cancer, melanoma, and Kaposi’s sarcoma), heart disease, 

retinal diseases, diabetes, shock, as well as surgical guidance (mastectomy, gallbladder 

surgery, renal surgery, abdominal surgery) (reviewed in Lu and Fei, 2014). 

One of the most popular unmixing algorithms is linear unmixing (reviewed in Dickinson 

et al., 2001; Keshava and Mustard, 2002; Zimmermann et al., 2003; Zimmermann et al., 

2005; Garini et al., 2006; Zimmermann et al., 2014), which was used in current work and 

successfully identified F-actin and microtubule cytoskeleton, including TNT cytoskeletal 

structure. As a sidenote, while in control cells the F-actin cytoskeleton showed 

predominantly cortical distribution, in NED cells it showed diffuse distribution indicative 

of stress fibers. Since different imaging settings were used to train the software for each 

experimental condition (i.e, control and NED cells, respectively), this has to be further 

assessed. 

Formation of TNTs and comparison with neuroendocrine C4-2 cells. According to the 

literature, there are two ways TNTs can form, which in turn might reflect underlying 

structural and functional differences. First, TNTs can form following cell-cell contact as 

the cells subsequently diverge from each other (Önfelt et al., 2004; Önfelt et al., 2006; 

Gurke et al., 2008; Pontes et al., 2008; Veranič et al., 2008; Bukoreshtliev et al., 2009). 

Second, TNTs can form following extension of cellular processes, some of which 

eventually reach a neighboring cell and remain connected to it (Rustom et al., 2004; 

Vidulescu et al., 2004; Veranič et al., 2008; Bukoreshtliev et al., 2009). A further layer of 

complexity of these interactions is added by the fact that some cells were observed which 

maintained their older TNT-like connections while forming additional, newer TNT-like 

connections to other partners, thus establishing groups of more than two cells 

interconnected via shared TNT-like structures. Various types of stress (serum starvation, 

low pH, hypoxia, reactive O2 species) as well as various EMT-inducing agents appear to 

increase TNT formation or length (Jung et al., 2011; Lou et al., 2012; Sáenz-de-Santa-

María et al., 2017). Interestingly, in co-culture experiments involving differently labeled 

cell populations of the same type, TNTs displayed one label rather than both. This suggests 
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that, at least in some cases, TNTs belong to only one cell in the pair (Wang and Gerdes, 

2015; Sáenz-de-Santa-María et al., 2017). 

In mouse RAW/LR5 macrophages and primary bone marrow-derived macrophages, actin 

(but not microtubules) and actin nucleation factor Arp2/3 played an important role in TNT 

formation, while Rho GTPases Cdc42 and Rac1 played lesser roles. The Cdc42 

downstream effector WASP (along with its regulator Src) played a less central role in TNT 

formation but was required for TNT-mediated vesicle transfer. The Rac1 downstream 

effector WAVE2 played a less central role in TNT number (Hanna et al., 2017). In head 

and neck squamous cell cancer cells, TNTs form via a FAK-mediated mechanism (Sáenz-

de-Santa-María et al., 2017). 

In current work, time-lapse imaging of NED cells revealed both type of events leading to 

the formation of TNT-like structures. A further layer of complexity of these interactions is 

added by the fact that some cells were observed which maintained their older TNT-like 

connections while forming additional, newer TNT-like connections to other partners, thus 

establishing groups of more than two cells interconnected via shared TNT-like structures 

(Figure 3.8, bottom). 

Functional features of TNTs as compared to processes of neuroendocrine C4-2 cells. 

Since their first reporting fifteen years ago, TNTs have emerged as a novel and versatile 

means of cell-cell communication (both physiological and pathophysiological) by 

mediating transfer of cargo between the connected cells. Cargo includes, but is not limited 

to, membrane constituents, membrane-bound vesicles, Ca2+ ions, cytosolic molecules, 

lysosomes, mitochondria, bacteria, and prions (Rustom et al., 2004; Vidulescu et al., 2004; 

Koyanagi et al., 2005; Watkins and Salter, 2005; Önfelt et al., 2004; Önfelt et al., 2006; 

Gurke et al., 2008; Veranič et al., 2008; Gousset et al., 2009; Lou et al., 2012; Lehmann 

et al., 2014; Wang and Gerdes, 2015; Sáenz-de-Santa-María et al., 2017). Apart from these, 

cells connected via TNTs show bidirectional, voltage-dependent electrical coupling, which 

is relayed through gap junctions located at one end of the TNT (Wang et al., 2010). In 

particular, TNTs appear to mediate transmission of both electrical and Ca2+ signals from 

astrocytes to immature neurons (Wang et al., 2012). TNTs have been shown to help 
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stressed cells acquire mitochondria from their non-stressed peers, which ultimately rescue 

the former from apoptosis (Wang and Gerdes, 2015). 

TNT-mediated transfer of plasma membrane and membrane-bound vesicles. This type of 

transfer has been documented in TNTs using the fluorescent lipophilic carbocyanine dyes, 

due to their previously described distribution to the aforementioned cellular compartments, 

as well as their long persistence, reduced photobleaching, and apparent lack of cytotoxicity 

in various cell types (see Kuffler, 1990 and the references therein, but see Ragnarson et al., 

1992). TNT-mediated trafficking of plasma membrane and membrane-bound vesicles has 

been shown using fluorescent lipophilic carbocyanine dyes DiO (green), DiI (red), and DiD 

(far-red) in co-culture settings in which one cell population had been labeled with a 

carbocyanine dye, while the other cell population had been labeled with either a different 

carbocyanine dye or another tracer (Rustom et al., 2004; Önfelt et al., 2004; Vidulescu et 

al., 2004; Koyanagi et al., 2005; Gurke et al., 2008; Lehmann et al., 2014). In the current 

work, no differences in transfer were observed in NED vs. control cells (not shown), 

possibly because of dye transfer artifacts (see below). 

TNT-mediated cell-cell transfer of mitochondria. Early experiments performed in either 

C4-2/C4-2 cell co-cultures (followed by NED induction) or C4-2/HS-5 cell co-cultures 

showed massive dye transfer artifacts (caused by passive leakage of the dyes (not shown)), 

an effect which remains largely unrecognized in TNT literature (see Cselenyák et al., 2010; 

Berridge et al., 2018 and the references therein). Marked improvement was achieved by 

using a 2-well insert system with removable walls (which allows for additional, post-

plating washing steps before finally putting the two differently labeled populations in 

contact). In C4-2/HS-5 cell co-cultures, both cell types formed TNT-like connections in a 

predominantly homotypic fashion, which is consistent with previous reports (Sáenz-de-

Santa-María et al., 2017). C4-2/C4-2 TNTs appear to allow for mitochondrial passage. 

 

Candidate tunneling nanotube gene set 

DPYSL2. The dihydropyrimidinase-like 2 (DPYSL2) gene encodes for collapsin response 

mediator protein 2 (CRMP2), a microtubule-associated protein. CRMP2 is regulated by 
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phosphorylation mediated by GSK3, which requires priming (prior phosphorylation) by 

CDK5. The axon repulsion factor Sema3A, when bound to its co-receptors neuropilin-1 

and plexin-A, induces priming and phosphorylation of CRMP2 (Uchida et al., 2005; also 

reviewed in Hensley and Kursula, 2016). 

Dephosphorylated CRMP2 is the active form (reviewed in Wilson et al., 2014) which binds 

to tubulin  heterodimers, increases their polymerization into microtubules (Fukata et al., 

2002), and stabilizes the same (reviewed in Hensley and Kursula, 2016), leading to axon 

growth and branching in hippocampal neurons (Fukata et al., 2002). By contrast, pCRMP2 

detaches from microtubules (Uchida et al., 2005) and destabilize the same, leading to axon 

retraction (reviewed in Hensley and Kursula, 2016). CRMP2 also stabilizes actin 

microfilaments in the distal axon and at the synapse by acting as an adaptor protein 

connecting kinesin-1 to either i) anterograde transport vesicles containing TrkB, which 

promotes F-actin accumulation and polymerization at the distal axon, thus stimulating axon 

growth; or to ii) the Sra1/WAVE1 complex, which activates the Arp2/3 complex at the 

distal axon and synapses, which effects actin nucleation, thus enabling subsequent 

polymerization. CRMP2 phosphorylation disrupts these two mechanisms and thus disrupts 

the integrity of distal axons, synapses, and growth cones (reviewed in Hensley and Kursula, 

2016). In cerebellar granule neurons, CRMP2 phosphorylation reduces dendritic growth 

(Tan et al., 2013). 

CRMP2 also regulates endosomal-lysosomal trafficking. By acting as an adaptor protein, 

CRMP2 can mediate either i) kinesin binding to Numb, thus facilitating endocytosis and 

movement of endosomal-lysosomal vesicles along microtubules, or ii) dynein binding to 

MICAL-L1, thus facilitating movement of endosomes along microtubules. CRMP2 also 

seems important for preserving the autophagic flux (reviewed in Hensley and Kursula, 

2016). 

CRMP2 is involved in the pathogenesis of Alzheimer’s disease (whereby it appears to be 

structurally associated with neurofibrillary tangles and functionally involved in amyloid  

formation) and alcohol drinking behavior (reviewed in Hensley and Kursula, 2016; also 
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see Agronin, 2014 for a review on Alzheimer’s disease). Also, certain DPYSL2 alleles are 

associated with increased risk for schizophrenia (Nakata et al., 2003; Liu et al., 2015). 

In current work, in silico analysis ranked DPYSL2 second-highest in terms of shared 

regulators. Collectively, these findings indicate that DPYSL2 could be an important player 

in NED neurite outgrowth and TNT formation and/or maintenance. However, CRMP2 was 

only marginally increased in NED cells (HS-5 CM-induced) vs. control cells. While modest 

increase of a signaling pathway component can in principle elicit considerable downstream 

response due to signal amplification (Nelson and Cox, 2013a), this is not the case for 

CRMP2 that binds to tubulin  heterodimers in a stoichiometric ratio of 1:1. Also, 

CRMP2 was absent in acetabular metastasis (high-grade PCa). This did not match the 

expected time course pattern from the GDS3358 dataset, thus further assessment is 

necessary. 

SC5D. The sterol-C5-desaturase (SC5D) gene encodes for an enzyme that catalyzes the 

next-to-last step in cholesterol biosynthesis (reviewed in Nelson and Cox, 2013b). 

Lathosterolosis is an extremely rare autosomal-recessive disorder caused by the absence of 

SC5D, which results in lathosterol accumulation (reviewed in Gondré-Lewis et al. 2006). 

Mice lacking SC5D were stillborn, while embryos showed marked decrease in the number 

of dense core granules in various exocrine and endocrine tissues (exocrine and endocrine 

pancreas, anterior pituitary, and adrenal medulla), increased size of dense core granules, 

and morphological aberrations of the dense core granules and other organelles (exocrine 

pancreas). In the same vein, lathosterol introduced into artificial membranes yielded 

decreased bending rigidity and intrinsic curvature, which was consistent to the increased 

size of the dense core granules observed in vivo (Gondré-Lewis et al., 2006). Conversely, 

cholesterol increases membrane rigidity and contributes to TNT stability (Lokar et al., 

2012). Last but not least, cholesterol (and, consequently, many enzymes of the cholesterol 

biosynthetic pathway, including SC5D, with a strong effect) is a positive regulator of 

hedgehog (HH) pathway signaling (Kinnebrew et al., 2019), which in turn stimulates 

neurite outgrowth in various conditions (see, e.g, He et al., 2017 and the references 

therein). 
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SC5D is also associated with cancer. In patients with gastric cancer (data retrieved from 

the Kaplan-Meier plotter database), expression levels of SC5D were higher in tumor vs. 

normal tissue samples, and high levels of SC5D correlated with lower 5-year OS in stage 

III (but not in stage II or IV) patients, in intestinal type, less malignant (but not in diffuse 

type, more malignant) patients, and in HER2 (but not HER2) patients, respectively 

(Chang et al., 2018). 

Collectively, these findings indicate that SC5D could be an important player in NED 

features (i.e, dense-core granules and neurite outgrowth) and possibly TNT formation 

and/or maintenance (in particular, increase in TNT stability by increasing membrane 

rigidity). Moreover, SC5D was strongly increased in NED cells (HS-5 CM-induced) vs. 

control cells. However, this was not validated further in metastatic PCa tissue samples, 

whereby SC5D was absent in acetabular metastasis (high-grade PCa) and liver metastasis 

(highest-grade PCa, SCCP). This did not match the expected time course pattern from the 

GDS3358 dataset, thus further assessment is necessary. 

ENC1. The ectodermal-neural cortex 1 (ENC1) gene encodes for a Kelch family, actin-

binding protein (Hernandez et al., 1997) containing an N-terminal BTB-like domain and a 

C-terminal Kelch motif (Kim et al., 1998). In mice, ENC1 expression starts during early 

gastrulation in the prospective neuroectoderm, and continues at later stages throughout the 

nervous system (preferentially in the prospective cortical areas), where it persists to adult 

age. The only non-neural expression of ENC1 appears to be in the rostral somitomere of 

the presomitic mesoderm, at the time of epithelialization preceding somite formation 

(Hernandez et al., 1997). In humans, ENC1 is predominantly expressed in the fetal and 

adult brain, with minor expression in the fetal heart, lung, live, and kidney, and the adult 

pancreas (Kim et al., 1998). ENC1 appears to be involved in neurite formation during 

neuronal differentiation of mouse Neuro 2A cells (induced by cAMP), rat PC-12 cells and 

primary hippocampal neurons (induced by NGF), and human SH-SY5Y neuroblastoma 

cells (induced by retinoic acid), respectively. Interestingly, during neuronal differentiation 

of SH-SY5Y cells (induced by retinoic acid), ENC1 could be phosphorylated and could 

bind to the active hypophosphorylated Rb (which is known to be associated with the 

nuclear matrix and to induce neuronal differentiation) (Kim et al., 1998). 
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ENC1 down-regulated NRF2 (master regulator of an important antioxidant pathway) and 

its target genes, albeit to a lower extent than Keap 1 (the main NRF2 negative regulator 

and a Kelch family member like ENC1) (Wang and Zhang, 2009). 

ENC1 mutations (located in Kelch domains, intervening sequence, and BTB domain, 

respectively) are involved in brain tumorigenesis (most notably glioblastoma) by 

increasing cell proliferation, decreasing apoptosis (including apoptosis induced by 

chemotherapy), and dysregulating nuclear cytoskeletal dynamics (Liang et al., 2004). By 

contrast, ENC1 association with PCa is unclear. In LNCaP cells subjected to irradiation, 

ENC1 was increased more than twofold at 24 hr postirradiation (Simone et al., 2013). In 

LNCaP cells/prostatic stromal cell co-cultures, TGF- signaling induced upregulation of 

ENC1 gene, apparently in the prostatic stromal cells (Yang et al., 2014). In a series of 

surgical samples from PCa patients who had undergone radical prostatectomy, ENC1 

expression was associated with epithelial cell content, and was increased in tumors 

showing high grade (Gleason score  4  3), high stage ( T3), and early BCR (although 

not directly associated with those features) (Lapointe et al., 2004). 

ENC1 is also associated with metabolic health impairment. In morbidly obese patients 

discordant for metabolic health (whereby Glc intolerance and insulin resistance 

cooperatively regulated the adipocyte transcriptome), ENC1 expression was increased in 

insulin-resistant, Glc-intolerant vs. insulin-resistant, Glc-tolerant (but not insulin-sensitive, 

Glc-intolerant vs. insulin-sensitive, Glc-tolerant) patients (Gerlini et al., 2018). 

Collectively, these findings indicate that ENC1 could be an important player in NED 

neurite outgrowth and possibly TNT formation and/or maintenance. Moreover, ENC1 was 

strongly increased in NED cells (HS-5 CM-induced) vs. control cells. This was further 

validated in metastatic PCa tissue samples, whereby ENC1 was absent in femoral 

metastasis (low-grade PCa), strongly increased in acetabular metastasis (high-grade PCa), 

and absent in liver metastasis (highest-grade PCa, SCCP). This matched the expected time 

course pattern from the GDS3358 dataset, rendering ENC1 the most promising gene in the 

3NED subset so far. 
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Of note, metastatic PCa tissue samples assessed in current work were derived from rapid 

autopsies. Numerous genes can be upregulated after death, including genes involved in 

stress, apoptosis, inflammation, immunity, transport, epigenetic regulation, development, 

and cancer (Pozhitkov et al., 2017). While it is unclear whether this would affect cell 

staining, post-mortem-to-in vivo extrapolations are to be taken carefully. 

Other genes. Of the brain-upregulated genes that were consistently upregulated in all three 

NED types, PJA2 (Praja-2), GAB2 (GRB2-associated binding protein 2), and CPE 

(carboxypeptidase E) promote neurite outgrowth and/or neuronal differentiation (Mao et 

al., 2005; Sepe et al., 2014; Selvaraj et al., 2015). GABARAPL1 (GABA type A receptor 

associated protein like 1) encodes for an autophagy pathway regulator which shows strong 

expression in brain (see Le Grand et al., 2013 and the references therein). Collectively, 

these findings suggest that PJA2, GAB2, GABARAPL1, and CPE might be involved in 

NED neurite outgrowth and possibly TNT formation and/or maintenance. 

NFIL3 (nuclear factor, interleukin 3 regulated), the only brain-downregulated gene that 

was consistently upregulated in all three NED types, encodes for a protein involved in 

neuronal growth and regeneration (Junghans et al., 2004; MacGillavry et al., 2009). 

Interestingly, NFIL3 is also involved in circadian rhythm control (reviewed in Junghans et 

al., 2004; MacGillavry et al., 2009). Dysregulation of sleep-wake cycle and/or of circadian 

rhythms of several hormones are associated with various cancers, including PCa 

(Schernhammer et al., 2001; Kubo et al., 2006; Conlon et al., 2007; also reviewed in 

Greene, 2012). IL-6, in turn, has its own circadian rhythm (Bauer et al., 1994; Sothern et 

al., 1995; Vgontzas et al., 1999; Agorastos et al., 2014; although see Lissoni et al., 1998) 

and is connected to the central circadian clock via PER1 gene (Motzkus et al., 2002). 

Moreover, NFIL3 interacts with STAT3 to induce chemotherapy resistance (Peng et al., 

2018), while IL-6 interacts with STAT3 to induce NED (reviewed in Grigore et al., 2015). 

Collectively, these findings indicate that NFIL3 could be involved in NED neurite 

outgrowth and possibly TNT formation and/or maintenance via an IL-6-mediated 

mechanism. 

Last but not least, genes which were consistently downregulated in all three NED types 

could also be important. Many of these genes are involved in cell cycle regulation and/or 
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proliferation, including CKS1B, CKS2, KIF11, MAD2L1, PCNA (proliferating cell nuclear 

antigen), PLK1, and CKLF (Simone et al., 2013). Most notably, in silico analysis ranked 

PCNA highest in terms of shared regulators. This suggests the existence of a switch 

between i) genes that potentially stimulate TNT formation and/or maintenance and ii) 

genes involved in cell cycle and/or proliferation, primarily PCNA. The fact that the former 

are, above all, consistently upregulated in all three NED types is in line with the established 

connection between NED and decreased proliferation. In the same vein, various shared 

multi-TF regulating motifs can be observed (e.g, MAFK, ZBTB7C, and ZNF440 shared by 

several genes) (Appendix C). Identification and further assessment of this and additional 

prevalent motifs by computational approaches might provide insight into the signaling 

pathways involved in the NED/TNT gene network. 

 

Preliminary drug testing in neuroendocrine C4-2 cells 

In current work, NED cells were resistant to olanzapine but sensitive to sertraline, while 

control cells were sensitive to both. Interestingly, the IC50 (i.e, concentration at which 

olanzapine decreased cell proliferation by 50%) was close to the olanzapine dissociation 

constant at D2 dopamine receptor (Kd  5.1 nM) (but also at serotonin 5-HT2A receptor (Kd 

 6.8 nM) (Seeman, 2004). These findings are in line with the NE or neuronal features 

described, both previously and in current work.
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Chapter 4 – Conclusions and Future Directions 

 

PCa is the most prevalent cancer in men. At a worldwide populational scale, it has a long 

history, having been identified in human remains from both Old and New World dating 

from prehistory, antiquity, Middle Ages, and post-medieval times (Tkocz and Bierring, 

1984; Baraybar and Shimada, 1993; de la Rúa et al., 1995; Wakely and Carter, 1995; 

Grévin et al., 1997; Schlott et al., 2007; Schultz et al., 2007; Rando et al., 2018). At an 

individual scale, it also has a long history, with a rather indolent and favorable evolution. 

A subset of patients, however, undergo an aggressive and unfavorable evolution, marked 

by ADT and NED, with a clear overlap between the two. NED is a rather non-specific 

phenotype in response to various cues, including therapy (which further explains the 

association between NED and therapy resistance) and paracrine factors secreted by bone 

marrow stromal cell lines (which suggests that NED might be important for PCa metastasis 

to bone). NED cells show NE lineage markers, and when grown in vitro also show NE 

lineage morphology (i.e, neurite-like processes). This raises questions regarding presence 

of a true neuronal phenotype in NED cells. Bone marrow stromal-induced NED cells do 

not show neuronal phenotype, but rather use a complex interplay between cellular 

senescence mechanisms and subroutines of the neuronal program to extending neurite-like 

processes, which can then form stable TNT connections. These, in turn, display complex 

internal cytoskeleton and appear to mediate cell-cell trafficking (most notably involving 

mitochondria) between connected cells, possibly promoting cell survival as shown in 

previous, non-PCa models. 

  

Assessment of additional markers in neuroendocrine C4-2 cells 

Despite being ultimately responsible for PCa death, metastases have been less studied than 

primary tumors. Recently, an extensive study assessed gene expression and corresponding 

protein IHC profiles in a series of rapid autopsy metastases from patients who had died of 

metastatic CRPC ( 1 metastases per patient). Five metastatic CRPC phenotypes were 

observed, which corresponded to five gene expression/marker IHC profiles, based on the 
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expression of AR panel genes (i.e, AR and AR-regulated genes, including AR, NKX3-1, 

KLK3, CHRNA2, SLC45A3, TARP, NAP1L2, and S100A14), NEURO I panel genes (i.e, 

NE-associated, REST-repressed genes (see Labrecque et al., 2019 and the references 

therein), including CHGA, SYP, ACTL6B, SNAP25, INSM1, ASCL1, CHRNB2, and 

SRRM4), and NEURO II panel genes (i.e, TFs which regulate NED (Labrecque et al., 

2019), including CELF3, PCSK1, SOX2, POU3F2, LMO3, and NKX2-1). 

The five metastatic CRPC phenotypes and their corresponding gene expression/marker 

IHC profiles were as follows: i) AR PCa (tumors showing adenocarcinoma histology with 

near-uniform AR and PSA staining, but lack of CgA and synaptophysin staining; this 

corresponded to expression of AR panel genes but also heterogeneity with low expression 

of some NEURO I and/or NEURO II panel genes); ii) AR-low PCa (tumors showing 

adenocarcinoma histology with weak or heterogeneous AR and PSA staining, but lack of 

CgA and synaptophysin staining; this corresponded to lower expression of AR itself and 

low expression of some other AR panel genes); iii) amphicrine PCa (tumors composed of 

cells which stained simultaneously for all four markers AR, PSA, CgA, and synaptophysin; 

this corresponded to expression of AR and NEURO I panel genes with lack of expression 

of NEURO II panel genes); iv) SCCP or NE PCa (tumors showing SCCP or NE PCa 

histology with lack of AR and PSA staining, but CgA and synaptophysin staining; this 

corresponded to lack of expression of AR itself and lack of expression, or low expression, 

of other AR panel genes, with expression of NEURO I and NEURO II panel genes); v) 

double-negative PCa (tumors lacking all four markers AR, PSA, CgA, and synaptophysin; 

this corresponded to lack of expression, or low expression of AR itself and most other AR 

panel genes, and lack of expression, or low expression of most NEURO I and NEURO II 

panel genes). These were further confirmed in PCa xenograft lines and in a publicly 

available gene expression profile database. Of note, the unique upregulated genes in the 

SCCP/NE PCa phenotype were enriched for genes involved in nervous system processes 

and genes involved in regulation thereof (Labrecque et al., 2019). In this context, further 

characterization of NED cells to assess their phenotypic profile would be interesting. 

In current work, it appeared that an important fraction of NED cells had a bipolar, 

fibroblast-like morphology, and showed -III tubulin staining. Since i) bipolar, spindle-



141 
 

shaped, fibroblast-like morphology is a hallmark of EMT (reviewed in Grigore et al., 

2016); ii) EMT, partial EMT, upregulation of known EMT-promoting factors, or 

downregulation of known EMT-suppressing factors are associated with chemotherapy 

resistance and poor prognosis in NE tumors, particularly SCLC (Rodríguez-Salas et al., 

2001; Galván et al., 2010; Arriola et al., 2011; Chang et al., 2012; Cañadas et al., 2014a, 

b; Fang et al., 2014; Galván et al., 2014; Han et al., 2014; Cañadas et al., 2015; Ishii et al., 

2015; Pore et al., 2016; Chang et al., 2017; Liu et al., 2017; Messaritakis et al., 2017; Sakre 

et al., 2017; Wei et al., 2017; Jin et al., 2018; Messaritakis et al., 2018; Zhao et al., 2018, 

but see Stovold et al., 2013; Mancuso et al., 2016; Kikuchi et al., 2017; Miao et al., 2017); 

and iii) in current work, preliminary experiments found that NED cells displayed loss of 

membranous localization of E-cadherin and positive staining for vimentin (not shown; also 

not tested whether both were present in same cell), which are also hallmarks of EMT 

(reviewed in Grigore et al., 2016), EMT and partial EMT phenotype should be assessed in 

NED cells. Experiments are already underway in current work. 

 

Further assessment of senescence in neuroendocrine C4-2 cells 

To confirm the senescence phenotype, co-staining for SA--Gal and other senescence 

markers is necessary. SA--Gal is amenable to co-staining with fluorescent senescence 

markers (reviewed in Itahana et al., 2013). Also, since senescence was only found in a 

fraction of NED cells, that could be further characterized by co-staining for SA--Gal and 

IF markers (reviewed in Itahana et al., 2013). 

 

Tunneling nanotubes in neuroendocrine C4-2 cells 

TNT-mediated cell-cell transfer of mitochondria. In current work, TNTs were seen in C4-

2/HS-5 cell co-cultures which connected C4-2 cell pairs and harbored mitochondria. 

However, such static images require further assessment by time-lapse imaging, which is 

ready to implement in current work. 
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While many publications assessed TNT functions using subcellular labeling with 

fluorescent dyes, other subcellular labeling methods are more useful for quantification 

purposes. Mitochondrial labeling with fluorescent proteins (Rizzuto et al., 1995) followed 

by co-culture (reviewed in Cselenyák et al., 2010; Berridge et al., 2018) produces a much 

more stable pattern, with almost no transfer between differently labeled cells (reviewed in 

Cselenyák et al., 2010). However, occasional double-labeled cells are still seen, raising 

questions regarding true coexistence of labeled proteins within the same cell vs. mere 

physical overlap between two differently labeled cells (Cselenyák et al., 2010). In addition, 

mitochondria can also be released inside vesicles (Hayakawa et al., 2016) that sometimes 

associate with the target cells, rather than entering them (see Berridge et al., 2018 and the 

references therein). Therefore, high-resolution confocal z-stack imaging, preferably with 

deconvolution strategies, could properly assess intracellular location. However, rapid 

photobleaching of some fluorescent proteins limits its utility (reviewed in Berridge et al., 

2018). Ready-to-use lentiviral particles (Vectalys) will be used that express i) either 

AcGFP1 or mCherry tagged with ii) the targeting sequence from subunit VIII of 

cytochrome c oxidase (Rizzuto et al., 1995). Since no passive leakage of free AcGFP1 or 

mCherry is expected, the 2-well insert system will not be necessary and cells will thus be 

co-cultured in 24-well plates. This system is ready to be implemented in current work. 

 

Candidate tunneling nanotube gene set 

Further confirmation and quantification. Apart from DPYSL2 and ENC1, whose protein 

products were already assessed in both experimental conditions (i.e, control and NED cells, 

respectively), the other genes were only validated in NED cells and thus need further 

confirmation. Experiments are already underway in current work. 

The images will also be amenable to quantification by quantitative fluorescence 

microscopy, which has recently evolved into a powerful tool for quantifying protein 

expression (reviewed in Jonkman et al., 2014; Verdaasdonk et al., 2014). In general, 

fluorescence intensity of 2D images can be derived either from peak intensity of the spot 

(i.e, object) or integrated intensity of the entire spot. The latter method does not assume a 
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constant volume, thus it can give a more accurate description of the intensity independent 

of fluorophore density. Integrated intensity is thus preferable to compare structures that 

differ in size and/or shape (reviewed in Verdaasdonk et al., 2014), as is the case in the 

current work for control vs. NED cells. For structures larger than the resolution limit in z, 

summing the intensity values of multiple z-planes may also be necessary (reviewed in 

Verdaasdonk et al., 2014), which remains to be evaluated. 

Functional assays. To further assess the involvement of these genes in TNT formation 

and/or maintenance, the next step will be to inhibit the function of the gene products (by 

pharmacological compounds) or the expression of the genes themselves (by knockdown or 

knockout techniques) in NED cells. Pharmacological inhibition is easier to implement and 

more clinically applicable than gene expression inhibition, but displays off-target effects 

which make results difficult to interpret. 

DPYSL2. Pharmacological inhibition is available for this gene product, as (S)-lacosamide 

(enantiomer of the antiepileptic drug (R)-lacosamide) moderately reduces CRMP2-induced 

neurite outgrowth (i.e, number of branches and maximum process length, but not mean 

process length) (Wilson et al., 2014; also reviewed in Hensley and Kursula, 2016). 

However, while (S)-lacosamide lacks certain off-target effects, as it did not influence 

voltage-gated sodium channel slow inactivation (Wilson et al., 2014), it still displays 

others, as it decreases CRMP2 binding to CaV2.2 channels by inhibiting CDK5-mediated 

priming of CRMP2, leading to a decrease in K+-evoked, CaV2.2-mediated Ca2+ influx 

(Moutal et al., 2016).
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Appendix A. Gene expression intensities for 2NED subset genes in LNCaP cells subjected to androgen 
deprivation (GDS3358) 

 

Alias is gene name as referred to in Farach subset and 2NED subset. Technical replicates run in androgen deprivation condition have been split for clarity. ctrl, 
control; wk, weeks; mo, month(s). 
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225511_at GPRC5B 88.8 37.7 114.5 76.5 146.3 169.1 143.5 165.1 215.2 176.7 101.5 160.5 128.8 119.4 234.7
203632_s_at GPRC5B 208.3 201.8 156.2 288 270.6 245.4 390.5 587.7 418.2 232.9 309.9 318.7 491.9 433.4 323
1554131_at CCSER2 KIAA1128 9.4 1.1 2.3 2 28.4 0.6 17.7 25.2 1.4 31.5 17.2 0.8 2.3 14.2 22.4
209378_s_at CCSER2 KIAA1128 287.3 268.8 378.3 341.7 251.9 292.7 316.7 409 290.8 273.2 307.3 309.3 266.7 253 46.2
1554132_a_at CCSER2 KIAA1128 118 182.2 196.7 208.1 187.6 169.7 184.1 224 134.7 152.8 111.9 144.3 166.3 125 195.9
209379_s_at CCSER2 KIAA1128 184 236.6 296.7 252.2 366.3 402 578.7 548 272.6 327.6 591 670.7 453.4 262.7 351.9
215440_s_at BEX4 BEXL1 735.4 980.7 915.2 1423 650.1 2728 3163.8 456.6 289.6 268.8 2668.8 2934.6 563.8 243.6 240.3
220887_at CCDC177 C14orf162 97 15.2 90.8 77.4 50 106.9 94.2 96.5 118.3 9.8 11.5 99.6 54.9 99.3 90.3
1570202_a_at MKL2 4.6 13.5 11.9 26.6 83 33.8 39.5 3.4 49.1 48.7 6.9 29.3 28.5 65.9 27.9
218259_at MKL2 1757.6 1932.8 1647 1264.8 1715.1 3373.8 3388.8 2667.6 2442.2 1957.9 3711.8 3869.3 2558.7 2342.1 1778.4
1558778_s_at MKL2 2.6 2.5 1.7 5.6 5.7 3.1 2.4 31.8 2.2 3.8 36.1 6.3 26.6 4.1 4.4
1558777_at MKL2 24.6 52.7 57.5 16.9 10.6 90.1 55 59.6 56.3 8 37.2 78.6 16.7 91.2 43.5
224762_at SERINC2 TDE2 269 324.2 288.4 293.9 290.6 409.1 362.4 763.9 626.4 278.8 453.5 356.7 426.2 410.3 213.3
220489_s_at SERINC2 TDE2 40.1 66 14.2 63.8 53.2 30.1 59.5 38 38.3 48.9 103.1 81 42.8 78.2 75.7
220490_at SERINC2 TDE2 70.5 66.3 23.6 87.6 54.7 19.4 37.6 63.4 112.4 76.9 75.4 42.4 49.7 55.7 99
222961_at SERINC2 TDE2 5.4 5.5 5.9 16.7 8.2 3.9 40.3 47.6 11.3 9.9 41.9 8.9 3.4 30 10.9
218523_at LHPP 190.3 259.9 252.5 154.6 121.1 276.6 239.9 248.9 244.3 266.3 240 250.5 254.6 245 273.2
209159_s_at NDRG4 47.4 6.1 10.3 5.9 32.4 35.3 27.7 21.5 10.3 6.9 13.4 12.2 7.1 27.3 4.2
218175_at CCDC92 FLJ22471 528.4 666.8 791.3 794.5 496.5 914.6 1165.7 1362.3 1331.8 833.2 1125.2 1246.1 1300 1203.7 867
N/A N/A DKFZP564D1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
209859_at TRIM9 8.4 8.1 36.4 28.5 9 5.8 25.2 36.9 2.9 4.8 2.6 3.4 7.3 4.3 6.4
230280_at TRIM9 32.2 30.8 54.1 6.2 29.1 20.2 29.7 17.5 3.4 52.5 58.2 41.8 33.6 16.5 13.6
204066_s_at AGAP1 CENTG2 375 343.9 364.9 420.7 316.3 342.8 374.7 350.8 577.1 298.9 307.5 383.1 288.7 460.1 278.3
235968_at AGAP1 CENTG2 138.7 80.7 59.1 154.9 57.6 88.4 82.7 93.5 69.6 38.7 73.8 57.1 69.5 84.2 7.3
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ID_ref Identifier Alias GSM215632 GSM215633 GSM215636 GSM215639 N/A GSM215642 N/A GSM215634 GSM215637 GSM215640 GSM215645 GSM215643 N/A GSM215635 GSM215638 GSM215641 GSM215646 GSM215644

228240_at AGAP1 CENTG2 260.1 272.8 328.1 340.8 240.4 371.8 375.7 252.9 221.4 284 305 348.2 285.8 351.8 228.7
201897_s_at CKS1B 8258 4939.5 4791 8360.4 7438.8 1694.1 1555.8 2019 5778.1 6458.5 1826.2 1484.4 2055.5 5856.7 6611
200783_s_at STMN1 1733.9 1097.3 878.7 1193.8 1955.3 517 277.9 489.3 1641.4 1628.1 482.2 348.2 378.2 1808.6 1913.7
1552803_a_at STMN1 15.1 8.8 22.8 10.4 5.7 5.5 6.6 12.8 67.2 6.1 10.2 8.7 3.1 18.4 8.6
201577_at NME1 19265.9 19352.2 22208.6 18075.1 19847.7 5652.2 4827.7 4905.2 6690.6 13673 6027.7 5008.9 5498.8 8843.2 14497.4
209242_at PEG3 1160.9 600 500.3 248.1 605.5 171.6 233 298.5 201 213.1 180.4 284.7 274.2 149.8 226.1
209243_s_at PEG3 271.6 95.1 72.9 50.4 81.4 22.9 39.1 113.3 29.4 25.9 47.6 97.7 36.7 35.9 25.3
206352_s_at PEX10 998.5 1067.5 1071.3 1298.1 1232.3 556.7 552.9 721.2 711 658.1 638.1 515.9 695.7 663.9 650.1
206351_s_at PEX10 580.3 658.9 542.7 942.1 677 285.6 355 295.8 374.3 444.8 297.1 281.9 338.6 313.1 290.9
203209_at RFC5 3563.8 1954.4 1876.1 2712.5 3509.1 789.9 548.7 961.5 2855.3 4180.5 791.1 622.4 793.1 3611.1 4269.9
203210_s_at RFC5 1277.8 733.3 612.3 1167.7 1448.3 251.6 159.3 281 1068.4 1504.8 240.3 226.8 281.4 1134.8 1230.1
213734_at RFC5 3995.9 2783.2 3749 4356.7 5117.3 7024.8 4106 4375.5 5252 6553.3 5158.7 4458.5 3781.1 5146.7 6587.6
201121_s_at PGRMC1 10196 10073.6 10547.6 10303.1 11198.2 10009 9302.3 7894.4 7783.1 9963.6 9036.4 8785 8809.1 8290.5 9346.6
201120_s_at PGRMC1 5270.1 5056.3 4997.6 7291.8 6667.3 5899.6 5461.6 5654.7 3831.7 6383.6 5004.1 5641.3 4619.5 4737.2 6750.8
211750_x_at TUBA1C TUBA6 27134.8 24965.4 28179.3 27179.7 30369.4 10943.6 12392.4 12909.8 24348.7 22068 18037.5 11367.3 13253.8 27728.5 26048.1
209251_x_at TUBA1C TUBA6 30138.7 27286.6 31925.4 31157.2 31811.4 12142.2 13971.9 15130.3 25410.2 24769.9 21563 14568.4 14293.5 30496.4 28379.5
202992_at C7 4.2 14.4 38.9 15.1 14.8 52.2 16.7 5.2 5.3 6.4 24 22.5 4.3 25.8 8.9
235979_at C7 32.2 39.3 65.9 12.8 24.3 41.9 5 6.8 12.9 57.4 29.7 28.9 13.6 57.8 26
209790_s_at CASP6 901.7 502.7 439.3 1197.8 794.8 1055.6 980.8 1161.7 1277.5 1402.6 1304 997.8 1015 1439.1 1445.4
211464_x_at CASP6 897 478.2 433.9 1006.6 684 1265 913.9 1050.3 1113.4 1751.4 1215.8 938.9 916.5 1206.7 1320.3
212268_at SERPINB1 34.5 7.7 8 36.6 23.9 15.9 5.6 5.3 9.1 9.7 12.9 9.7 7 4.4 9.2
239213_at SERPINB1 12.5 17.9 15.4 29.1 10.4 41.9 19.8 27.2 22.4 10.8 12.4 19.1 21 10.9 12.8
228726_at SERPINB1 5.6 6.9 10.7 9.7 58.5 60.3 10.9 3.4 4.7 6.7 12.5 52.3 33.4 40.3 10.2
213572_s_at SERPINB1 25.1 6.1 35.5 45.3 7.3 3.9 2.1 23.9 7.5 30 2.5 5.7 11.4 21.9 7.2
218880_at FOSL2 99.2 49.3 56.1 92.6 57 233.4 168.5 74.3 73 52.1 177 165.6 55.3 27.2 56.2
205409_at FOSL2 104.6 96.7 198 91.3 103 194.1 106.5 133.3 80.3 28.3 180.2 61.2 104.9 64.3 28.8
228188_at FOSL2 194.7 194.9 262.3 224.8 167.9 1049.2 975.2 578.6 176.1 252.8 839.8 727.2 601.5 91.2 197.2
225262_at FOSL2 324.5 236.5 352.7 299 219.5 814 867.8 550.6 218.5 183.2 925.3 762.9 585 225.1 215.9
218881_s_at FOSL2 14.4 105.8 8.9 51.1 6.2 24.6 72.4 64.9 15.7 24.9 168.6 40.3 11.5 73 9.4
202957_at HCLS1 51.2 54.7 77.3 31.6 88.7 43.4 18.2 55.2 33.1 60.7 36 62.2 27.3 65.3 62.3
215217_at IGKC 57 18.1 132.5 121.9 16.7 22.6 13.7 42.2 54.2 19.9 69.6 64.5 15.6 19.6 67.7
211835_at IGKC 9.6 9.4 12.3 9.1 7 8.5 6 6 11.5 10.8 6.4 5.9 8.6 7.4 10.5
211146_at IGKC 6.7 9.5 4.9 6.8 5.5 4 4.8 6.7 7.4 2.6 7.2 5.8 2.7 5.4 5.1
237625_s_at IGKC 5.9 39.2 24.6 3.9 4.8 30.3 5 29 1.5 70.3 16.8 1.8 3.1 5.4 7
216517_at IGKC 19 18.1 57.5 10.4 2.7 5.3 13.9 2.7 3.5 20.2 18.2 17.7 38.9 8.2 3.8
214768_x_at IGKC 39.9 117.7 120 81.2 72.3 71.2 45.8 88.6 95.9 19.2 83.6 62.6 43.4 64 96.4
216207_x_at IGKC 347.7 152.8 175.5 138.8 38.2 146.2 151.1 159.8 149.9 122.8 124.1 170.3 106.5 113.4 185.8
214669_x_at IGKC 79.5 15.9 83.8 15 40.9 47.1 14 18.3 26.2 25.6 13.8 36.8 87.7 13.9 19.9
214777_at IGKC 18.5 7 4.9 12.3 9.5 9.3 9.8 26.8 35.1 11.8 6 6.7 7 16.4 6
206660_at IGLL1 106.1 63.7 90.3 22.1 7.8 13.4 60.9 54.9 6.5 95.4 13 49.2 36.2 13.4 12.1
204912_at IL10RA 43 82.6 78.3 45.3 84.6 139.4 46.6 79.3 96.5 99.6 76.8 76.9 107.8 71.4 74.4
203332_s_at INPP5D 25.4 32.8 12.3 7.1 14.2 17.2 11.2 13.9 17.7 95.6 4.5 10.5 6.3 99.2 42.5
1568943_at INPP5D 8.2 46 60.8 7.3 2 6.9 61.7 45.7 5.5 12.5 5.8 14.5 6.3 43.7 23.9
203331_s_at INPP5D 6.4 5.5 20.5 6.2 9.9 3.3 9 7.1 13.4 11 5 6.3 8.1 9.3 52.1
230996_at LPP 86.5 29.3 18.7 94.5 44.9 53.3 16.5 52.8 34.1 11.6 46.9 71.7 10.8 17.1 12.9
214902_x_at LPP 709.5 818.7 574.7 627.1 579.7 792.3 1020.2 605.3 595.6 644.6 660 1060.1 524.7 530.6 544.6
241879_at LPP 650.4 598.1 833.8 563.7 292.7 1141.7 1087.8 379.9 476.8 285.1 1200.5 1258 436.9 491 347.4
235000_at LPP 331.7 450.2 470.2 340.1 409.4 758.9 1001.1 452.9 369.8 311.2 618.8 761 487 437.3 184.5
224811_at LPP 1959.1 2443 2310.4 1873.2 1888.6 3434.6 5168.2 2170.3 2755.4 1480.5 4088.9 4628.1 2350.9 2599.1 1444.6
202822_at LPP 1822.1 2006.6 1860 2120.5 1687.4 3575.2 3868.1 2117 2636.3 1440.3 3145.1 4814.7 1769 2646 1375.9
202821_s_at LPP 659.3 791.7 551.9 527.5 282.6 815.6 812.5 576.9 564.3 266.7 974.7 949.7 506.2 727.4 327.7
1558469_at LPP 37.7 101.2 78.6 80 39.2 36.8 33.9 80.6 70.4 81.8 61.8 60.6 74.4 76.4 68.4
203574_at NFIL3 1329.8 777.2 959.6 1120.1 799.3 2441.3 3593.1 2570.6 1781.1 2038.3 2551.6 3471.8 2790.3 1653.3 2169.6
229838_at NUCB2 426.6 469.6 504.2 1006.4 472.4 2719.6 2042 2102.5 2519.5 2062.9 2454.9 2007.7 2165 4136.4 2713.4
203675_at NUCB2 2216.4 2244.9 2031.6 4794.6 1976.8 9962.3 5669.3 9412 9848 7442.8 9877.5 6603.8 9261.5 8610.8 7592.4
225363_at PTEN 2474.7 2266.7 2709.7 2627.5 1860.9 3741.4 3905.7 3950.8 2805.3 3705.5 3659.2 4203.4 4088.2 3564 3801.6
228006_at PTEN 212.3 209.6 222.8 166.7 191.3 355.8 414.1 490.5 560.4 390.5 369.9 311.6 461.4 582.3 615.5
242622_x_at PTEN 6.3 25.1 7.2 32.8 89.5 55.2 80.9 83.4 77.5 118.5 42.2 89.7 80.3 67.5 56.5
233254_x_at PTEN 160.1 179.7 32.8 153.4 93.9 159 229.2 191.8 203 126.2 154.6 207.2 122.3 193.9 119.1
211711_s_at PTEN 895.1 673.8 728.1 1017.7 1254 943.7 753.5 1558.6 783.9 1006.4 830.3 755.7 1359.1 910.4 1015.2
204053_x_at PTEN 913.1 690.3 713.6 1159 890.5 877.1 849.9 1477.5 923.8 1251.8 968.9 786.1 1374.8 971.4 1444.5
204054_at PTEN 481.3 316 426.9 422.3 321.5 487.5 415.6 367.7 446.1 430.3 338.6 353.2 474.3 849.6 485.2
226367_at KDM5A JARID1A 30.9 121.3 11.6 14.5 34.1 108.5 120.4 65.1 77.8 42.5 58.9 136.2 119.7 10.5 36.4
202040_s_at KDM5A JARID1A 656.4 752.6 809.7 528 609.3 1091.9 1324.1 958.4 444.6 522.3 1071.8 1280.2 1044.2 491.4 578.6
230226_s_at KDM5A JARID1A 123.5 178.9 214.4 199 185.7 267.3 348 388 190.2 241.8 236.9 323 334.3 186.4 136.5
215698_at KDM5A JARID1A 373.3 397 390.6 246.1 167.6 540.9 486.2 487.4 380.2 280.1 460.9 415.1 427.9 565.3 182
226371_at KDM5A JARID1A 336.5 422.5 389.4 237.6 243.7 569.1 690.7 512.8 486.9 277.1 367.3 564.5 539.2 381.3 411
212331_at RBL2 3582.9 4184.8 3930.5 3149.1 3472.6 7502.3 6072 3556.8 3209 3093.9 6030.7 6800.7 4306.6 3123.7 2994.6
212332_at RBL2 1247.5 1370.7 2261.7 1544.3 961.6 2748.2 3202.2 1781.8 1158.7 1196.6 3443.1 3118.8 1586.3 2047.5 1180.2
203455_s_at SAT1 SAT 3955.4 4740 6185.1 5311.3 6997.8 14047.8 6118.7 12475.1 4174.4 4606.2 12253.9 5658.7 12642.8 4847.9 4099.3
210592_s_at SAT1 SAT 3636.6 5179.9 5724 6571.9 6382.7 11799.3 7048.7 15084.3 5886.8 5248 12713.3 6955.6 14757.6 5757.1 5459.5
213988_s_at SAT1 SAT 2214.3 2781.1 2955.3 2512.8 2788.6 5484.9 3590.4 10407.7 2907 3201.1 6011.5 3147.2 9698.5 2797.4 2597.8
203589_s_at TFDP2 329.8 324.6 358.1 371.6 327.1 618.1 324.6 1036.4 475 394.5 403.9 447.2 770.7 401.8 423.8
203588_s_at TFDP2 1172.5 876.9 840 1220 1294.7 948.9 754 1621.3 1352.3 932.1 1145.2 719.9 1582.7 1534.3 991.1
226157_at TFDP2 556.7 525.6 467.9 395.6 381.7 966.8 1301.5 1291 1194.9 666.8 853.3 1300.2 1143 936.4 727.8
244043_at TFDP2 141.5 85.8 115.4 78.6 67.5 185.1 200.9 181.2 175.3 115.5 275.8 267.2 248.8 143.9 168.1
210664_s_at TFPI 9064.6 14113.5 15537.2 10907.2 6663 17249.2 15972.4 10680.2 14938.5 16537.2 19265.5 16599.5 11152.7 16314.1 15453.6
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214378_at TFPI 336.9 462.2 397.2 133.7 162.9 469.8 323.3 202.7 404.2 328.3 358.3 188.8 174.7 344.4 326.9
209676_at TFPI 3736.6 6743.7 8377.5 4389.6 2239.3 10925.2 7372 5007.9 3997.3 5562.5 7747.9 6678.2 6005.8 4636.5 5204.3
213258_at TFPI 10937.3 16358.5 20106.1 9334.9 6658.4 17668.9 13342.6 11288 12649.9 12307.1 16992.1 13219.5 14226.3 14277.3 13038.7
210665_at TFPI 3705 4869.2 4708.2 5004.2 2934 8195.8 6064.9 4379.9 8448.4 9411.7 6623.3 6427.4 4068.3 8455 9781.2
206771_at UPK3A 30.7 195.9 83.2 110.3 111.8 212.5 559.4 28.2 18.6 21.7 307.3 371.6 119 59.1 59.1
220594_at OGT 62.1 41.7 57.7 86 75.6 34.4 25.1 34.2 111.5 11.5 10.1 8 49.5 13.5 57.8
212307_s_at OGT 793.4 549 592.4 830.1 697.7 845 1003.9 1299 937.9 834.2 879.7 862.5 1342.2 988.9 768.3
229787_s_at OGT 968.5 732.3 1016.9 773.5 857.5 2706.7 1608.1 1185.3 777 1050.6 1590.9 1551.6 1103.5 797.4 1255
209240_at OGT 4150.5 4155.1 3570.5 3521.1 4416.7 7136.7 9504.9 7886.1 5266.4 4601 7868.3 11654.9 7164.2 4659.3 4441.2
207563_s_at OGT 747 473.9 451.1 781.4 625.4 634.3 622 868.6 768.6 701.1 654.9 544.4 825.4 800.1 722.8
207564_x_at OGT 969.7 664.1 649.7 695.8 685.5 1029.2 1283.3 1313.1 1030.3 1090.1 962.2 1142.6 1495.9 1140.2 1004.4
210441_at CDC14A 7.5 4.3 44.4 11.8 35.6 12.5 47.3 33.9 21.5 2.2 29.3 9.1 5.5 5.7 49.5
210742_at CDC14A 82.3 2.9 43.9 58.2 49.4 75.9 89.8 99 137.8 79.3 53 107.1 56.2 76.6 149.4
205288_at CDC14A 120.3 111.3 88.7 124.2 104.1 231.3 138.2 199.2 393.3 464.1 130.3 127 265 495.3 530.3
210743_s_at CDC14A 89.9 28 54 97.1 38.4 94.3 107.4 163 188.6 224 99.3 127.3 116.4 170.2 206.4
210440_s_at CDC14A 86.8 63.2 154.4 102.9 133.8 139.9 123 132.9 196.2 143.6 108.7 113.1 154.2 151.2 179.3
219924_s_at ZMYM6 ZNF258 453.8 463.3 531.8 1076.6 836.1 948.6 1210.6 841.2 286.2 488.8 877.1 1108.3 945.2 345.6 453.5
1552969_a_at ZMYM6 ZNF258 169.8 167.2 178.4 191.4 143.3 180.5 180.2 171.9 144.5 76.9 183.6 147.2 105.1 101.4 203.1
227595_at ZMYM6 ZNF258 370.4 397.9 451.6 374.8 319.7 492.2 549.7 576.5 412.6 489.7 414.4 452.4 547 366.5 472.7
227594_at ZMYM6 ZNF258 577.6 511.6 610.3 542.9 640.7 887.1 834.1 1051.4 356.6 658.8 843.7 872.9 1196.4 370.7 543.6
1561892_at ZMYM6 ZNF258 21.3 24.6 41.1 51.2 2.2 50.3 54.3 62.2 50.6 52.4 58.3 55.8 42.4 21.2 55
219925_at ZMYM6 ZNF258 154 205 317.9 211.4 203.2 293.1 227.2 281.4 203.5 308.9 290.3 281.8 318.8 258.5 279.6
1552970_s_at ZMYM6 ZNF258 108.6 136.5 116.1 185.5 74.4 145.2 80 127.2 57.9 107.3 116.9 104.5 156.4 90.3 183.1
1564684_at BTN2A2 53.7 16.3 85.2 73.8 65 92.2 113.3 35.3 98.6 92.3 102.9 138 83.5 36.5 100.9
205299_s_at BTN2A2 62.7 87 105.6 80.4 62.5 176.6 180.7 117.8 174 186.3 142.5 178.7 160 122.1 167.2
205298_s_at BTN2A2 415.5 511.5 371.2 538.3 480.4 991.7 1036.4 741.6 770.2 683.5 1050 981.7 682.1 787.7 680.4
216803_at PDLIM5 LIM 21.5 37.5 39.1 5.7 51.3 35.1 29.3 51.6 2.2 3.7 34.2 65.2 22.8 12.2 52.6
211681_s_at PDLIM5 LIM 577.9 798.8 725.9 621.1 1080.7 1105.7 1036.8 348.7 290.4 241.2 1248.2 983.6 329.4 216.5 304.6
203243_s_at PDLIM5 LIM 5408.5 5390.8 6729.2 5214.2 7596.6 6941.6 6479.1 1538.1 965.1 803.6 7264.8 7902.7 1669.3 975 1163.2
216804_s_at PDLIM5 LIM 1424.9 2255.4 2151.9 2082 3742.1 2740.1 2618.4 588 270.2 337.9 3252.3 2874 602.8 385.3 410.1
212412_at PDLIM5 LIM 5187.5 8295.3 8556.6 6378 9443.5 10156.6 10109.4 2042.6 1130.7 1216.8 12221.9 9988.6 2577.7 1365.3 1611
203242_s_at PDLIM5 LIM 1074.5 2017 1698 1835.7 2214.3 2377 2248.4 580 180.6 130.5 2748 2335.5 395.9 269.2 368.4
213684_s_at PDLIM5 LIM 138.6 189.5 111.9 98 270.8 285 459 162.9 72.1 86.2 205.3 397.5 131.2 57.4 92.4
241208_at PDLIM5 LIM 15.1 48.5 17.9 99.8 62.2 53.4 10.1 55.7 51.6 49 94.2 98.7 7.3 14.8 23.1
211680_at PDLIM5 LIM 17.3 4.3 2.7 15.3 25.2 15.1 38.2 29.1 19.4 2.1 4.5 26.2 0.7 7.1 22.8
221994_at PDLIM5 LIM 71.1 148.9 134.4 55.3 162.7 121.7 213.8 90.1 65.9 83 163.9 192.6 117 65.4 64.7
221543_s_at ERLIN2 C8orf2 2553.1 2871.3 3104.9 2928.8 2212 5325.9 4683.5 5207.4 3312.2 3431.8 4555.9 4742.1 5710.4 3134.7 3355.8
221542_s_at ERLIN2 C8orf2 816.3 1061.5 1008.7 1007.3 736.1 1110 1922.2 1704.8 1848.2 983.6 1501.2 2000.9 1953 1113.5 1447.7
238615_at ERLIN2 C8orf2 51.7 29.2 50.1 63.6 17.6 58.7 52.2 66.2 54.6 35.4 41.1 41.7 70.7 61.4 39.3
201398_s_at TRAM1 4413.7 5580.8 6015.6 5380.8 4296.8 5952 6339 4851.8 3962 4817.8 6086.4 6228.7 5371.1 4553.4 4950.5
201399_s_at TRAM1 3180.6 2989.6 3370.2 5228.7 4032.7 4056.3 4544.6 3604.9 3084.5 3877.4 4000.6 3918.9 3957.4 3428.1 3676.6
210733_at TRAM1 547.9 692 704.8 875.4 1185.3 1810.4 1009.7 1390.7 751.5 992.1 840.2 1213.8 1132.4 827.6 1031.5
218387_s_at PGLS 1160 1387 1404.4 1686.9 698.8 899.1 991.4 775.7 1093.2 902.2 1038.4 830.3 929.5 1143.2 896.3
218388_at PGLS 1036 1380.9 1345.6 1897.2 758 824.4 949.7 1055.2 1044.2 883.5 825.5 806.3 871.1 1031.4 908.6
1554316_at PGLS 148.2 201 246 151.9 111.6 200.6 152.3 190 248.8 165 129.5 194.5 202.4 199.4 186
230699_at PGLS 63.5 94.6 144.2 114.3 140.2 301.6 116.3 180.6 182 119.6 176.1 153.6 174.5 48.3 244.3
203511_s_at TRAPPC3 3922.7 3472.7 3210 4649.3 4643.1 3454.4 3045.3 3338.5 2709.1 3897.9 3607.5 2765.5 3300.7 2680.1 3725
203512_at TRAPPC3 1578.5 1657.2 1423.1 1061.2 1626.7 1734 1794.6 1695.9 1235.9 1887.5 1939.8 1245.6 1618.6 1002.4 2016.2
222935_x_at SLC39A8 108.5 253 233.9 156.2 87.9 353.7 288.3 84.4 15.2 22.8 293.5 267.7 84.7 13.2 83.2
216504_s_at SLC39A8 308 398.4 492.7 272.5 310 1456.7 371.6 390.9 71.4 195.2 623.6 555.9 261.2 56.3 167.6
228945_s_at SLC39A8 118.8 184.1 116 164.7 171.2 299.2 137.1 125.9 98.2 73.2 191.3 222.9 87.5 55 80.6
209267_s_at SLC39A8 9521.9 12987.6 13740 5894.4 5382.8 14182.9 13505.8 5732 2796.2 3530.1 14931.7 12591.8 5744.3 3022 3830.4
219869_s_at SLC39A8 3300 4590.2 4820.5 2032.6 1786.5 5635.4 4897.6 2224.5 1159 1233.6 5929.8 5022.8 2078.6 1255 1143.7
209266_s_at SLC39A8 72.7 69 42.9 38.9 11.5 50.8 52.8 11.7 51.5 52.9 91.2 36.5 5.2 39.3 47.3
202666_s_at ACTL6A 4319.7 4364.1 3826.1 2848.5 3930.9 2261.8 1561.2 1956.1 2156.7 3189.3 1617.2 1438.2 2158 1931.5 3057.9
202095_s_at BIRC5 3528.4 1646.4 1531 2914.4 3539.3 11.8 9.9 118.9 3251 2660.7 79.4 10.2 50.8 3862.5 2620.7
210334_x_at BIRC5 851.1 493.5 584.2 967.4 1115.4 8.7 18.8 116.6 890.2 805.2 34.8 8.6 104.3 872.3 600.8
202094_at BIRC5 1037.7 482.9 486.6 757.3 756.5 17.9 26 57 1085.5 645.7 12.8 5.8 39 917.4 733.1
1555826_at BIRC5 287.2 196.5 141.5 195.9 355.6 69.2 44.3 107.8 226.4 261.8 32.6 121.9 47.4 379.4 188.7
37226_at BNIP1 495.5 374 283.3 310.3 398.7 293.6 211.4 465.9 416.9 588.3 278.7 273.6 501.1 564.6 598.3
204930_s_at BNIP1 346.4 327.8 336.8 308.4 428.5 316.7 322.8 434.1 616.3 670.6 348.2 367.6 467.8 523.2 666.8
207829_s_at BNIP1 607.7 373.5 388.3 525.3 476.8 403.1 348.6 716.9 523.5 794.9 445.3 322.1 640.1 640.3 639.1
215509_s_at BUB1 486.3 334.6 230.6 576 578.9 11.9 9.1 17.5 599.3 525 7.6 9.8 32.8 622.8 459.5
209642_at BUB1 1322.5 632.1 453.6 1007.6 1320.4 32.2 23.6 103.5 1345.4 1313.1 46.2 2.2 90.6 1421.8 1085.8
215508_at BUB1 8.9 19.3 8 38.7 54.2 0.7 1.1 2.2 27.4 7.7 1.9 1.5 1.7 15 9.7
216275_at BUB1 54 35.2 14.5 24.7 133.1 23.5 8.1 19.4 77 60 34.3 53.4 9.5 78.8 44.1
216277_at BUB1 67.8 43.8 36.2 21.6 7.9 36.4 4.9 32.9 4.7 47.1 8.8 5 6 43.4 7.1
214710_s_at CCNB1 7670.5 4312.2 3853.8 5771.6 7401.6 492.5 236.5 1107.3 8103.7 8432.1 579.4 276.9 953.4 9011.3 7852.4
228729_at CCNB1 1785.3 978.3 844.4 1484.2 1193.5 151.4 79 323.9 1839.6 1805.4 160.8 60.3 392.5 2219.6 1470.2
210821_x_at CENPA 477.3 212.4 281.6 455.4 600.7 12.1 56.6 70.1 482.5 239.2 86.5 96.5 80.6 493.3 342.5
206499_s_at RCC1 2602.7 2030.8 1937.4 1800 2448.7 442.1 297.7 493 1526.1 1747.3 480.8 423.8 430 1714.5 1635.7
215747_s_at RCC1 515.7 475.3 578.1 639.7 568.2 261.2 191.8 255.1 431.7 514.8 259.9 147.6 223.7 467.3 575.6
205394_at CHEK1 1951.1 1091.7 812.6 1677.5 2134.8 241.5 187.7 469.9 1099.7 1676.6 285.1 242.7 515.3 1027.7 1752.9
205393_s_at CHEK1 1690.9 859.2 589.6 1294 1579.5 210.8 162 403.7 991.8 1150 183.4 118.4 321.7 948.5 1521.7
238075_at CHEK1 1581.4 953.9 934.2 1531.4 1423.6 260.6 143.2 458.2 775.5 1207 273.6 197 403.9 792.9 1221.3
229423_at CHEK1 284.2 246.5 342.9 643.6 211.3 798 1059.5 653.2 428.7 398.6 608.9 787 856.2 496.2 408.6
201897_s_at CKS1B 8258 4939.5 4791 8360.4 7438.8 1694.1 1555.8 2019 5778.1 6458.5 1826.2 1484.4 2055.5 5856.7 6611
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ID_ref Identifier Alias GSM215632 GSM215633 GSM215636 GSM215639 N/A GSM215642 N/A GSM215634 GSM215637 GSM215640 GSM215645 GSM215643 N/A GSM215635 GSM215638 GSM215641 GSM215646 GSM215644

204170_s_at CKS2 15924.8 14254.4 12323.7 11454.5 17181.9 859.9 494.7 1924.9 7604.8 8513.7 1186.7 518.5 1441.5 8432.3 7258.5
211623_s_at FBL 11293.7 10749.1 11481.7 13106.4 14758 3469.6 2455.6 3117.3 7085.3 11651.3 3551.2 2692.4 3452.5 9293 11599.8
212525_s_at H2AFX 260.8 287 133.9 229.8 486.7 78.8 132 107.5 359.8 261.7 81.5 6.7 95.3 460.3 237
205436_s_at H2AFX 6440.5 4634.9 4593.2 6916.8 8412.2 1334.2 1179.4 1330.4 10982.3 4542.2 1395.4 1320.3 1307.8 9354.7 4454
213344_s_at H2AFX 397.3 309.9 473.9 452.9 674.8 342.7 188.1 188.5 320.9 428.3 210.1 205.3 232.6 336.2 599.4
212524_x_at H2AFX 13.9 32 37.8 14.7 15.5 58.5 31 12.5 40.9 69.6 11.2 16.1 50.5 73.4 8.7
207165_at HMMR 6778.2 2882.6 2534 4546 5543.6 85.1 25.8 244.6 5453.6 5189.8 68.2 29.4 117.6 5992.6 4783.8
209709_s_at HMMR 4493.9 1879.5 1587.2 2765.9 2524.8 134.1 2 90.2 3738.8 2576.1 66.5 52.5 111 3374.1 2583.2
201277_s_at HNRNPAB 5231.8 3952.9 4284.2 3900.9 5135.2 1212.4 1148.6 2723.8 5631.9 6366.2 1498.1 1047.3 3023.6 5039.5 6262
204444_at KIF11 1214.9 556.4 572.6 637.5 720.2 69.3 35.5 133.6 1294.2 1044.8 81.1 25.6 80.1 1338.9 833.4
201795_at LBR 5126.2 3740.2 4099.6 4785.7 4079.6 2072.2 1833.1 1396.9 6052.6 5943.2 1331 1462.2 1464.6 6216.9 5423.5
1554768_a_at MAD2L1 5177.4 3073 3018.4 4473.4 4975.6 369.8 115.5 227 2382.6 3697.5 352.4 140.3 357.5 3034.5 3315.1
203362_s_at MAD2L1 10839.1 6827.1 5700 5997.9 7682.6 700.7 214.4 429.2 4436.6 6595.3 463.4 237.1 394.1 5072.1 6364.1
236312_at MAD2L1 352.7 201.8 206.8 222.7 225.4 32.6 49.9 4.1 130.5 234.7 17.4 64.2 42.4 325.7 243.8
201202_at PCNA 16209.7 12219.4 12214.3 14786.9 15818 3432 2312.9 3535.2 10926.8 16445.9 3387 2275.6 3878.3 13578.7 16094.6
206686_at PDK1 273.9 409.6 458.9 352.2 293.8 144.9 132.9 231.7 201.7 449.4 158.2 177.7 288.9 111.2 413.9
226452_at PDK1 2001.9 3734.4 2998.9 2183.6 1257.8 700.5 905.4 890.9 1424.3 2679.1 601.1 615.8 879.5 991.6 2946.2
239798_at PDK1 161.8 254.2 200.3 117.3 90.5 63.5 98.7 79.1 90.7 184.7 59.8 106.6 88.2 94.4 185.5
202240_at PLK1 579 355.3 341 525.4 458.4 20.6 84.5 81.8 830.4 358.9 11 70.4 28.6 670.2 328.2
203209_at RFC5 3563.8 1954.4 1876.1 2712.5 3509.1 789.9 548.7 961.5 2855.3 4180.5 791.1 622.4 793.1 3611.1 4269.9
203210_s_at RFC5 1277.8 733.3 612.3 1167.7 1448.3 251.6 159.3 281 1068.4 1504.8 240.3 226.8 281.4 1134.8 1230.1
213734_at RFC5 3995.9 2783.2 3749 4356.7 5117.3 7024.8 4106 4375.5 5252 6553.3 5158.7 4458.5 3781.1 5146.7 6587.6
209507_at RPA3 9041.2 6266.2 6059.4 10238.3 9815 3441.7 3450.5 4370.3 7141.6 7533.1 4181.4 3236.1 3796.8 6615 6668.8
213897_s_at MRPL23 3718.7 4462.3 4199.2 3164 4157.9 1902.1 1428.2 1889.6 2559.5 4056.6 2145.6 1134.9 2079.1 3001.1 3893.9
1562392_at MRPL23 87.6 12 49.4 40 8.8 33.3 69.4 41.3 130.9 33.6 123.7 55.3 23.8 70 90.5
N/A N/A RPS26 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
209773_s_at RRM2 7995.2 3210.2 2841.3 9478.6 11411.5 70.1 11.6 242.7 3665.8 4366.6 125.3 82 187.2 4651.5 4414.3
201890_at RRM2 12864.4 5552.5 5653.4 14773.5 14544.2 112.3 42.5 505.3 5676.3 6144.1 201.4 21.3 412.5 7014.8 5866.3
203626_s_at SKP2 195.8 159.5 178.5 234.3 248.1 98.6 111.7 164.1 224.2 359 85.7 84.3 146.3 306.9 313.1
203625_x_at SKP2 2572.5 1449.6 1578.4 2032.7 2091.7 436.5 539.1 1256.7 2988.2 3227.1 580.7 567.9 1071.2 3380.3 3613.2
210567_s_at SKP2 324.7 181.5 145.7 204.7 244.3 86.7 79.3 152.1 344.6 312.5 79.2 97.8 130 278.4 551.5
213175_s_at SNRPB 10831.7 9012.4 8391.8 11418.2 11195.5 5080.3 5046.9 5636.1 10801 14439.3 6214.2 5198.7 5138 11920.1 13443.6
208821_at SNRPB 8767.8 8083.5 7643.1 9221.6 7921.7 4392.8 3840.4 4220.8 8993.3 12121.7 4772.5 3729.9 4508.3 10106.8 12086.7
210985_s_at SP100 33 47.5 69.2 48.2 43.9 75.1 58.8 39.5 37.6 44.1 82.1 79.5 77.9 40.4 59
210219_at SP100 7.4 9.4 63.6 10.9 10.3 104.5 36.2 78.3 51.2 43.5 55.3 9.8 36.6 66.5 9.3
237426_at SP100 57.3 38.1 27.1 48.3 33.6 107.1 56.9 69.8 52.4 27.3 78.1 68.4 7.6 28.4 32.4
202863_at SP100 394.1 503.4 341.7 722.7 401.8 1023.6 736.1 394.8 320.6 336.4 1072 617.3 572.8 323.5 401.4
210218_s_at SP100 92.6 118.6 90.4 98.6 69.8 200.5 134.6 264.1 174.4 72.5 167.4 221.6 172.8 151.6 120.1
202864_s_at SP100 273.4 375.5 339.7 459.5 271 716.5 377.6 590.9 419.1 274.8 945 542.1 386.1 363.2 311.7
1554408_a_at TK1 3836.8 2237.2 1650.4 4268.6 2930.6 279 159.4 368.1 2148.8 2780.6 269.7 110.1 182.5 2438 2710.1
202338_at TK1 3267.2 1259.7 1475.2 3248.3 2033 178.3 137.2 112.9 1782 1685.9 187.7 122.6 106.3 1775.9 1810.8
202589_at TYMS 18995.3 10136.5 7643.8 18131.7 20722.2 330.3 183.8 1090.4 12874.2 17430.3 427.8 189.5 847.4 13999.2 16208.2
1554696_s_at TYMS 5099 1990.7 1861.3 4442.1 4990.5 171.3 82.9 330.5 3001.9 3698.5 143.2 91.4 260.5 3392.3 3556.5
217684_at TYMS 126.2 18 75.9 76.2 115.5 15.9 30.3 26.2 98.6 53.1 10 15.6 6.1 80.6 77.7
N/A N/A UCK2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
202412_s_at USP1 6332.4 4046.6 3663.3 5776.7 4975.6 3227.2 2506.8 2973.7 4218.4 4344.5 3073.5 3008.9 2963.4 4640.4 4696.1
202413_s_at USP1 7663.7 4380.7 5037.6 7348.2 6570.8 4536 3807.5 4205.3 5514.5 7359.8 4648 3982.3 3712.9 6367 6916.6
202705_at CCNB2 6345.7 2936.4 3171 6782.1 6348.9 212.9 67.5 195.5 4619.9 4007.8 261.6 76.8 192.2 4794 3914.2
232764_at CCNB2 11.8 10.4 58.4 11 73.6 4.3 29.3 13.7 10 5.8 7.8 7.8 4.8 11.9 15.4
232768_at CCNB2 63.4 133.1 99.4 114.3 90.1 99 78.9 44.5 126.6 100.5 41.9 85 100.1 120.1 59.5
201457_x_at BUB3 11161.2 7665.7 8216.2 10501.7 11008.7 3589.1 3212.8 6824.3 7921.6 10431.9 3935.6 3073.3 6470.7 8996.5 10433.8
209974_s_at BUB3 9131.1 7389.4 7245.4 7438 8181.5 4872.3 4475.1 6975.4 7129.1 10690.3 5059.3 4079.7 7425.1 8324 9857.8
229827_at BUB3 17.6 114.7 130.7 63.5 79.5 116.4 55.2 81.8 53.8 103.8 66.2 52.2 60.5 18 113.3
201456_s_at BUB3 3890.5 2683 3004.5 2666.4 1782.9 2498.5 1999.5 4470.3 3769.6 4044 1995.8 2241.6 4075.6 4674.4 4472.6
201458_s_at BUB3 4789.9 3472.9 3591.3 4022.3 2931.3 3146.7 3386.1 6104.7 5941.1 5766.4 2657.2 3046.5 5967.9 6218 5728.9
237245_at BUB3 8 50.3 63.3 3.7 3.9 5.4 40.1 44.3 32.4 25.4 16.6 12.8 54 64.8 68.1
203554_x_at PTTG1 10513 5224.9 4019.3 10440.7 12525.1 225.1 224 490.4 15793.3 13258.1 222.9 89.2 445.8 17380.9 12802.9
202503_s_at PCLAF KIAA0101 18506.1 8588.9 8601.4 20741.2 20497.2 474 222.6 652.9 8973 9117.4 805.2 237.5 477.9 11188.9 9098.3
211713_x_at PCLAF KIAA0101 1305.4 689.7 475.2 1752.5 1189.7 161.1 143.7 99.8 812.4 907.3 139.6 216.9 85.1 682.9 972.1
204825_at MELK 7479.9 2944.5 2235.6 5177.9 6995 154.2 82.5 252.7 4811.4 5085.9 194.4 12 203.8 5225.8 4882.1
214426_x_at CHAF1A 948.8 531.5 585.2 521.3 886.2 290.2 278.2 349.6 1008.4 731.5 478.8 369.5 316.5 1068 895.3
203975_s_at CHAF1A 529.3 424.6 385.2 522.3 486.6 192.8 230.6 156.6 1073.4 651.4 333.7 294.1 211.9 999.2 459.9
203976_s_at CHAF1A 181.8 164.6 172.2 197.6 236.5 24.8 124 102.9 346 348.8 142.4 100.5 97.9 393 324.8
229808_at CHAF1A 8.8 29.8 17.9 59.7 81.5 10.4 6.6 11.6 15.1 39.7 15.3 13.1 19.9 62.5 37.6
201663_s_at SMC4 SMC4L1 2712.7 1003.4 813 1936.7 3192.3 407 366.7 497.9 3073.6 2311.1 415.5 316 513.8 3094.3 2696.1
201664_at SMC4 SMC4L1 4010 2029 1438 2918.4 4441.3 745.1 667.6 1011.8 4472.4 4201.4 843.9 587.9 924 5089.1 4409.8
215623_x_at SMC4 SMC4L1 159.4 45.5 69.5 82.1 169 61.3 44.9 56.4 198.8 135.6 116.9 90.5 49.4 87.3 130.4
201584_s_at DDX39A DDX39 8782 7079.9 7579.7 6322.1 9623 1728 1321.3 1609.6 3964.4 6373.1 2160.9 1194.4 1656.5 6037.5 6343.2
204162_at NDC80 KNTC2 4731 2144.1 1859.1 3162.4 3510.4 76.5 13.1 106 2673.2 2843.1 110.9 40.4 160.5 2495.5 2779.6
201305_x_at ANP32B 8954 6667.6 7803.8 8950.8 9155.3 5014.5 3768.9 4462.5 8919.1 8788.7 4033.5 4295.7 3860.9 9417.1 7301
201306_s_at ANP32B 15891.4 12402.1 14443.4 21932 19086.4 7773.1 8101.2 9769.3 16272.5 17506.3 9619 8410.3 10369.6 19037.5 16976.9
213253_at SMC2 SMC2L1 1377.9 668.4 607.5 921.1 1186.2 297.9 159.2 459.6 879.4 884.5 293.1 204.2 443 1191.6 982.3
204240_s_at SMC2 SMC2L1 1428 713.9 619.3 1309.1 1425 393.6 241 558.4 1276.2 1136.3 239.4 182.3 496.3 1292.2 1172.5
204026_s_at ZWINT 10350.3 5012.5 4082.9 8678.9 14165.8 831.8 513.5 1355.7 8217.2 8810.1 1075.7 261.7 1383.4 8358.2 8449.9
213599_at OIP5 3604.6 1514.6 1266.2 2747.1 2945.5 92 120.3 212.3 1401.8 1634.6 205.9 80.6 266.2 1727.5 1254.1
215136_s_at EXOSC8 5643.8 3100.8 3049 6372.5 5169.8 1877.1 1741.6 2043.5 3373.7 5935.1 1574.9 1731.4 2227.9 3897.5 5820.1
220865_s_at PDSS1 TPRT 1527.7 1617.5 1329.1 1261.6 1424.9 358.5 401.8 479.7 982.7 1245.3 444 384 475.1 874.9 1422.8
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ID_ref Identifier Alias GSM215632 GSM215633 GSM215636 GSM215639 N/A GSM215642 N/A GSM215634 GSM215637 GSM215640 GSM215645 GSM215643 N/A GSM215635 GSM215638 GSM215641 GSM215646 GSM215644

236298_at PDSS1 TPRT 63.7 4.8 56.1 40.8 41.2 71.6 64.3 49.9 65 122.2 26.8 16.2 35.3 71.4 3.8
203430_at HEBP2 11321.4 11616.3 12402.8 15386.1 15195.3 8908.1 7118.8 6609.9 7038.2 7315.3 10734.6 6840.2 6256.7 6313.5 6913.7
231280_at HEBP2 60.3 43.1 148.6 31.9 29.3 13.9 130 108.1 21.2 70.4 104.9 65.6 139.5 23.9 60.2
212680_x_at PPP1R14B 2822 2550.7 2502.2 2332.5 3157.3 968.4 841.9 939 3787.1 2742.8 1485.6 924 822.3 3452.5 2801.9
227650_at HSPA14 2116.3 1935.5 2009.2 2262.3 1853.2 1884.7 1171.8 882 933.8 1280.4 1805 1548.3 999.8 1046.9 1380
219212_at HSPA14 3299.9 2205 2150.6 1604.1 2693.2 1413.3 1222.8 1288.6 1331.3 2052.3 1794.4 1249.8 1548.4 1416.4 1836.1
226887_at HSPA14 1692.1 1630.2 1400.2 1681.8 1495.9 1195.4 1006.1 936.5 1211.8 1629.5 1374.5 1017.2 1103.7 1185.9 1613.5
221058_s_at CKLF 1380.1 886.5 785.7 1690 1699.7 636.2 504.6 401.8 751.5 1082.7 557.8 559 521.2 771.4 892.2
223451_s_at CKLF 2286.8 1387.4 1319 2340.3 2854 1010.3 796.6 827.4 1044.7 1257.8 668.4 780.7 721.1 1036.4 1235.3
218039_at NUSAP1 8365 4799.6 4293.3 8041.5 8348.7 151 40.7 249.9 4682 4729.3 199.6 55.2 304.1 5805.5 4839.6
219978_s_at NUSAP1 4910.1 2508.3 2533.1 4507.6 3957.9 160.9 51 103.6 2631.1 2631.2 140.2 13.9 122.5 4232.9 2470.3
204315_s_at GTSE1 506.9 285.3 138 333.3 330.2 17.6 8.8 16.9 1034 431 132.6 6.7 6.8 879.4 321.4
215942_s_at GTSE1 313.9 165.3 183.4 262.7 233.9 18.5 17.2 35.7 549.9 286.8 19.1 2.7 4.1 425 316.9
211040_x_at GTSE1 1451 1001.2 940.9 1342.1 1200.4 521.3 430.6 515 1532.9 1465.4 467.9 581.1 398.8 1693.7 1683.5
204318_s_at GTSE1 419.3 249.3 177.9 316.5 513.1 49.9 20.3 15.3 932.8 445.7 75.9 18.7 6.8 796.6 534.4
229343_at GTSE1 8.2 16.9 14.8 11.1 6.1 12.1 5.9 8.8 8.3 5.2 53.6 16.2 11 57.5 12.1
218823_s_at KCTD9 1010.2 980.5 783.3 994.1 1347.5 982.1 1015.8 663.9 555.3 717.2 654.5 928.5 689.8 555.2 519.6
218399_s_at CDCA4 1201.3 1172 716.2 1449.1 1276.6 560.3 261.9 421.2 1685.5 1045.1 237.6 331.4 346.4 1343.2 1237
213007_at FANCI FLJ10719 3802.2 1797 1779 3509.6 3723.4 406.7 205.1 568.1 2159.8 2298.6 481.3 177.4 430.9 2452.9 2366.6
213008_at FANCI FLJ10719 2463.5 1143.8 826 1997.9 1883.8 201.3 74.7 261.5 1733.4 1326.2 290.5 93.9 229.5 1855.5 1504.9
223785_at FANCI FLJ10719 1458.1 744.9 577.6 1561 1296.4 192.6 111.2 254.7 1071 892.7 130.6 152.7 161.5 1069.6 881.1
234672_s_at NDC1 FLJ10407 4654.4 4264.2 4510 4106.9 4504.6 1420.9 1311.4 1886.5 3963.9 3901.1 1323.7 1383.3 2055.5 4571.8 3293.5
218073_s_at NDC1 FLJ10407 2023.3 1214.4 1170.5 1656.1 1942.5 403.8 382.5 430.2 1354.2 1145.6 312.4 257.7 506.8 1346.8 1069.9
218115_at ASF1B 1060.9 719.8 468.6 1038.4 1038.3 86.5 29.2 94.1 1212.2 764.3 107.3 87.4 109.3 960.6 663
219148_at PBK TOPK 10346.5 4507.2 3486.6 8256.2 9940 170.8 36.4 254.5 4400.2 5784 286.8 29.5 132.3 4583.8 4995.9
209679_s_at SMAGP LOC57228 299.7 599.3 454.1 345.5 241.9 350.7 538.9 78.8 62.3 11.7 410.3 422.3 98.3 103.3 15.6
222216_s_at MRPL17 6085 5235.8 4643.5 7398.5 6819.2 2000.8 2271.3 3093.9 4283.6 5815.2 2421.6 2219.1 2779.3 4449.3 6016
218663_at NCAPG HCAP-G 1841.6 728.2 644.8 1372.4 1564.6 28.1 18.1 44.9 1823.8 1743.9 41.6 15.8 31.9 1689.1 1538.2
218662_s_at NCAPG HCAP-G 1676.6 545.4 314.3 931.1 2071.9 41.2 61.7 71.6 1883.6 1581.9 86.6 59.9 79.7 2133.6 1507.1
218459_at TOR3A 1748.9 1352.2 1256.4 1656.3 2075.9 954.4 818.2 847.7 1135.3 1347.5 900.2 663 1023.9 1196.9 1284.3
233851_s_at TOR3A 404.7 378.4 540.5 545.4 616.2 375.4 267.9 289.7 345.8 448.9 269.6 213.4 262.5 376.7 380.9
218741_at CENPM C22orf18 1246.6 760.9 529.1 1457.5 1355.6 36.4 4.9 134.5 973.9 986.1 32.9 6.9 81.7 982.9 780
218069_at DCTPP1 MGC5627 8464.9 9341.1 9339.8 8822.4 8595.1 5234.1 5187.3 3278.9 3846.7 7019.4 5973.4 4521.5 3139.4 5851.8 6682.5
216338_s_at YIPF3 C6orf109 474.3 738.3 609.8 659.8 535.6 566.2 634.1 490.6 960.5 642.3 764.5 531.8 462.6 735.3 601.7
37577_at ARHGAP19 658.7 499.4 395.7 740.4 638.5 371.1 462.5 447.9 603.3 673.7 350.2 390.9 539.3 708.8 742.1
212738_at ARHGAP19 756.3 444.4 532.2 793.8 798.1 473 499.7 578.5 809.6 828.9 452.7 647.8 635.6 847.9 871.6
1557615_a_at ARHGAP19 16.3 24.1 44.8 38.5 52.2 28.9 21.8 40.2 39.1 25 61.1 6.9 57.9 54.5 8.9

12 mo3 wk 1 mo 5 mo 11 mo1 mo 3 wk0 wk 5 mo0 wk 11 mo3 wk 12 mo0 wk 1 mo
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Appendix B. Gene expression profiles for 2NED subset genes in LNCaP 
cells subjected to androgen deprivation (GDS3358) 

 

Graphs show intensities from Appendix A. For cases when a gene was represented by multiple probesets, 
respective control and AD conditions were color-coded using shades of gray and various colors, respectively. 
Technical replicates were color-coded using shades of respective color. PS, probeset. ctrl, control. AD, 
androgen deprivation. 
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Appendix C. Transcription factors regulating 3NED subset, ranging from 3G TFs to 9G TFs
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 TFs regulating 3NED subset genes, 3G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B

Up in brain
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3G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25

Down in brain
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 TFs regulating 3NED subset genes, 4G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B
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4G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25

Down in brain
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 TFs regulating 3NED subset genes, 5G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B

Up in brain
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5G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25

Down in brain
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 TFs regulating 3NED subset genes, 6G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B

Up in brain
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6G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25

Down in brain
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 TFs regulating 3NED subset genes, 7G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B

Up in brain
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7G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25

Down in brain
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 TFs regulating 3NED subset genes, 8G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B

Up in brain
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8G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25
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 TFs regulating 3NED subset genes, 9G TFs

CPE DPYSL2 MAP1B SC5D USP11 ENC1 GAB2 PJA2 GABARAPL1 CCDC92 CKS1B NME1 PEX10 TUBA1C

ATF3 ADNP2 EGR2 ATF7 BCL6 AR CERS4 BHLHA15 ASCL1 HINFP CERS2 CHAMP1 ARNT FOXP1
CDX2 DNAJC2 FERD3L CASZ1 BHLHA15 ESRRA CLOCK CERS4 BCL6 KLF16 CIZ1 ETS2 ARNTL KLF6
CDX4 ELK4 KLF6 CERS2 EGR4 FOXB1 DBX1 ETV2 CASZ1 NPAS2 ELF3 FOXP3 ARNTL2 POU3F3
CHAMP1 FLI1 NKX2-8 CERS4 ETS1 FOXD4 FOXA1 FOXI1 CERS2 NRL ETS1 T BHLHE40 ZNF280C
FOSL2 GABPA PLAG1 CLOCK ETV2 FOXD4L1 FOXE3 GATA4 CERS4 ZBTB48 ETV1 TLX1 GABPA ZNF546
GLI2 GATA1 SP2 DBP FOXD4L1 FOXE1 HEY1 GTF3A ELF1 ZNF273 GATA1 ZNF133 GLI1 ZNF677
GSX1 GLI3 SP7 DLX4 FOXS1 FOXE3 HEYL HEY1 HEY2 ZNF319 GLI2 ZNF444 HES5
HAND2 GTF3A ZFP69B EGR4 IRF2 FOXI2 HIVEP3 HNF4A HSFX1 ZNF768 HEY1 ZNF799 HSFX1
HES5 HEY1 ZKSCAN1 FEZF1 MAFK FOXL1 HNF4A IRX4 JUN LBX2 KLF3
HOXA2 ID4 ZNF501 FOXI1 MESP1 FOXS1 HNF4G KLF12 KLF13 MSGN1 KLF5
HOXA6 IRF7 ZNF558 FOXN1 MYBL1 GLI2 HOXA1 MAFK KLF3 MYB MAFG
HOXD9 KLF11 FOXP2 NHLH1 LBX2 JUN MESP1 KLF5 NFKB1 OSR2
JRKL KLF12 GATA1 PAX1 MKX LHX1 MYB MAFA NR1I2 PLAGL2
KLF5 KLF14 HEY1 PAX4 ONECUT3 LHX9 MYCL MIER3 NR5A1 SP5
LBX2 KLF16 HLX PBX2 POU4F2 LYL1 NFATC4 NEUROG1 OSR2 SP6
MAFK KLF5 HMX2 RC3H2 RBAK MAFG NFKB1 PBX1 OVOL1 ZNF100
PBX3 MAFK HMX3 SNAI1 SOX14 MKX NR5A1 PBX2 POU4F1 ZNF121
PDX1 MKRN3 INSM2 TAL2 SOX17 NEUROD2 PAX6 SOX15 POU6F1 ZNF257
PRDM5 MTA1 KLF11 TBX19 SOX2 NFIB PHOX2A SP5 SMAD6 ZNF281
PRDM8 NEUROD2 KLF12 TGIF1 TFAM NHLH1 PITX1 SRY SP140 ZNF418
SNAI3 PLAGL2 KLF15 ZBTB14 TLX3 NKX2-6 POU6F2 ZFP14 TERF1 ZNF468
SOX2 RBAK LBX1 ZBTB7C TRAFD1 OLIG2 RELA ZNF117 ZBTB49 ZNF48
TBX1 SOX17 LBX2 ZKSCAN3 UBP1 OTP SCRT1 ZNF213 ZBTB5 ZNF532
TBX10 SP5 MAFK ZNF140 ZNF100 PBX1 SIX1 ZNF235 ZBTB7B ZNF534
VEZF1 SP6 NEUROD2 ZNF154 ZNF117 PBX2 SIX2 ZNF281 ZBTB7C ZNF726
ZFP37 TBX19 NFATC1 ZNF181 ZNF208 POU4F1 SMAD6 ZNF300 ZFP3 ZNF729
ZNF121 TLX1 NFKB1 ZNF367 ZNF287 POU4F3 SMAD9 ZNF44 ZFP37 ZNF740
ZNF317 VEZF1 NHLH1 ZNF391 ZNF483 POU6F2 SMARCC2 ZNF468 ZNF107 ZNF808
ZNF329 ZBTB37 NKX2-1 ZNF442 ZNF534 PRDM6 SP140 ZNF471 ZNF140 ZNF814
ZNF416 ZBTB48 NR5A1 ZNF560 ZNF561 PRDM9 TBX19 ZNF534 ZNF143
ZNF572 ZBTB7C OVOL3 ZNF610 ZNF682 RARB ZBTB7C ZNF561 ZNF148
ZNF584 ZFP41 POU6F1 ZNF614 ZNF792 REL ZFP37 ZNF572 ZNF154
ZNF671 ZFP57 REL ZNF616 ZNF80 SNAI3 ZNF101 ZNF596 ZNF219
ZNF687 ZNF208 RELA ZNF653 ZNF814 SOX17 ZNF121 ZNF667 ZNF473
ZNF729 ZNF217 SCRT2 ZNF669 ZNF846 SP8 ZNF143 ZNF668 ZNF547
ZNF766 ZNF23 SNAI2 ZNF714 ZNF90 SRY ZNF181 ZNF784 ZNF560
ZNF773 ZNF235 SOX10 ZNF76 TBX1 ZNF263 ZNF808 ZNF610
ZNF80 ZNF263 SP8 ZNF774 TBX10 ZNF275 ZNF81 ZNF613

ZNF273 SREBF1 ZNF800 TBX15 ZNF287 ZNF823 ZNF778
ZNF280A STAT3 ZSCAN9 TFAM ZNF300 ZNF90 ZSCAN21
ZNF281 STAT4 TGIF1 ZNF33A ZSCAN25
ZNF300 STAT5A TSHZ3 ZNF442
ZNF317 TAL2 ZBTB20 ZNF473
ZNF35 TGIF1 ZBTB49 ZNF516
ZNF44 UBP1 ZBTB8B ZNF517
ZNF440 ZBTB49 ZFPM2 ZNF560
ZNF442 ZBTB7B ZNF100 ZNF575
ZNF468 ZBTB7C ZNF148 ZNF627
ZNF497 ZFP3 ZNF154 ZNF639
ZNF517 ZFP37 ZNF23 ZNF74
ZNF563 ZFP42 ZNF287 ZNF746
ZNF582 ZIC5 ZNF416 ZNF813
ZNF607 ZKSCAN3 ZNF440 ZNF852
ZNF627 ZNF107 ZNF442 ZNF93
ZNF70 ZNF148 ZNF473 ZSCAN22
ZNF714 ZNF23 ZNF563
ZNF729 ZNF317 ZNF582
ZNF740 ZNF440 ZNF589
ZNF746 ZNF516 ZNF599
ZNF770 ZNF517 ZNF613
ZNF771 ZNF607 ZNF614
ZNF80 ZNF610 ZNF616
ZNF846 ZNF614 ZNF618
ZNF85 ZNF627 ZNF644
ZNF891 ZNF653 ZNF710
ZSCAN22 ZNF669 ZNF721
ZSCAN25 ZNF705A ZNF829

ZNF791 ZNF846
ZNF793 ZNF891
ZNF800 ZNF92
ZNF829 ZSCAN18
ZSCAN9 ZSCAN5B
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9G TFs (continued) 

NFIL3 ACTL6A RCC1 CKS2 FBL HNRNPAB KIF11 MAD2L1 PCNA PDK1 PLK1 RPA3 DDX39A OIP5 EXOSC8 PPP1R14B CKLF NDC1 MRPL17 TOR3A DCTPP1

CREBRF ADNP2 CHAMP1 ELF5 AEBP2 GBX1 ARNT DPRX ARNTL ATF1 AEBP2 FOXP1 ATF2 ADNP2 ELK3 ARNTL BHLHA9 BCL6 ARNT CDC5L HES7
GLI3 ATF2 DLX2 ETS2 CHAMP1 GBX2 ARNTL2 HES1 ARNTL2 EGR4 BHLHA15 HOXD13 BHLHE23 ATF2 ETS2 ARNTL2 DMTF1 CDC5L CEBPG CHD2 ID4
HEY1 BARX2 GBX1 GATA2 ETV2 HES7 CHAMP1 HES6 BACH2 ELF3 CCDC79 PRDM14 DLX2 DMTF1 ETV6 CEBPB HES7 FEZF1 DHX34 CIZ1 IRF2
HMX3 BSX HES7 HOXA13 HEY1 HHEX ELK4 RORB BHLHE40 GATA1 CDC5L TBX4 DMTF1 ESR2 IRF6 CHAMP1 ID4 GLI3 ESRRA ETS1 IRF8
KLF12 DLX2 IRX1 JUNB INSM2 KLF16 GABPA ZNF267 CCDC79 HOXD10 DDIT3 VSX2 FIGLA HIC1 PDX1 DDIT3 IRF2 HIVEP3 FARSA ETV2 IRX1
KLF15 DRGX MTA1 KLF10 KLF12 KLF4 GATA1 ZNF28 CHAMP1 KLF11 DHX34 ZNF280C HINFP HOXB13 PROP1 ESRRA IRF8 HMX3 HES5 FOXP2 JUNB
MAFK GLIS3 POU3F1 ZBTB1 LYL1 NKX2-2 HES5 ZNF3 DBP KLF17 ETV2 ZNF646 IRF7 ID4 ZNF112 FOXD4L3 MYBL1 JDP2 HEY2 GATA4 MECOM
MNT HES7 SMARCC2 ZNF112 MAFK NKX3-1 HOXC9 ZNF324 ESRRA KLF8 FEZF1 MSX2 KLF16 ZNF446 GABPA SMARCA5 KLF12 INSM1 IRF1 NFATC2
NFAT5 HOXA6 TLX1 ZNF138 NFKB1 NPAS2 HOXD9 ZNF677 FEZF1 MAFF FOXK1 SPIB NKX3-1 ZNF488 GLI1 TLX1 KLF15 KLF5 IRF2 REST
NR1D1 HOXB4 USF2 ZNF222 NR1H3 PBX2 HSFX1 FOXI1 NFATC1 FOXR2 ZBTB48 SOX8 ZNF512B GLI2 ZEB2 LBX1 KMT2C KLF15 TBR1
NR5A1 IRX3 ZBTB48 ZNF488 NR3C1 TFE3 IKZF5 FOXN1 NFATC3 GATA4 ZNF131 SPIB ZNF730 HAND1 ZNF37A LBX2 MKX MAFK TCF21
PLAGL1 KLF4 ZFPM1 ZNF730 SMAD6 TLX1 KLF5 GABPA POU4F1 GTF3A ZNF461 TCF12 ZNF98 HIVEP3 ZNF679 MESP1 NR1H2 MESP1 TIGD3
PPARA LMX1B ZKSCAN4 ZSCAN2 SNAI3 ZFP2 KMT2C GATA1 PRDM13 HEY1 ZNF837 ZBTB48 HNF4G ZNF768 MSC NR1I2 MIER3 TPRX1
PPARG MEOX2 ZNF180 SOX17 ZNF337 NR4A3 GATA4 SATB2 LYL1 ZNF197 HOXA2 ZNF77 NFKB1 POU6F2 PBX3 TWIST1
RARB NFATC2 ZNF25 TBX19 ZNF37A OVOL1 GLI3 SP140 MESP1 ZNF25 HOXC9 NKX2-3 PRDM5 PEG3 ZBTB48
RBPJL ONECUT2 ZNF37A TRMT1 ZNF460 RARB HES5 SP8 MKRN3 ZNF319 HSFX1 NR3C1 PRDM8 RBAK ZEB2
RORC PITX1 ZNF420 ZBTB8A ZNF529 SP5 HSFX1 TAL2 NFKB1 ZNF445 KLF5 NR5A1 SOX1 RELA ZMAT3
SP4 PITX3 ZNF594 ZFP57 ZNF556 ZBTB34 IKZF5 TLX2 NR1H3 ZNF461 MAFG RELA SOX15 RLF ZNF180
SP7 TFE3 ZNF679 ZIC2 ZNF77 ZNF235 INSM1 USF1 NR1I2 ZNF679 NR1H2 SNAI3 SOX17 SMAD6 ZNF37A
SP8 TLX1 ZNF699 ZMAT4 ZNF837 ZNF257 IRF2 ZBTB49 NR3C1 ZNF683 PLAGL2 SOX2 TCF4 SMARCC2 ZNF41
TSHZ3 ZNF180 ZSCAN5B ZNF208 ZNF91 ZNF280A KIAA2018 ZBTB7C NR5A1 ZNF77 RARB SOX4 TERF2 SOX4 ZNF420
ZBTB11 ZNF296 ZNF425 ZNF281 KLF12 ZNF23 RBAK SP5 SP8 TGIF1 SOX7 ZNF474
ZBTB49 ZNF337 ZNF440 ZNF287 KLF5 ZNF317 SCRT1 SP6 THRA TGIF2 SP8 ZNF512B
ZBTB8A ZNF354B ZNF69 ZNF385C LYL1 ZNF354C SNAI2 TLX3 TLX2 VEZF1 TFAP2B ZNF526
ZIC2 ZNF37A ZNF716 ZNF418 MAFG ZNF426 SOX7 ZNF266 ZBTB41 ZFP37 ZBTB7C ZNF594
ZKSCAN3 ZNF460 ZNF746 ZNF44 MAFK ZNF440 THRA ZNF281 ZNF107 ZNF155 ZIC5 ZNF763
ZNF148 ZNF683 ZNF76 ZNF468 MIER3 ZNF442 TLX2 ZNF367 ZNF143 ZNF169 ZKSCAN3 ZNF768
ZNF154 ZNF91 ZNF534 MYCL ZNF562 USF1 ZNF385C ZNF154 ZNF213 ZNF14
ZNF217 ZNF567 NR1H2 ZNF600 ZBTB14 ZNF418 ZNF19 ZNF22 ZNF277
ZNF226 ZNF589 NR3C1 ZNF607 ZBTB7C ZNF44 ZNF226 ZNF254 ZNF547
ZNF227 ZNF729 NR4A3 ZNF746 ZBTB8A ZNF443 ZNF275 ZNF317 ZNF598
ZNF275 ZNF740 PAX4 ZNF84 ZFP57 ZNF468 ZNF317 ZNF329 ZNF783
ZNF287 ZNF80 RARA ZSCAN9 ZKSCAN7 ZNF563 ZNF367 ZNF367 ZNF846
ZNF317 ZSCAN25 RBAK ZNF101 ZNF584 ZNF396 ZNF416 ZNF891
ZNF346 SP5 ZNF23 ZNF729 ZNF440 ZNF440 ZSCAN5B
ZNF442 STAT3 ZNF263 ZNF740 ZNF516 ZNF468 ZXDB
ZNF517 STAT5A ZNF266 ZNF771 ZNF559 ZNF518B ZXDC
ZNF597 TCFL5 ZNF275 ZNF808 ZNF560 ZNF534
ZNF616 THRB ZNF300 ZNF814 ZNF600 ZNF563
ZNF626 UBP1 ZNF304 ZNF7 ZNF577
ZNF669 VEZF1 ZNF367 ZNF705A ZNF584
ZSCAN9 ZBTB37 ZNF440 ZNF81 ZNF729

ZBTB7C ZNF497 ZNF846 ZNF76
ZIC5 ZNF516 ZSCAN21 ZNF774
ZNF100 ZNF623 ZNF80
ZNF101 ZNF716 ZNF814
ZNF132 ZNF746
ZNF135 ZNF766
ZNF23
ZNF257
ZNF263
ZNF280A
ZNF281
ZNF304
ZNF329
ZNF33B
ZNF367
ZNF418
ZNF440
ZNF468
ZNF518B
ZNF532
ZNF582
ZNF649
ZNF681
ZNF682
ZNF740
ZNF746
ZNF76
ZNF766
ZNF771
ZNF784
ZNF808
ZNF81
ZNF831
ZNF84
ZNF846
ZNF852
ZSCAN25
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Appendix D. Connectedness within 3NED subset emphasizing each 3NED subset gene 

Chord diagrams showing indirect connectedness within 3NED subset, each emphasizing one 3NED subset gene. For each 3NED subset gene (n  35 genes), its 
shared 2G TFs with each other 3NED gene (n 1,190 gene pairs) were counted. Next, each 3NED subset gene was ranked based on total shared 2G TFs with all 
other 3NED genes. Ranked genes (color-coded annulus sectors) are shown in counterclockwise descending order (annulus arc length). Chords depict existence of 
shared 2G TFs between two genes (color-coded with color of higher-ranked gene). Chord thickness depicts number of shared 2G TFs between two genes. Several 
genes were not labeled by software to preserve graph clarity: NFIL3 (between 06:00 – 07:00 o’clock positions), TUBA1C, MAP1B, and RPA3 (all between 12:00 
– 01:00 o’clock positions).
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Neuroendocrine differentiation (NED) marks a structural and functional feature of certain
cancers, including prostate cancer (PCa), whereby the malignant tissue contains a sig-
nificant proportion of cells displaying neuronal, endocrine, or mixed features. NED cells
produce, and can secrete, a cocktail of mediators commonly encountered in the nervous
system, which may stimulate and coordinate cancer growth. In PCa, NED appears during
advanced stages, subsequent to treatment, and accompanies treatment resistance and
poor prognosis. However, the term “neuroendocrine” in this context is intrinsically vague.
This article seeks to provide a framework on which a unified view of NED might emerge.
First, we review the mutually beneficial interplay between PCa and neural structures, mainly
supported by cell biology experiments and neurological conditions. Next, we address the
correlations between PCa and neural functions, as described in the literature. Based upon
the integration of clinical and basic observations, we suggest that it is legitimate to seek
for true neural differentiation, or neuromimicry, in cancer progression, most notably in PCa
cells exhibiting what is commonly described as NED.

Keywords: prostate cancer, neuroendocrine differentiation, neural differentiation, interleukin-6, chromogranin A

NEUROENDOCRINE DIFFERENTIATION: OLD CONCEPT,
NORMAL COUNTERPARTS, VAGUE TERMINOLOGY
Neuroendocrine differentiation (NED) is a term referring to cer-
tain cancers that display a prominent neuroendocrine (NE) cell
population on histopathologic examination. Although the defini-
tion has been used primarily in relation to prostate cancer (PCa),
it is by no means restrictive [see, e.g., Ref. (1)]. NE cells display a
combination of neuronal and endocrine features, best described
as a partly neuron-like morphology and an endocrine-like secre-
tory mechanism (see below). The whole NE concept itself had
nothing to do with cancer; it arose in the late 1920s, when it was
discovered that some hypothalamic neurons secrete their products
into the bloodstream rather than into a specialized synaptic cleft as
well described by Montuenga and colleagues (2). Subsequently, the
existence of hybrid, neuronal-endocrine cell type, NE, was widely
accepted.

Abbreviations: ADT, androgen deprivation therapy; AR, androgen receptor; BPH,
benign prostatic hyperplasia; CgA, chromogranin A; CR, castrate resistance; CSC,
cancer stem cells; DAD-1, defender against apoptotic cell death 1; EPSCC, extra-
pulmonary small cell carcinoma; GA, general anesthesia; IL, interleukin; JAK,
Janus kinase; MAPK, mitogen-activated protein kinase; NAA, neuraxial anesthe-
sia/analgesia; NE, neuroendocrine; NED, neuroendocrine differentiation; NF-κB,
nuclear factor kappa B; NK, natural killer; NSE, neuron-specific enolase; PCa,
prostate cancer; PI3K, phosphoinositide 3-kinase; PIM-2, provirus integration of
Moloney virus 2; PKA, protein kinase A; SCCP, small cell carcinoma of the prostate;
SCLC, small cell lung carcinoma; SCI, spinal cord injury; STAT, signal transducer
and activator of transcription; VEGF, vascular endothelial growth factor.

Although the NED term relates to malignant tumors enriched
in a NE cell fraction, NE cells are not ominous per se, but are part of
a large cell population, collectively known as the diffuse NE system,
which is dispersed throughout the normal organism. The NE cells
primarily exist within the organs that interface with the outside
world, including gastrointestinal, respiratory, and genitourinary
systems, as well as the skin (Merkel cells and melanocytes). Yet,
they also can be found within endocrine glands or tissues, such as
the hypothalamus, anterior pituitary, pineal gland, thyroid gland
(calcitonin-secreting cells), thymus, breast, and the pancreatic
islets of Langerhans [reviewed in Ref. (2–4)]. For terminology
clarification, we note that usually the term “NE” refers to both
cancerous and non-cancer-related cells, while the term “NED”
(with a “D”) refers specifically to cancerous cells. A cocktail of
terms have been used interchangeably throughout the literature
over the last century (e.g., APUD cells, endocrine/paracrine cells).
This ambiguity arises from the visualization techniques used and
the norms around the time of publication (2). This lack of stan-
dard nomenclature makes NE-related literature search particularly
challenging, as some articles containing important findings can be
missed.

In the healthy organism, normal NE cells play complex local
regulatory roles at the tissue level. For example, the NE cells of
the gastrointestinal tract (also known as enteroendocrine cells)
regulate secretion, motility, as well as cell growth and differenti-
ation in the gut. For this purpose, these cells employ endocrine,
autocrine, paracrine, and neurocrine signaling mechanisms, and
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are, in turn, under neural control (5). The NE cells of the respira-
tory tract can control lung branching morphogenesis, cell growth
and maturation during development, and it is believed that they
provide a protective niche for a subset of lung stem cells. Similarly
to enteroendocrine cells, pulmonary NE cells are under control of
a complex innervation [reviewed in Ref. (4)].

NEUROENDOCRINE CELLS IN THE NORMAL PROSTATE
Neuroendocrine cells are normal inhabitants of the human
prostate, existing in all areas of the gland, including prostate ducts,
acinar epithelium, and prostatic urothelium, but they localize
preferentially in the major ducts [reviewed in Ref. (3, 6)]. Pro-
static NE cells are found in lower numbers in African-American
males, who are more prone to developing PCa; NE cells thus
might have a protective role against prostatic carcinogenesis (7).
As with all NE cells, the NE prostatic cells usually cannot be rec-
ognized under the light microscope using conventional staining
techniques, but can be readily traced immunohistochemically by
staining for the specific markers chromogranin A (CgA), synap-
tophysin, or neuron-specific enolase (NSE). In some cases, one or
more NE markers may be absent [reviewed in Ref. (8)].

Prostatic NE cells share the morphological and ultrastructural
features of NE cells from other parts of the body [reviewed in-
depth in Ref. (2); also reviewed in Ref. (4, 5)]. Under the electron
microscope, two different morphologies were described. The open-
type cells display thin apical processes that extend luminally, reach
the lumen, and possess long surface microvilli. The closed-type
cells have dendritic-like processes that extend between adjacent
epithelial cells, but do not reach the lumen. The closed-type cells
are surrounded by epithelial cells. Although no study has specif-
ically addressed this question for the prostate, it is assumed that
this morphological classification also has an important functional
significance. Closed cells can only receive basal stimuli (neuro-
transmitters from nerve endings, hormones from neighboring
blood vessels, local paracrine, or autocrine factors from underly-
ing stromal cells). By contrast, open cells also can receive luminal
stimuli (pH, chemicals). It is therefore generally believed that the
open and closed NE cell populations, irrespective of their specific
location, are functionally different [reviewed in Ref. (2)].

The NE cells of the prostate contain secretory granules whose
electron microscope features allow further classification [reviewed
in Ref. (3, 8)]. The contents of the secretory granules display a
remarkable diversity and belong to the family of neuromedia-
tors that are used for signaling throughout the nervous system.
Apart from three NE markers CgA, synaptophysin and NSE, NE
cells synthesize other members of the chromogranin family as
well as a variety of hormone-related substances, including chro-
mogranin B and chromogranin C (secretogranin II); serotonin;
histamine; thyroid-stimulating hormone-like peptide; calcitonin
and related peptides (calcitonin gene-related peptide, katacal-
cin); α-human chorionic gonadotropin; somatostatin; bombesin;
parathyroid hormone-related protein; vasoactive intestinal pep-
tide; neuropeptide Y; cholecystokinin; vascular endothelial growth
factor (VEGF); glucagon; β-endorphin; Leu-enkephalin; and
adrenomedullin [reviewed in Ref. (2, 3, 6, 8, 9)]. It remains unclear
if a single NE prostatic cell can synthesize this huge cocktail, or a
vast majority, or only a subset thereof. Regarding the diffuse NE

system, it is known that, in principle, single NE cells can produce
more than one hormone-related substance [reviewed in Ref. (2)].
Some prostatic NE cells were reported to produce two mediators
instead of one, and it is apparent that several subpopulations of
NE cells exist in the prostate, each of them producing a specific
subset of mediators (10). Receptors for some of these neurome-
diators were described in benign prostatic tissue and/or in PCa
and include receptors for serotonin, calcitonin, bombesin, somato-
statin, cholecystokinin, neuropeptide Y, and neurotensin [Ref. (11,
12); see also Ref. (8) and the references therein].

Although NE cells were first described in the normal prostate
60 years ago [Grasso, 1954, cited in Ref. (13)], few studies have
addressed their function. Do normal prostatic NE cells actually
secrete all those compounds they synthesize? Do they regulate
other cells and if they do, then what are the regulatory mecha-
nisms? What exact role(s) does each of those compounds have in
the prostate, if secreted? These are all questions that remain to
be addressed, as most of the data available come from extrapola-
tion. For example, CgA, which is one of the most prominent NE
markers, regulates the secretory vesicle pool and calcium home-
ostasis, and it accompanies catecholamines in the secretory vesicles
in the sympathetic and adrenomedullary systems [reviewed in
Ref. (14)], but there is considerably less evidence as to its specific
roles in the prostate. Similarly, the roles of the other neuropep-
tides are incompletely understood. However, the neuropeptides
influence depolarization, modulate ionic currents, release calcium
from intracellular stores, stimulate ATP synthesis, stimulate oxida-
tive phosphorylation, and regulate mRNA transcription. Globally,
prostatic NE cells are thought to play a key role in prostate growth
and differentiation [reviewed in Ref. (15)].

In early descriptions, prostatic NE cells displayed heteroge-
neous cytokeratin expression (a classification into basal, luminal,
and intermediate NE cell types is based on this criterion) [reviewed
in Ref. (16)]. More recent accounts indicate that prostatic NE cells
express K5 cytokeratin, which is a basal cell marker [reviewed
in Ref. (8)]. NE cells appear to be non-proliferative, postmitotic,
as they lack the proliferation marker Ki-67. They, however, lie
preferentially adjacent to proliferating and Bcl-2-positive cells,
a pattern suggesting that NE cells support the growth of non-
NE cells through paracrine mechanisms [Ref. (15, 17, 18); also
reviewed in Ref. (2)]. However, most proliferating non-NE cells do
not lie close to NE cells (17), which makes this relationship harder
to rationalize. Another prominent feature of these cells is the lack
of androgen receptor (AR) [Ref. (19); also see Ref. (6, 16, 20) and
the references therein]. This is particularly intriguing,as androgens
are considered to be the most important growth-supporting factor
in the prostate, with innervation being the second most important
(21). In animal models, NE cell number and morphology are not
influenced by castration or prostatic denervation (22). In fact, it
remains unclear which factors account for the regulatory control
of NE prostatic cells, or if these regulatory signals are endocrine,
paracrine, autocrine, neurocrine, or “lumencrine” (i.e., signals in
the duct lumen itself) (23).

The developmental origin of these cells long has been a matter
of debate. Normal prostatic NE cells likely share a common devel-
opmental origin with urogenital sinus-derived luminal and basal
cells. A second lineage was identified that has a neurogenic origin
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from periprostatic paraganglia (24). Consequently, some authors
have proposed that these cells have a neurogenic origin, arising
from the paraganglia that flank the urogenital mesenchyme; by
subsequent migration, these precursor cells populate the prostatic
epithelium. Other authors have suggested that prostatic NE cells
have a local prostatic origin, arising through differentiation of a
local pluripotent stem cell that gives rise to all the epithelial cell
types in the prostate [Ref. (20); also reviewed in Ref. (2)]. Recent
work leans to the local prostatic origin hypothesis. During devel-
opment, postnatal development, as well as in the adult organism,
the prostatic NE, luminal, and basal cells arise through differen-
tiation of local multipotent stem cells expressing the p63 protein
marker (25–27).

NEUROENDOCRINE DIFFERENTIATION IN PROSTATE
CANCER: SEPARATE CATEGORIES VS. CONTINUUM
In the context of prostatic malignancy, NED is a highly heteroge-
neous phenomenon. From a spatial viewpoint, there are (i) tumors
that are purely NE, such as small cell carcinoma of the prostate
(SCCP), carcinoid, and carcinoid-like tumors, or (ii) tumors that
are non-NE (e.g., adenocarcinomas) but exhibit rather focal NE
features (in primary and/or metastatic sites). These can be further
divided with respect to timing: some adenocarcinomas display
large populations of NE cells from the start, while others recur
as NE carcinoma later on [reviewed in Ref. (3, 28)]. Some points
of this categorization remain debatable [e.g., more recent studies
of NED have deliberately excluded carcinoid and carcinoid-like
tumors as belonging to a different histological category, while oth-
ers (29) have considered them as NED tumors]. The classification,
however, emphasizes two important elements. First, the extent of
NED varies across patients, in that some tumors exhibit focal NED
(i.e., only a subpopulation of tumor cells exhibit NE features)
(Figure 1) while others display universal (pure) NED (i.e., the
tumor is entirely composed of NE cells). The universal NED is, in
fact, SCCP, which accounts for 1% of the prostatic malignancies
and, similarly to small cell carcinomas from other organ sites, has
a particularly poor prognosis (30) (Figure 2). Second, the tim-
ing of NED varies across patients, in that certain patients show
NED tumors from the beginning, while others receive treatment
for conventional PCa and later experience recurrence with NED
tumors.

An important question to be asked is, therefore, if the NED
categories described above are discrete phenotypes or if they rep-
resent a continuum of phenotypes. First, it is known that some
histological and immunohistochemical traits are common to con-
ventional prostatic adenocarcinoma and SCCP (31). Second, there
is a growing body of literature reporting therapy-associated pro-
gression from (i) conventional prostatic adenocarcinoma to focal
NED, (ii) focal NED to SCCP, or (iii) conventional prostatic adeno-
carcinoma to SCCP (32–40). Progression to these NED categories
occurred in any stage of the disease (i.e., organ-confined, locally
advanced, metastatic) (32–34, 36–39). Third, increasing evidence
shows cases of mixed adenocarcinoma/SCCP tumors. In these
patients, disease stage correlates directly, while survival correlates
inversely, with the proportion of the SCCP fraction and the grade
of the associated adenocarcinoma fraction (30), suggesting that
PCa gains in relative SCCP proportion as the disease progresses.

FIGURE 1 | Prostate cancer displaying focal neuroendocrine
differentiation. Focal NED typically requires specific staining methods.
However, in about 10% of cases, NE cells display large eosinophilic
granules recognizable by conventional staining (arrows). In focal NED, the
NE cells occur either as solitary cells or in clusters. H&E stain. Courtesy
and with permission of Dharam M. Ramnani, MD; WebPathology.com.

FIGURE 2 | Prostate cancer displaying universal neuroendocrine
differentiation. Universal NED is synonymous to SCCP. This cancer type is
rarer than conventional prostatic adenocarcinoma (fewer than 1% of total
PCa cases) and prognosis is dismal. Histologically, cells display scarce
cytoplasm, hyperchromatic nuclei with finely dispersed chromatin and
inconspicuous nucleoli, and nuclear molding. Mitotic index is high and
necrosis often is present. In about half of the cases, the small cell
carcinoma is admixed with areas of conventional prostatic adenocarcinoma.
The Gleason scale cannot be used for pure SCCP, but in mixed cases it
should be used to grade the adenocarcinoma regions. H&E stain. Courtesy
and with permission of Dharam M. Ramnani, MD; WebPathology.com.

SCCP might, in fact, represent the least differentiated type of con-
ventional prostate adenocarcinoma (i.e., beyond the Gleason 10
score), which would indicate adenocarcinoma and SCCP form a
continuum (30).
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Collectively, these data strongly suggest that (i) NED in PCa is
a dynamic and continuous range, spanning from conventional
adenocarcinoma to SCCP; (ii) progression across this range is
directed from conventional adenocarcinoma to SCCP; (iii) pro-
gression can occur at any stage of the disease; and (iv) progression
is driven by therapy (Figure 3).

Last, it is worth mentioning that a new classification of NED
has been proposed recently (29), in which the extent and timing
of NED have been abandoned and NED is categorized solely on
morphologic observations. As the authors themselves acknowl-
edge, apart from the purely histopathologic perspective, most of
the new categories proposed bear little clinical significance (29).
Based on the existing literature discussed above, we suggest that the
present classification should be kept in place, and refined only as
the full genotypic and phenotypic character of NED is discovered.

NEUROENDOCRINE CELLS IN PROSTATE CANCER
Neuroendocrine cells first were reported in malignant prostate tis-
sue almost 45 years ago (41), making it the first description of NED

FIGURE 3 | Neuroendocrine differentiation spans a continuous and
dynamic range. Conventional prostatic adenocarcinoma, focal NED, and
SCCP traditionally are represented as separate entities, but evidence
shows that they rather form a unique spectrum of prostatic malignancies.
The common denominator encompasses two parameters: the extent of
NED (green gradient), spanning from zero (conventional prostatic
adenocarcinoma) to universal NED (SCCP), and the extent of malignant
dissemination (red gradient), ranging from localized to metastatic disease.
During first presentation or reoccurrence, NED can be diagnosed at any
point across this plane (black human icons). For any patient, any parameter
can shift to a higher value at any stage during the course of the disease
(see color-coded arrows, each color corresponding to one patient), but no
parameter shifts to a lower value (gray arrows crossed by red saltires). Loc,
localized disease; Met, metastatic disease; ADK, conventional prostatic
adenocarcinoma; NED, focal NED; SCCP, small cell carcinoma of the
prostate.

in PCa. Similarly to normal NE cells, the NE tumor cells express
various neuromediators (see below).

It is important to unravel the phenotypic and genotypic asso-
ciations between normal and tumor-associated NE cells. Surpris-
ingly, NE tumor cells are in many ways indistinguishable from their
adjacent, conventional non-NE tumor counterparts (42). First,
NE tumor cells express K18 and K8 cytokeratins, which also are
expressed by luminal cells of the prostatic epithelium and also
by conventional tumor cells (i.e., adenocarcinoma cells). How-
ever, they do not express high-molecular weight cytokeratin and
p63, which are associated to the basal cells of the prostatic epithe-
lium (43, 44). By contrast, normal NE cells mainly express K5,
a basal cell marker (see above). Second, both NE tumor cells and
non-NE tumor cells express the β-oxidation enzyme α-methylacyl-
CoA-racemase (AMACR) (43), a recently identified marker that is
strongly associated with PCa risk (45). By contrast, normal NE
cells lack this marker (43). Third, genetic analysis revealed that
NE tumor cells are similar to non-NE tumor cells rather than to
NE normal cells. The NE normal cells, in turn, are similar to the
non-NE normal cells (46). It is thus apparent that belonging to the
malignant vs. benign prostatic phenotype is a stronger clustering
factor than belonging to the NE vs. non-NE cell type.

Similarly to NE cells in the normal and hyperplastic prostate
tissue, NE tumor cells are non-proliferative, postmitotic cells (17,
18, 43, 44), and they lack stem-like cell markers ALDH1, NANOG,
and CD44 (44). They are mainly adjacent to proliferating (17, 43)
and Bcl-2-positive cells [see Ref. (16) and the references therein],
and such NED areas exhibit the highest proliferation index across
the tumor tissue (47). It is therefore not surprising that, the more
NED areas a tumor displays, the higher the proliferation index
at the global tumor level; that is, the extent of NED correlates
with higher proliferation index of the whole tumor [Ref. (47),
although see Ref. (17)]. The NE tumor cell density per NED area
further enhances proliferation. Proliferation index among NE cells
is higher in tumors displaying clusters of NE cells as compared to
tumors displaying solitary NE cells or no NE cells (47).

How are NE tumor cell signals broadcast, though? In mice,
androgen-dependent LNCaP prostate tumors can grow in castrate
conditions only in the presence of NE tumors, which suggests that
NE tumor cells secrete some long-range, endocrine factors (48).
However, the effect is not seen in vitro, as conditioned medium
from NE tumor cells does not rescue decreased growth of LNCaP
cells in androgen-depleted conditions (48). Although this differ-
ence between in vivo and in vitro could be attributed to a different
gene expression profile of LNCaP and/or NE cells, it also could
be accounted for by the absence of NE cells in the in vitro exper-
iments. Namely, it is possible that short-range, paracrine factors
[as hypothesized more than two decades ago (17)], or direct cell–
cell contact are responsible for the NE tumor cell supportive role.
Indeed, LNCaP cells proliferate more than twofold faster when
co-cultured with LNCaP cells displaying NED (49), which further
supports this view.

It is commonly accepted that NE tumor cells are AR- and PSA-
negative and prostatic acid phosphatase-positive [Ref. (43, 44), see
also Ref. (50) and the references therein]. Older studies suggest
that a small minority of NE tumor cells display some AR expres-
sion (19). The lack of AR makes them androgen-independent, as
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are NE normal cells. In an in vivo model of human PCa xenograft
subjected to androgen deprivation (castration), the residual tumor
is enriched in NE tumor cells, which appear to result by selection,
i.e., survival, despite the lack of androgens (44).

Regarding the origin of NE tumor cells, it has been suggested
that PCa NE cells share a common intermediate stem cell ori-
gin with their normal NE counterparts. Others hypothesized that
since normal NE cells do not proliferate, PCa NE cells are likely to
arise through transdifferentiation from either conventional pro-
static adenocarcinoma cells or prostatic exocrine cells becoming
malignant [Ref. (18); also reviewed in Ref. (8)]. The stronger
genetic clustering of tumor NE/non-NE cells as compared to
tumor NE/normal NE cells lends further support to the second
hypothesis (46).

Interestingly, not all NE cells found in PCa are genuine NE
tumor cells. Sion-Vardy’s group described a CgA- and serotonin-
expressing NE cell population in the normal peritumoral regions
(10). By contrast, other NE markers (NSE and adrenomedullin)
were expressed uniformly across normal peritumoral and tumoral
regions, and across PCa and benign prostate hyperplasia patients,
respectively, which suggests that the prostate may contain several
different NE cell populations (10). It might be that PCa induces
neighboring benign cells to transdifferentiate into NE cells, which
then promotes tumor growth through their secretory products
(10). Neuropeptides of NE cells promote tumor growth in vitro
(51), but the functions of various mediators have only begun to be
unraveled.

It is particularly intriguing that not all tumor-produced neu-
romediators are uniformly tumor-supportive. For instance, CgA,
which is among the most prominent NED markers, displays com-
peting activities. CgA is active in its full-length form, but it is also
physiologically cleaved at various sites, generating about a dozen
of bioactive fragments [reviewed in Ref. (14)]. These hormones
play intricate regulatory roles in vascular and tumoral biology,
either as pro-angiogenic or anti-angiogenic factors [reviewed in
Ref. (52)]. Vasostatin-1, one of the most widely studied CgA frag-
ments, inhibits tumor angiogenesis, apparently by inhibiting the
endothelium-stimulatory effects of hypoxia and tumor-secreted
factors. This, in turn, precludes the activation of endothelial cells
and preserves the integrity of the endothelial barrier. At the mol-
ecular scale, vasostatin-1 inhibits hypoxia-driven nuclear translo-
cation of HIF-1α (53). By contrast, full-length CgA has a biphasic
effect. While physiologic concentrations inhibit both spontaneous
and VEGF- and FGF-2-induced angiogenesis, the anti-angiogenic
effect is lost at supraphysiologic CgA concentrations, suggesting
that high CgA levels, as occur in NE and some non-NE cancers,
might reduce the anti-angiogenic effect (54). Moreover, thrombin
provides an angiogenic switch characterized by gradual cleavage-
induced inactivation of anti-angiogenic fragments of CgA, cou-
pled to cleavage-induced generation of pro-angiogenic fragments
of CgA. This switch is relevant in clinical conditions exhibiting
thrombin activation, including cancer (54), a hallmark of which
is angiogenesis [reviewed in Ref. (55, 56)]. CgA and CgA-derived
hormones also play opposing roles in regulating tumor prolif-
eration. In mice, CgA inhibits transit of mammary cancer cells
among primary tumor, blood, and organ compartments (57).
Mechanistically, CgA inhibits tumor cell-induced formation of

endothelial gaps and decreases TNFα-induced vascular leakage
(58), reduces vascular leakage within tumors, and inhibits tumor
cell transendothelial migration (57). However, vasostatin-1 and -2
stimulate proliferation in small intestinal NE metastatic cell lines
via Akt phosphorylation, although they do not affect small intesti-
nal NE primary tumor cell lines (59). In PCa cell lines, various
CgA fragments have opposing roles, as some stimulate, while oth-
ers inhibit invasion, haptotactic migration, and growth [see Ref.
(60) and the references therein]. It becomes thus apparent that
factors produced by NE tumors can exert effects of both polarities,
either enhancing or diminishing tumor development.

INDUCERS OF NEUROENDOCRINE DIFFERENTIATION
Numerous molecular signals and pathways connect to NED,
or to functional features commonly associated with it, such as
androgen-independent growth. These consist of (i) ligands that
induce NED or NED-related features, and (ii) signals generated
by NE cells that affect tumor dynamics. The distinction between
the two categories is blurry, as some of the latter stimuli can
themselves induce NED. The entire repertoire of NED inducing
factors include neuromediators (bombesin, calcitonin, serotonin,
and vasoactive intestinal peptide) (11, 51, 61, 62), cytokines (IL-1β,
IL-6, and IL-8) (11, 63–75), ionizing radiation (76), elevated intra-
cellular cAMP [Ref. (77); also see Ref. (46) and references therein],
Wnt proteins (78), PI3K–Akt–mTOR pathway (79), and high-cell
density (80). NED also can be at least partially reversed, and the
extent of reversibility depends on the NED inducer (46, 76).

While NED transition can be induced by various cues, it mainly
results from androgen deprivation therapy (ADT) [Ref. (81); also
see cases documented in Ref. (32–36, 38, 39)], which is done by
pharmacological or surgical castration and is the standard of care
in advanced PCa (82). Because virtually all PCa cells rely on andro-
gens to grow, ADT can hold the disease at bay for a while, thus
increasing progression-free survival. However, nearly all patients
on ADT eventually develop androgen resistance (82), a term that,
although extensively used in the literature, is somewhat confus-
ing. The PCa cells develop the ability to grow in the absence of
androgens, but it is the androgen deprivation they become resis-
tant to, not the androgens themselves. Clearly stated, PCa cells
become androgen-independent, i.e., self-sufficient to androgen
growth signals, or ADT-resistant, which is a first hallmark of can-
cer (55, 56). In this text, we will use the synonymous term: castrate
resistance (CR).

In PCa, more aggressive ADT promotes more rapid NED transi-
tions [reviewed in Ref. (83)]. In mice, androgen depletion triggers
regression and NED within the primary tumor. The androgen
depletion-induced NED is proliferation-independent, and NE
tumor cells exhibit increased expression of serotonin, bombesin,
and somatostatin (16, 44). In patients with metastatic PCa, serum
CgA levels are associated with duration of ADT (84). Moreover,
CgA levels increased faster in patients with PSA failure than in
patients without it, suggesting that velocity of CgA increase might
help predict the risk of biochemical failure after ADT (84). The
rhythm of ADT administration might also play an important role
in NED dynamics. Sciarra’s group found that continuous ADT sig-
nificantly increased serum CgA in both localized and metastatic
PCa patients, whereas intermittent ADT did not influence serum
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CgA in either patient subset (85). Interestingly, AR expression did
not correlate with presence of NE cells or with biochemical recur-
rence, which is consistent with previous observations and suggests
that NE cells do not influence AR expression in neighboring cancer
cells (86).

Because ADT promotes both CR and NED, an important ques-
tion is if CR and NED go hand-in-hand and are causally linked?
Observations published to date make it hard to give a definite
answer. However, among patients who develop NED following
ADT, more than 80% developed CR at an intermediate point
between ADT initiation and NED (40), so at least a subset of
patients with CR will develop NED during their clinical course
(87). Although irrefutable evidence is still lacking, it is therefore
usually implied that the most common clinical sequence leading
to NED is:

Advanced conventional prostatic adenocarcinoma →

ADT initiation → CR → NED

It should be kept in mind, however, that the alternative sequence:

Advanced PCa displaying NED → ADT initiation → CR,

in which NED precedes CR, also is encountered in the clinic.
If found in treatment-naïve patients, NED may predict a poor
response to ADT (see next section), in which case NED must have
occurred first. Moreover, as NED can develop at any stage of the
disease (Figure 3), still other clinical sequences also are possible.

CLINICAL SIGNIFICANCE OF NEUROENDOCRINE
DIFFERENTIATION IN PROSTATE CANCER
In PCa patients, NED is a frequent histopathological finding,
ranging from 31 to 100% of cases in primary tumors (9, 17,
42, 47, 86, 88–92), while occurring in 12% of metastatic lymph
node samples (90). It has been proposed that, in PCa, NED
cells appear in tissue regions that are similar to non-cancerous
atrophic glands (86). The most frequently expressed neuropep-
tide across tumor samples is calcitonin (37.1% of samples), fol-
lowed by neurotensin (11.4%), serotonin (10%), α-human chori-
onic gonadotropin (8.6%), vasoactive intestinal peptide (5.7%),
and bombesin (2.9%) (86). Using less restrictive criteria, others
reported NSE (77% of the samples) and CgA (59%) as the most
frequently expressed neuropeptides (9). However, significant vari-
ations were found in these studies with respect to the NED markers
used and the internal structure of the patient groups (most notably,
the clinical setting and the prior therapy). We note that while all
these immunohistochemical markers might be useful for diag-
nosing NED cancers, it is unclear if they also are useful for new
therapeutic strategies. Developing new therapies requires assess-
ing how efficiently a potential drug reaches its target. In addition,
since NED most often is a focal process, histopathologic markers
are less accurate than serum markers. On the other hand, serum
markers are expressed by prostatic non-NE cells as well; hence,
their levels depend on global prostatic tissue volume rather than
on specific NE cell number (93).

This chapter mainly discusses NED from a histopathological,
rather than a functional, standpoint. Therefore, we will follow
the nomenclature tradition of the existing body of literature.

Histopathologically, while focal NED is relatively frequent,
universal NED is a rare event (accounting for 1% of prostatic
malignancies). For this reason, focal NED is commonly referred
to as simply “NED,” while universal NED is usually referred to by
its well-known pathological term “SCCP.” For consistency, we will
follow this convention.

SCCP (UNIVERSAL NED) AND PROGNOSIS
Conventional prostatic adenocarcinoma, which accounts for the
vast majority of PCa cases, has an excellent prognosis due to its
slow clinical course and the available screening tests. By contrast,
SCCP is a fatal disease. In patients with SCCP, 2- and 5-year
survival rates are 27.5 and 14.3%, respectively, while median
survival is 15 months for locoregional disease and 7 months for
metastatic disease (30). Histopathologically, SCCP belongs to
a large family of cancers referred to as small cell carcinomas,
which share identical tissue architecture (small cells, round- or
spindle-shaped, displaying sparse cytoplasm, nuclear molding,
high-mitotic index,and frequent necrosis) that can be readily iden-
tified by conventional hematoxylin and eosin staining [reviewed
in Ref. (94–96)]. According to the site of origin, small cell carci-
nomas are conventionally divided into small cell lung carcinoma
(SCLC), the most frequent, and extrapulmonary small cell carcino-
mas (EPSCC), which include cancers from all other sites, including
SCCP. Although rare, EPSCCs have been documented in virtually
all organs in the body (94, 97–99), including the brain, which
had traditionally been considered not to display primary SCC
tumors (100). Despite this diversity of organ sites, EPSCC and
SCLC exhibit virtually identical patterns of behaviors: extremely
poor prognosis, quasi-identical therapeutic regimens, high- and
short-lived initial response to platinum agents, and topoisomerase
inhibitors, followed rapidly by tumor relapse and death, shared
molecular alterations, and similar histopathology (Figure 4). This

FIGURE 4 | Small cell carcinomas are a large, homogeneous family of
cancers. The histology, therapeutic regimens, response to therapy, and
prognosis of SCCP are strikingly similar to small cell carcinomas of all the
other organ sites, including SCLC shown here. Extensive nuclear molding
and apoptotic bodies can be seen. See Figure 2 for comparison with SCCP.
H&E stain. Courtesy and with permission of Dharam M. Ramnani, MD;
WebPathology.com.
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clinical, pathological, therapeutical, and prognostic pattern for
both EPSCC and SCLC has remained unchanged over the last
decades (94, 96, 98, 99, 101–106), and the only organ sites where
EPSCC displayed better prognosis are breast (99, 104) and female
reproductive tract (104), most notably the cervix (102, 105). How-
ever, the prognosis for breast SCC is poorer as compared to all other
types of non-inflammatory breast cancers combined (107). Like-
wise, the prognosis of cervical SCC is poorer than the prognosis
for squamous cell carcinoma and adenocarcinoma of the cervix,
respectively (105). Thus, even for these situations where EPSCC
breaks the rule and displays better outcomes, the relative progno-
sis is poorer compared to other cancers originating from the same
site, and the pattern is therefore preserved. Collectively, these data
strongly suggest that universal NED is a unique disease that dis-
plays a consistently homogeneous pattern of tumor behavior and
clinical outcomes irrespective of the organ site of origin.

NED (FOCAL NED) AND PROGNOSIS
After two decades of research, it is commonly perceived that NED
in PCa indicates poor prognosis. This impression could be due to
a mere association, as NED correlates with tumor grade [reviewed
in Ref. (3); see below]. Thus, it might not be NED itself, but the
high tumor grade it accompanies, which accounts for the poor
prognosis. Alternatively, this could be a true causative relation-
ship, in which the NE tumor cells themselves generate a resistance
to hormonal therapy. This idea is consistent with repeated find-
ings that PCa that exhibit NED are hormone-resistant [reviewed
in Ref. (3); also see below], as well as with the fact that adeno-
carcinomas tend to recur after hormonal therapy as carcinomas
with focal NED [reviewed in Ref. (3)]. It is worth noting that a
correlation between NED and poor prognosis would be encoun-
tered in both scenarios (NED as merely associated with, vs. NED
as causatively related to, poor prognosis). This correlation is likely
to have a strong impact on a grand scale, because PCa is the most
common cancer and the second-leading cause of cancer death in
American men (108). Thus, even though patients diagnosed with
advanced PCa represent only a small fraction of the total number
of PCa cases, they still represent a high absolute number. Con-
sequently, the ADT-induced NED, which is encountered in these
patients, also is expected to occur in a high absolute number of
patients.

It is difficult to get an accurate picture of the association
between NED and prognosis, mainly because of the lack of large,
conclusive studies. Instead, many studies report that NED corre-
lates with poor prognosis, and still other studies fail to report such
association. The main reason is the methodological heterogeneity
in common practice to detect and quantify NED, to collect biologi-
cal material, and to devise patient inclusion criteria [for a snapshot
see Ref. (40)]. This heterogeneity is threefold.

First, NE cells produce a vast array of neuropeptides that are
used somewhat stochastically in immunostaining procedures to
identify NED. However, the freedom to choose among various
markers relies on the assumption that NED markers are equiv-
alent to one another, i.e., they are present in the tissue in equal
or proportional quantities. But is this assumption true? The most
recent explicit methodological directive implies that any of the
three common markers (CgA, NSE, or synaptophysin) is sufficient

to document NED (8) (Figure 5). In patients with either localized
or advanced (stage D2) PCa, strong CgA staining of primary tumor
correlates with poorer cause-specific survival (109, 110) and over-
all survival (90) and provides superior information as compared to
currently used pathologic prognostic factors (109). Similarly, CgA
abundance in lymph node deposit also correlates with poorer over-
all survival (90). By contrast, NSE staining of primary tumor does
not correlate with survival (110). In fact, as stated above, NSE was
equally expressed in tumoral, peritumoral, and benign prostatic
hyperplasia (BPH) tissue (10), which suggests that it lacks clini-
cal significance. Thus, although not systematically demonstrated,
CgA is the most clinically relevant NED marker (91) and has been
used in most studies addressing the clinical implications of NED.

Second, tumor samples can be obtained either through a sur-
gical intervention or a core needle biopsy. However, the freedom
to choose between these two procedures relies on the assump-
tion that they are equivalent procedures. But are they? At a first
glance, while surgery ensures pathological sampling access to the
whole tumor, biopsy is like looking through the keyhole. It is
thus unclear if NED seen in the biopsy accurately mirrors the
NED of the whole tumor. In tumor biopsies from patients with
advanced PCa (stage D2), strong CgA immunostaining was corre-
lated with higher 2-year recurrence rates and much shorter time to
recurrence (111). Moreover, in biopsies from an unselected popu-
lation of patients with PCa, biopsy CgA immunostaining positivity
correlated with shorter survival (112). Similarly, in biopsies of a
selected population of patients with ADT-resistant PCa, NED cor-
related with decreased cancer-specific survival (113). Additionally,
in core needle biopsies from PCa patients with Gleason score
8–10 who received primary radiotherapy, CgA immunostaining
>1% correlated with less favorable biochemical control, clinical
failure, distant metastases (sixfold), and cancer-specific survival

FIGURE 5 | Prostate cancer immunostaining for neuroendocrine
markers. In surgical or core needle biopsy samples, NED can be detected
by immunostaining against specific markers, most notably peptides, which
are present inside the NE secretory vesicles (see text for details). A
frequently used NED marker is the enzyme NSE, seen here as brown
cytoplasmic granules. Immunoperoxidase stain. Courtesy and with
permission of Dharam M. Ramnani, MD; WebPathology.com.
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(almost fivefold) rates as compared to CgA immunostaining <1%
or negative CgA immunostaining, respectively (92). Other authors,
however, after assessing biopsies from patients with ADT-resistant
PCa, reported no significant correlation between CgA serum lev-
els and biopsy CgA immunostaining intensity (12). Because CgA
serum levels correlate with CgA immunostaining in the primary
tumor (see below), biopsy tissues may provide a distorted, inac-
curate image of NED. To avoid this gray zone of uncertainty, a
best approach might be to use biopsy CgA immunostaining in
tandem with CgA serum levels to increase overall accuracy (114).
Although, in most cases, biopsy appears to provide a fair image of
the extent of NED in the primary tumor, it should be remembered
that surgical samples provide the most reliable snapshots of NED.

Third, a majority of the neuropeptides can not only be viewed
immunohistochemically but also can be measured in serum. How-
ever, the freedom to choose between these two methods relies on
two assumptions: (i) NED markers produced by NED cells are
released into the bloodstream, and (ii) there is a linear relation-
ship between NED in the tissue and NED markers in the blood.
But are these two assumptions true? While obtained more easily
and less invasively, serum levels provide an indirect (and perhaps
distorted) measure of the NED presence and extent. In addition,
blood levels of several NED markers can increase in non-NED
settings which thereby act as confounders (e.g., chronic use of pro-
ton pump inhibitors increases CgA levels nearly eightfold) (115).
However, CgA serum levels do correlate with CgA staining of pri-
mary tumor, and they also correlate with CgA staining of biopsy
samples (9, 110, 114), which suggests that serum CgA accurately
mirrors the extent of NED in PCa. By contrast, no correlations
exist between immunohistochemical staining for chromogranin
B, NSE, and pancreastatin, respectively, and the corresponding
serum levels of those markers (9, 110). Thus, CgA is the most reli-
able serum marker of NED (9). CgA serum levels are higher in PCa
as compared to BPH, and they are higher in BPH as compared to
healthy controls (116). In patients with ADT-resistant PCa, high
serum levels of CgA correlate with reduced overall survival (12).
In patients with ADT-resistant PCa who had not received any
prior chemotherapy, CgA serum levels increased rapidly over time
(twofold in 9 months), correlate negatively with survival, and are
an independent predictor of survival (117, 118). However, this
might only apply for a subset of patients. Two groups showed that,
in patients with advanced PCa, elevated serum CgA only corre-
lates with poor prognosis when serum PSA is below or equal to
the median value, but fails to correlate when serum PSA is above
the median value (117, 119). The relationship between serum
NSE levels and prognosis is less clear-cut, but positive correla-
tions have been reported. NSE serum levels are higher in PCa as
compared to BPH and they are higher in BPH than in healthy con-
trols (116). In patients with advanced PCa, elevated pre-treatment
serum levels of NSE correlate with short survival (120). However,
in patients with advanced PCa, pre-treatment serum levels of NSE
do not correlate with those of CgA, which correlate with NED
and prognosis. Moreover, following palliative radiotherapy, serum
levels of NSE drop while serum levels of CgA and PSA increase.
This suggests that CgA- and NSE-secreting NE cells differ from
each other in terms of radiosensitivity (120). The authors rely on
this finding to suggest that NSE, rather than providing prognostic

information, might actually help monitor the response to palliative
radiotherapy (120).

Associations between NED and other tumor features also are
linked to prognosis. Quek’s group found that NED in the primary
tumor correlates with clinical recurrence (90). Others reported
that NED correlates with high Gleason score (88, 89, 114, 116,
121), tumor stage (89, 112, 114, 121), and the presence of metas-
tases (89). Pattern of NE cell growth also is important. Tumors
with high Gleason score (7 to 10) tend to show clusters of NE
cells, while most tumors with low Gleason score display solitary
NE cells, and presence of clusters appears to impart a poorer
prognosis (47). NED also correlates with serum PSA levels, but
conflicting evidence exists regarding the directness of the cor-
relations (114, 121). Similar observations, with less specific NE
markers, were made by Ishida’s group. In tumor samples from
patients who had not received preoperative therapy, the presence
of calcitonin correlated with high Gleason score, suggesting an
association with cancer aggressiveness or invasion (86). Further-
more, in PCa patients, serum levels of CgA and NSE correlated
with tumor stage, with a slightly higher resolution for CgA (116).

Not all the studies have found associations between NED and
clinical, biochemical, or pathological features of PCa. Various
authors failed to report any correlation between NED and prog-
nosis, failure after radical prostatectomy, clinical stage, Gleason
score, tumor stage, or lymph node metastasis (42, 88, 122). Oth-
ers reported no correlation between NED and proliferation index
or disease progression (42), or between NED and PSA levels or
PSA progression (89, 112). Among the most widely used NED
markers, NSE serum levels failed to correlate with Gleason score
(116). Some of these studies, however, did not properly explore
the correlations between NED and survival or between NED and
more specific subsets of patients (e.g., those receiving ADT or dis-
playing CR) (42, 122). This is precisely why these null results are
important. That is, if corroborated with the correlations described
before, they suggest that NED might rather predict a poor response
to ADT than a globally poor prognosis (42, 112). Indeed, in PCa
biopsies from patients with newly diagnosed PCa who subse-
quently received ADT, high CgA immunostaining correlated with
faster progression to CR and lower overall survival; moreover, in
these patients, CgA serum levels almost doubled after 2 years of
ADT (114). This increase in CgA serum levels during ADT might
reflect the development of increased tumor aggressiveness and CR
(114). Furthermore, although biopsy CgA immunostaining does
not correlate with shorter time to PSA progression in patients
not treated by ADT, it does correlate in those receiving ADT (112).
The correlation between NED and prognosis might therefore need
to be stratified further across patient subsets, most notably those
receiving ADT. In addition, a methodological systematization with
respect to selecting a more restrictive panel of NED markers to be
used [see, e.g., Ref. (12)] and specifying the methods for collecting
the NED markers thus is paramount.

The conclusions from these data are: (i) universal NED (SCCP)
correlates with poor response to therapy and particularly dim
prognosis. Moreover, universal NED includes a large family of
tumors that display similar histological, clinical, and prognostic
features irrespective of the organ site of origin. This suggests that
NED, or at least the extreme end of the NED spectrum, might
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actually be a rather unique and homogenous disease entity despite
its various organ starting points. An in-depth, all-organ-site his-
tological, genetic, phenotypical, and clinical comparative analysis
of focal NED is warranted; (ii) focal NED correlates with tumor
aggressiveness and poor prognosis, particularly in patients receiv-
ing ADT; (iii) CgA is the most reliable immunohistochemical NED
marker; (iv) core-needle biopsies provide an accurate snapshot of
NED. However, until larger studies are done, surgery remains the
gold standard for visualizing NED; (v) serum CgA is the most reli-
able serum NED marker; and (vi) large studies are needed to help
standardize the methodology for detecting and quantifying NED.

INTERLEUKIN-6 AND NEUROENDOCRINE DIFFERENTIATION
Interleukin (IL)-6 plays a key role in ADT-induced NED (63–70,
75). In PCa tissue, IL-6 is found in higher concentrations (albeit
more variable in terms of range) than in non-cancerous prostate
tissue (69). IL-6 is secreted by several PCa cell lines (PC3, DU145,
and TSU), as well as by normal prostatic epithelial cells. By con-
trast, LNCaP PCa cell line does not secrete IL-6 (66, 69). However,
IL-6 receptor is present in all the aforementioned PCa cell lines,
including LNCaP (66). Similarly to IL-6, concentrations of IL-
6 receptor are higher in PCa, but more heterogeneous in terms
of range, as compared to non-cancerous prostate tissue, and its
level of expression across PCa samples correlates with increased
proliferation (69).

Interleukin-6 induces NED in PCa cell lines, most notably
LNCaP, C4-2, and C4-2B (64, 66, 68, 75, 123). The LNCaP cell line
provides the model of choice for studying transition of PCa from
androgen sensitivity to CR. Because NED and CR in PCa go hand-
in-hand (see above), it is not surprising that IL-6 also induces CR.
Hobisch’s group was among the first to show that, in principle, IL-6
can activate the AR in an androgen-independent, dose-dependent
fashion. The IL-6-activated AR, in turn, activates its target genes
at 67% of the level reached in the androgen-activated AR scenario
(63). Interestingly enough, IL-6 and androgens have synergistic
effects when co-administered in low concentrations, but this addi-
tive pattern disappears as IL-6 concentration is increased. The syn-
ergistic AR activation by IL-6 and androgens is almost completely
inhibited by bicalutamide, an AR blocker (63). In LNCaP cells,
IL-6 also activates AR in an androgen-independent fashion (65),
increasing AR-regulated PSA gene expression and consequently
increasing PSA mRNA and secreted protein levels (63, 70). Co-
administration of IL-6 and androgen has a synergistic effect that
is blocked by bicalutamide (63, 70). In C4-2 and C4-2B cell lines,
IL-6 is a key mediator of bone marrow stroma-induced NED and
autophagy (75, 123). Because both NED and autophagy are highly
protective for PCa cells, IL-6 might facilitate bone metastasis.

Both NED and CR influence tumor growth. However, the effect
of IL-6 on tumor growth remains debatable. In LNCaP cells, sev-
eral groups showed that IL-6 induces growth (66, 69, 70) while
decreasing cell death and proportion of S-phase cells (69). By
contrast, others found that IL-6 inhibits LNCaP cell growth via
the IL-6 receptor subunit gp130 (64, 67) and decreases prolifer-
ation induced by androgens (63). IL-6 inhibits tumor growth by
blocking the cell cycle in the G1 phase (64). Cell cycle G1 arrest
is associated with an increase in p27Kip1 levels and a decrease in
CDK2, CDK4, and CDK6 levels (64).

SIGNALING PATHWAYS USED BY INTERLEUKIN-6 TO
INDUCE NEUROENDOCRINE DIFFERENTIATION
The signaling pathways that IL-6 relies on to induce NED and
related processes are only partially known and their operation
principles are yet to be revealed. It is known that the JAK/STAT3
system, which is a downstream effector of IL-6, is particularly
important. Ni and his group found that STAT3 (but not STAT1) is
constitutively active in human PCa cell lines (LNCaP, PC3, DU145,
TSU) as well as in various Dunning rat PCa sublines (124). Gao’s
group reported that, in LNCaP and PC3 cell lines, as well as in
PCa samples, STAT3 protein levels are increased twofold over nor-
mal prostate tissue (125). In both human and rat PCa cell lines,
STAT3 binding activity is correlated with tumor aggressiveness
(124). However, other authors report that PC3 cells do not express
STAT3 (67).

Giri’s group reported that IL-6 induces phosphorylation and
nuclear translocation of STAT3 in both prostatic normal epithe-
lial and LNCaP cells (69). Ueda’s group found that, in LNCaP
cells, IL-6 activates the whole JAK/STAT3 system with consequent
STAT3 phosphorylation at both sites of regulation (Tyr705 and
Ser727, respectively) (70). In LNCaP cells, IL-6-induced activation
of STAT3 triggers NED (66, 68). Furthermore, in PC3 cells, which
normally do not express STAT3 (67), overexpression of STAT3
leads to NED (67). Similarly, in C4-2 and C4-2B cells, IL-6 induces
NED via activation of STAT3 (75).

In LNCaP cells, JAK/STAT3 signaling also is required for IL-
6-induced, AR-mediated gene activation (65). Activated STAT3
associates with AR N-terminal domain (70) in an androgen-
independent, IL-6 dependent fashion (65). To this end, phos-
phorylation, dimerization, and DNA binding of STAT3 (but not
STAT1) are crucial. Any one of the AR N-terminal domain regions
234–390 and 391–588 (which STAT3 binds to) can drive the
process. By contrast, the 1–233 regions, which do not bind STAT3,
are not essential (70). Ueda’s group found that, although JAK plays
an important role in general, it is not essential in this specific
context (70).

The roles of JAK/STAT3 in NED- and CR-related processes,
most notably tumor growth, are still debated. In TSU cells, phos-
phorylation of STAT3 (via JAK) is required for tumor growth.
Thus, overexpression of phosphorylation- and activity-defective
STAT3F mutant reduces TSU growth in vitro, while decreasing
tumorigenicity of TSU cells injected in vivo (124). However, Spi-
otto and Chung reported that TSU line is refractory to STAT3
signaling (or at least to STAT3 signaling induced by IL-6) because
of decreased STAT3 tyrosine phosphorylation (67). In LNCaP
cells, STAT3 is not essential for cell growth, because wild type and
mutant STAT3F cells exhibit similar growth (67). In LNCaP cells,
rather than influencing default growth, STAT3 might modulate
responses to external signals. Thus, in LNCaP cells expressing wild
type STAT3, IL-6 inhibits growth, whereas in LNCaP cells express-
ing STAT3F mutant, IL-6 enhances growth (67). In PC3 cells,
transfected STAT3 inhibits growth (68), while STAT3 knockdown
inhibits growth {accompanied by a decrease in c-myc mRNA levels
[although see Ref. (67)]}, increases apoptosis (accompanied by a
decrease in Bcl-2 protein levels), and induces cell cycle G1 arrest
(accompanied by a decrease in cyclin D1 protein levels) (125). In
PC3 cells injected in vivo, STAT3 knockdown markedly decreases

www.frontiersin.org March 2015 | Volume 5 | Article 37 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Genitourinary_Oncology/archive


Grigore et al. Neuronal traits of prostate cancer

tumorigenic potential and induces intense tumor apoptosis (125).
Structurally, the Src homology 2 domain of STAT3 is key in medi-
ating all these effects (125). The DU145 cell line exhibits reduced
STAT3 DNA binding, which makes DU145 cells unresponsive to
STAT3-mediated IL-6 signaling (67).

It is likely, but yet to be confirmed, that IL-6 participates in
more than one signaling pathway to induce these effects. In C4-
2 and C4-2B cells, STAT3 activation is required for IL-6-induced
NED, but not for IL-6-induced autophagy, which suggests that IL-6
induces these two effects through distinct signaling pathways (75).
Besides JAK/STAT3, the other canonical signaling pathways in IL-6
signaling are MAPK and PI3K-Akt. In LNCaP cells, MAPK path-
way is required for IL-6-induced (but not for androgen-induced)
activation of AR N-terminal domain (70) and consequent expres-
sion of AR target genes (63). However, Chen’s group failed to
show any such effect in LNCaP cells (65). In IL-6-treated LNCaP
cells, the effects of MAPK pathway, if any, do not proceed via
JAK/STAT3 phosphorylation; however, some cross-talk is possi-
ble as IL-6 induces JAK to phosphorylate MAPK (70). In DU145
cells, MAPK pathway is necessary for IL-6-induced, but not for
androgen-induced, activation of AR and expression of the lat-
ter’s target genes (63). The PI3K pathway plays a minor role,
if any, in IL-6-induced activation of AR N-terminal domain in
LNCaP cells (70). Interestingly enough, cAMP and protein kinase
A (PKA), as well as protein kinase C, may be involved in IL-6 sig-
naling. In LNCaP cells, inhibition of PKA decreases IL-6-induced,
AR-mediated gene expression, while not influencing androgen
signaling via AR (63). In DU145 cells, PKA is required for AR
signaling induced by either IL-6 or androgens. In DU145, pro-
tein kinase C influences AR signaling induced by IL-6 (but not by
androgens) (63).

CORRELATIONS BETWEEN PROSTATE CANCER AND NEURAL
STRUCTURES
The significance of NED in PCa is emphasized by the finding
that PCa cells benefit from close contact with neural structures. A
remarkable attempt to systematize this emerging field was made
by Zänker and Entschladen (126). In tissue samples, PCa cells
involved in perineural invasion display increased proliferation and
decreased apoptosis as compared to PCa cells located away from
the nerves (127). Similarly, in an in vitro model, first described
in Ref. (128), DU145 cells involved in perineural invasion-like
actions exhibited increased proliferation and decreased apopto-
sis, accompanied by an upregulation of several genes and corre-
sponding proteins, three of which (NF-κB, PIM-2, and DAD-1)
play anti-apoptotic roles (127). Pharmacologic inhibition of NF-
κB reversed most of these effects, as it increases apoptosis and
down-regulates NF-κB, PIM-2, and DAD-1 proteins (127). Fur-
thermore, in tissue samples, NF-κB is expressed in higher levels
in PCa cells involved in perineural invasion than in correspond-
ing PCa cells remote from the nerves (127). Collectively, these
results suggest that NF-κB plays a key role in PCa cells prolif-
eration and survival driven by perineural invasion. Interestingly,
high NF-κB nuclear expression in PCa cells exhibiting perineural
invasion correlates with recurrence-free survival (127). In addi-
tion, PCa cells undergoing perineural invasion upregulate TGFβ1
secretion, which stimulates the perineurium of invaded nerves to

secrete caveolin-1. The latter, in turn, inhibits apoptosis in PCa
cells (129).

While at least some of the findings above might be the
accounted for by the neural stroma, lines of evidence implicate
neurons themselves. In mice, prostatic adrenergic sympathetic
nerve fibers contribute to the initial stages of PCa development
via stromal β2- and β3-adrenergic receptors, whereas choliner-
gic parasympathetic nerve fibers play a key role at later stages
of tumor invasion, migration, and metastasis through stromal
M1 muscarinic receptors (130). Interestingly, rather than being
skewed in favor of PCa cells, the benefits of perineural invasion
might be shared. It has been reported that patients with PCa
and preneoplastic lesions have increased global nerve density in
the prostate as compared to healthy individuals. Nerve density is
higher in tumor foci as compared to non-tumoral regions and
healthy prostates, respectively (131), and correlates with increased
proliferation of PCa cells and activation of cell survival path-
ways (including PTEN/Akt-1 and downstream effectors FKHR
and GSK, as well as NF-κB and downstream effectors PIM-2 and c-
Myc) (132). Furthermore, axonogenesis correlated with aggressive
disease and biochemical recurrence (131). In an in vitro scenario
DU145 cells involved in perineural invasion-like processes upreg-
ulated semaphorin 4F gene, which increased neurogenesis (131).
Thus, a symbiotic contract might occur between PCa cells and
adjacent neural structures (128). One interesting aspect is that
not only epithelial but also NE tumor cells can undergo per-
ineural invasion (13). Finally, the Ayala group in collaboration
with our group has evidence that PCa cells can adopt a true neural-
mimicking phenotype, demonstrated by identification of a subset
of “high in brain” expressed genes that also are high in PCa metas-
tases in patients with ADT, and which are proposed to be part
of a treatment-resistant phenotype (Farach et al., in preparation).
Although they need to be taken cum grano salis, these findings
beg the question of how a malignant tissue benefits from cre-
ating neural-like cells. Because the nervous system is the master
device that deals with stress, and ADT is itself a stressful situation,
a truly neural differentiation within PCa tissue would seem less
far-fetched. But are there any other lines of evidence to support
such claims?

The mutual interplay between PCa and neural structures, and
the potential advantage of a neural-mimicking PCa phenotype,
is supported by the consistent finding that patients with spinal
cord injury (SCI) have lower risk of developing PCa than those
without SCI (133–136). These findings are consistent with the
more general observation that patients with severe SCI have a
smaller prostate (133, 137). Several explanations for this phe-
nomenon have been proposed [reviewed in Ref. (135)], mostly
related to the disruption of prostatic regulatory neurohormonal
axes following the spinal lesion (133, 134). This would account
for the observation that risk for PCa is lower only for higher
level SCI (above vs. below T6 has been the only cutoff level
investigated so far) (135), as prostatic innervation involves lower
spinal segments (21). Furthermore, in patients undergoing radi-
cal prostatectomy for PCa, general anesthesia (GA) plus neuraxial
(spinal or epidural) anesthesia/analgesia (NAA) is associated with
lower risk of systemic progression, lower risk of biochemical
recurrence, and lower overall mortality as compared to GA plus
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postoperative opioid analgesia (138, 139). We suggest that this
would make sense particularly if one viewed NAA as a tempo-
rary, chemical SCI due to the sodium channel blocking action of
the agents used, which temporarily interrupts the neural path-
ways. Inhibition of tumoral voltage-gated sodium channels by
non-anesthetic agents inhibits migration, invasion, and metasta-
sis; it has thus been proposed that local anesthetics, due to their
main action as voltage-gated sodium channel blockers, might have
similar anticancer effects [reviewed in Ref. (140)]. Moreover, cells
derived from tumors with universal NED, such as SCLC, gen-
erate action potentials relying on inward sodium and outward
potassium currents (141, 142). Likewise, normal NE cells in the
lung are excitable, rely on voltage-activated potassium, calcium,
and sodium currents, and exhibit spontaneous firing modulated
by hypoxia [reviewed in Ref. (4)]. In the androgen-independent
PCa cell line PC3, growth is inhibited by voltage-gated sodium
channel blockers, and the potency of the growth-inhibitory effect
is roughly proportional to the potency of the sodium channel-
inhibitory effect (143), suggesting that the latter accounts for the
growth inhibition.

One important functional difference between NAA and a real
SCI is that the former, in dosages commonly used in the clinic,
preferentially targets the sensory nerve fibers while leaving the
less susceptible motor fibers relatively unblocked (144). However,
it is the sensory, and not the motor innervation of the prostate,
which is responsible for neural regulation and support of prostate
growth and development (21). It is thus tempting to construct
a unified hypothesis, in which the PCa/nerve symbiosis accounts
for the reduced risk for PCa in patients with damaged prosta-
tic innervation following SCI, which further explains the reduced
risk for PCa recurrence in PCa patients with temporarily dam-
aged prostatic innervation following NAA (Figure 6). Attempts
to target PCa with neurotropic agents that block the generation
or transmission of action potentials are thus legitimate. Botu-
linum toxin has been shown to inhibit the growth of LNCaP cells
in vitro and in vivo (145), and an ongoing clinical trial is investigat-
ing the effects of botulinum toxin on PCa (see NCT01520441 on
www.clinicaltrials.gov). Before pursuing this lead, however, one
should first determine if the observed effects of NAA might be
better accounted for by non-neurotropic factors.

It is widely assumed that most general (as opposed to neu-
raxial) anesthetics are immunosuppressive, mainly by decreasing
natural killer (NK) cell activity, and promote cancer metastasis
[Ref. (146); also reviewed in Ref. (140)]. NAA might help avoid
this immunosuppression by reducing the use of GA [reviewed in
Ref. (140)]. However, several studies found that patients receiving
both GA and NAA had better outcomes in terms of PCa biochem-
ical recurrence (138), local recurrence (147), systemic progression
(metastasis) (139, 147), and/or mortality (139), or in terms of col-
orectal cancer mortality (148) than patients receiving GA alone.
Because GA was given to both study arms, it follows that in all these
cases NAA did not help avoid the use of GA. If the only anticancer
effect of NAA was to help avoid GA, then no significant differ-
ences in terms of immunosuppression should have been present
between the arms. Still, significant differences in outcome were
present. Thus, it follows that NAA might act through additional
undiscovered mechanisms.

FIGURE 6 | Neuraxial anesthesia/analgesia as a “temporary spinal
cord injury.” (A) At the micro level, neurons (left) and prostate cancer cells
(right) engage in a symbiotic, mutually growth-supportive relationship
(green arrows). One NE cancer cell, displaying secretory granules, also is
depicted between the non-NE cells. (B) (Left) At the macro level, sensory
prostatic neurons (blue), but not motor prostatic neurons (magenta) support
growth of the prostate gland (green arrow). (Middle) At the macro level, SCI
(oblique black bar) disrupts prostatic innervation (dashed sensory and motor
prostatic neurons), which consequently impairs growth and reduces (red
saltire) the risk for developing PCa (light purple oval). (Right) During PCa
surgery, NAA also disrupts prostatic sensory innervation (dashed sensory
prostatic neurons) by pharmacologic blockade (oblique red bar-headed line),
which reduces risk (red saltire) for recurring PCa (dotted light purple oval
line). It is thus reasonable to infer that NAA induces a “temporary SCI” that
inhibits PCa similarly to SCI-induced sensory neuronal damage (see text for
details). N, neurons; PCa, prostate cancer; SC, spinal cord; P, prostate; SCI,
spinal cord injury; NAA, neuraxial anesthesia/analgesia.

Opioid agents, which are routinely used for surgical analge-
sia, are immunosuppressive [reviewed in Ref. (140)]. Another
proposed mechanism by which NAA decreases perioperative
immunosuppression is through reducing the need for systemic
opioids [reviewed in Ref. (140)]. Sprung’s group performed two
significant retrospective studies that showed that opioids can be
important confounders. In patients undergoing radical prostatec-
tomy for PCa, GA plus NAA lowered risk of systemic progression
and overall mortality as compared to GA plus postoperative opi-
oid analgesia (139). Interestingly, no significant differences were
found when NAA scheme included fentanyl (149), which is rapidly
absorbed into the systemic circulation due to its high liposol-
ubility [reviewed in Ref. (149)]. The beneficial effects of NAA,
including the decreased need for systemic opioids, might have
been neutralized by the immunosuppressive effects of fentanyl
escape into the bloodstream (149). The same should in princi-
ple apply to the other lipophilic opioids (e.g., sufentanil), which
might explain why studies in which the NAA patients received
intraneuraxial lipophilic opioids (150–153) found no significant
differences between the two anesthetic techniques (149). The other
studies reporting non-significant or equivocal differences did not
mention the pharmacologic agents used (147, 154–156).

It is expected that NAA works through both mechanisms
described above, i.e., helping avoid both GA and systemic opioids
[reviewed in Ref. (140)]. However, a careful inspection reveals
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that both mechanisms rely on the passive avoidance of an extrinsic
pharmacological effect of some other agent, rather than the active
promotion of an intrinsic pharmacological effect of their own. In
other words, NAA is devoid of antitumor effect per se, which has
actually been proposed (149). This being the case, adjusting for
the corresponding confounders, i.e., presence of GA in both arms
under study and intraneuraxial injection of lipophilic opioids in
patients receiving NAA, should render uniform results across var-
ious cancer types. However, the results indicate that this is not
the case. In patients undergoing surgery for non-metastatic rectal,
as opposed to colon cancer, GA plus NAA followed by postoper-
ative NAA were associated with reduced mortality as compared
to GA alone followed by postoperative opioid analgesia (148).
The fact that the NAA arm had better outcomes in rectal can-
cer patients is unexplainable, as no significant differences were
found between the two cancer type groups (rectal vs. colon) with
respect to the inclusion of opioids or the inclusion of lipophilic
opioids in the NAA regimen, and GA was used in both therapeutic
arms for both cancer type groups (148). Therefore, any confounder
determined by the rapid absorption of neuraxially administered
fentanyl or sufentanil into the systemic circulation, as well as any
confounder related to GA use in both arms, should have mani-
fested itself uniformly across the two cancer types. Besides that,
opioids do not have significant immunosuppressive effects in col-
orectal cancer. Patients with colorectal cancer display suppression
of NK cell activity, which has important prognostic significance
and is reversed following tumor resection [reviewed in Ref. (157)].
However, opioids given in analgesic concentrations do not induce
NK cell-mediated immunity in treated patients (158). In fact,
some opioids, including fentanyl, might increase NK cell activ-
ity [reviewed in Ref. (158)] or even have antitumor effects on
colon cancer in vivo [reviewed in Ref. (159)]. Given these find-
ings, we suggest that a plausible explanation for the observed
discrepancies between rectal and colon cancer patients would be
that NAA has a pharmacological antitumor effect per se. In other
words, this is not a merely passive antitumor effect due to avoiding
immunosuppressive factors, but rather an active antitumor effect,
either due to inhibiting immunosuppressive factors and/or to pro-
moting or inhibiting non-immunological factors. Such an intrinsic
pharmacologic action could explain why NAA yields better out-
comes in some, rather than all, cancer types, including prostate
(138, 139), breast (160), hepatocellular (161), rectal (148), ovarian
(162), and melanoma (163); also see Ref. (164) and the references
therein.

Obviously, this simple arithmetic cannot cover all the details.
It is difficult to speculate upon the nature of the active anti-
immunosuppressive effect of NAA, if any, mostly because it
has become increasingly clear that cancer-associated immune
response and immunosuppression are tumor type-specific and
correlate with disease staging, therapy, and prognosis [see Ref.(157,
165, 166) and the references therein]. In particular, this holds for
PCa (167). However, it has been suggested that NAA decreases
perioperative immunosuppression through blocking sympathetic
activation and decreasing plasma levels of catecholamines and
cortisol [reviewed in Ref. (140)]. These are genuine neurotropic
effects, which makes the neurotropic-based antitumor effect of
NAA plausible.

In the same vein, it remains to be seen if NAA has active non-
immunologic, neurotropic anti-PCa cell growth effects. A recent
meta-analysis found no significant differences between the effect
of NAA and GA, respectively, on postoperative function of NK T
lymphocytes (168). Since NK T lymphocytes are crucial for anti-
cancer immunity [reviewed in Ref. (168)], it might be that NAA
does not differ from GA in terms of immunosuppression. In this
case, the beneficial effects of NAA on cancer outcomes as com-
pared to GA might be better explained by active non-immunologic
effects of the former rather than by active immunologic effects.
Because the antitumor neurotropic effect, be it immunologic or
non-immunologic, seems the most plausible scenario, we argue
that it is legitimate to start by seeking non-immunologic effects of
NAA on PCa that are also neurotropic in nature, most notably a
disruption of the PCa/neural symbiosis.

CORRELATIONS BETWEEN PROSTATE CANCER AND NEURAL
FUNCTIONS
In addition to these associations between PCa and peripheral
neural structures, a growing body of evidence indicates an exist-
ing association between PCa and central neural functions. This,
too, might shed light upon the significance of processes such
as NED. Following almost a century of observations, systematic
nationwide studies conducted during the last three decades have
revealed an intriguing association between schizophrenia and a
reduced risk for cancer as compared to the general population
(169–175), although two other nations reported no difference or
even an increased risk (176, 177). The reduced risk is more perva-
sive in males (169, 170, 172, 174, 175), and the risk reduction most
consistently reported is for PCa [Ref.(169, 171–175); a similar, yet
not significant trend was also reported in Ref. (178)]. The mecha-
nisms responsible for these findings are incompletely understood,
but use of antipsychotic drugs,which are used in several psychiatric
disorders, including schizophrenia, correlates with reduced risk of
developing cancer (179, 180), most notably PCa (179). A protective
genetic trait cannot be ruled out, though, because some instances
of cancer risk reduction in schizophrenia had first been mentioned
in 1909 [reviewed in Ref. (177)], that is, some 45 years before the
discovery of antipsychotics (181). A meta-analysis reported large
sets of genes and pathways that are dysregulated in opposite direc-
tions between three CNS disorders (schizophrenia, Parkinson’s,
and Alzheimer’s disease) and three cancers (PCa, lung, and col-
orectal cancer), either by being upregulated in one or more of
the three CNS disorders and downregulated in one or more of
the three cancers, or vice versa (182). On the other hand, the up-
or downregulation of at least some of these genes and pathways
might be medication-related rather than owed to the disease itself.
This leaves open the possibility that some of the drugs used in
CNS disorders might downregulate certain oncogenes, or upreg-
ulate certain tumor suppressor genes, thus conferring anticancer
protection (182). Furthermore, parents with schizophrenic off-
spring have the same risk for developing cancer as parents with no
schizophrenic offspring [Ref. (183), although see Ref. (174, 176),
but in these studies the controls were general population rather
than parents with healthy offspring]. This suggests that it is a
non-shared, environmental, rather than a shared, inherited factor,
which accounts for most anticancer protection in schizophrenics,
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which further supports the antipsychotic medication hypothesis.
Among the antipsychotics currently used, phenothiazine com-
pounds are best documented to associate with decreased risk for
cancer, most notably PCa (179).

Experimental findings lend further support to these clinical
findings. In vitro, trifluoperazine, a phenothiazine antipsychotic
agent, decreases proliferation, induces depletion of cancer stem
cells (CSCs), and overcomes gefitinib resistance in non-small
cell lung cancer (NSCLC) cell lines (184). Similarly, thioridazine,
another phenothiazine antipsychotic agent, selectively induces dif-
ferentiation (i.e., loss of pluripotency) of human CSCs both in vitro
and in vivo (namely, acute myeloid leukemia stem cells) while
sparing normal stem cells, and allows for 100-fold dosage reduc-
tion of the antileukemic drug cytarabine when co-administered
with it (185). Moreover, the mechanism of action involves mainly
D2 dopamine receptors, which also account for the antipsychotic
effects of the agent (181, 186). Further extending the screen-
ing pool identified two additional phenothiazine agents (namely,
prochlorperazine and fluphenazine) as having similar effects on
CSCs in vitro. Although the pharmacologic effects of these addi-
tional two agents were weaker and less selective as compared
to thioridazine (185), the data collectively raise the interest-
ing possibility that the effect on CSCs might be a class effect
(187).

INTERLEUKIN-6 IS A COMMON DENOMINATOR IN THE
PATHOGENESIS OF NEUROENDOCRINE DIFFERENTIATION
AND SCHIZOPHRENIA
Apart from playing a central role in ADT-induced NED, IL-6 has
recently come to attention as a key player in the pathogenesis of
schizophrenia. The evidence for this is fourfold.

First, patients with schizophrenia (especially those previously
untreated or not receiving medication for prolonged periods of
time) have high plasma levels of IL-6 compared to healthy con-
trols (188–191), and the increased levels correlate with acute phase
(192). However, antipsychotic treatment decreases plasma levels
of IL-6 and soluble IL-6 receptor (188, 189). Plasma levels of IL-6
also are increased in elderly schizophrenics with long-term dis-
ease and persisting symptoms despite long-term therapy, which
could reflect resistance to therapy and thus explain the apparent
paradox (193).

Second, in middle-aged adults, plasma levels of IL-6 correlate
inversely with the volume of hippocampal gray matter (194). The
hippocampus is an important brain region linked to the anatomic
basis of schizophrenia [reviewed in Ref. (195)], and hippocampal
volume is decreased in schizophrenic patients (191).

Third, IL-6 gene polymorphism is associated with schizo-
phrenia [Ref. (190), although see Ref. (196)] and reduced hip-
pocampal volume occurs in antipsychotic-naïve schizophrenic
patients (191).

Fourth, IL-6 is a key player in established pathogenic models
of schizophrenia, including the “ketamine model” (197). Namely,
IL-6 acts as a key downstream effector of the NMDA recep-
tor antagonist ketamine that activates NADPH oxidase in the
brain, leading to increased superoxide production and consequent
dysfunction of parvalbumin-expressing inhibitory interneurons
(197). The dysfunction of these GABA-ergic interneurons, in turn,

has been linked to the pathogenesis of schizophrenia [reviewed in
Ref. (197)].

CONCLUDING REMARKS: SEEKING NEURAL
DIFFERENTIATION IN PROSTATE CANCER
It is commonly accepted that PCa NED is enrichment of a cell
subset that secretes various neuropeptides leading to CR of PCa
[see, e.g., Ref. (49)]. It is thus not surprising that PCa NED most
frequently appears following ADT and therefore acts as an“escape”
mechanism whereby advanced PCa can evade current therapeu-
tic strategies. A crucial molecular mediator is IL-6, which acts as
a signaling bridge linking ADT, via STAT3 and activation of AR
target genes in the absence of androgens, to the ensuing NED
and CR.

Prostate cancer also displays profound correlations with neural
structures: (i) at the sub-micro level, PCa cells express many genes
expressed in neurons and other CNS cells; (ii) at the micro level,
PCa and neurons engage in a symbiotic-like relationship; (iii) at
the macro level, SCI reduces risk for PCa [which further explains
(ii)]; (iv) at the macro level, NAA, but not GA, reduces risk for
PCa recurrence by acting as a “temporary SCI” through blocking
the action potentials of sensory neurons. The NED cancers also
exhibit action potentials [which further supports (ii) and (iii)].

Prostate cancer also is associated intimately with neural func-
tions: (iv) schizophrenia decreases risk of cancer, most notably
PCa; (v) antipsychotics explain this risk reduction; (vi) at the micro
level, antipsychotics exhibit strong anticancer activity, including
strong effects on CSCs; (vii) IL-6, the prima donna of ADT-
induced NED, is a key player in the pathogenesis of schizophrenia.
Its high levels encountered in these patients are decreased by
antipsychotics. If corroborated to (iv), (v), and (vi), this might
provide a further connecting lead to the effects of IL-6 in NED.

We propose that the lines of evidence (i)–(vii) make it reason-
able to think that there is a real neural trait in PCa, and most
notably in NED PCa, that should better be explored mechanisti-
cally. The phenomenon of cancer displaying neural differentiation
has been previously reported for melanoma [see Ref. (198, 199)
and the references therein]. Along the same chain of reason-
ing, brain metastases of both HER2 and triple-negative breast
cancer have recently been found to switch to a neuronal- and
glial-like GABA-ergic phenotype as compared to their primary
tumor counterparts (200). However, both melanocytes and mam-
mary epithelial cells have a completely different developmental
origin from normal and PCa NE cells [reviewed in Ref. (198, 199,
201)]. True neural differentiation of PCa, if properly explored,
would thus open a fascinating view onto the biology of malignant
tumors undergoing NED, neural differentiation, or a mixture of
the two.
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Abstract: Tumor budding is a histological phenomenon encountered in various cancers, whereby
individual malignant cells and/or small clusters of malignant cells are seen in the tumor stroma.
Postulated to be mirror epithelial-mesenchymal transition, tumor budding has been associated
with poor cancer outcomes. However, the vast heterogeneity in its exact definition, methodology
of assessment, and patient stratification need to be resolved before it can be routinely used as
a standardized prognostic feature. Here, we discuss the heterogeneity in defining and assessing tumor
budding, its clinical significance across multiple cancer types, and its prospective implementation
in clinical practice. Next, we review the emerging evidence about partial, rather than complete,
epithelial-mesenchymal phenotype at the tumor bud level, and its connection with tumor proliferation,
quiescence, and stemness. Finally, based on recent literature, indicating a co-expression of epithelial
and mesenchymal markers in many tumor buds, we posit tumor budding to be a manifestation of
this hybrid epithelial/mesenchymal phenotype displaying collective cell migration.

Keywords: tumor budding; epithelial-mesenchymal transition; EMT; cancer

1. Tumor Budding: Introducing the Concept

In histological jargon, “tumor budding” basically means the presence of clusters of undifferentiated
malignant cells in the tumor stroma, which are located mainly (but not exclusively) in close proximity
ahead of the invasive front of a tumor (reviewed in [1–3]). The phenomenon was first described in the
Japanese medical literature by Imai, in 1949 (reviewed in [4]), in relation to stomach cancer, followed by
other Japanese authors, in the 1950–1960s, who found correlations with prognosis in cancers of the tongue,
larynx, breast, stomach, colon, rectum, and cervix. Tumor budding was revisited after two decades in
the late 1980s in relation to colorectal cancer (CRC) patients (reviewed in [5], also see [6]).

A phenomenon compatible with the definition of tumor budding was independently described
in the mid-1980s by Gabbert and colleagues in experimentally-induced colon cancers in mice treated
with dimethylhydrazine-dihydrochloride. The invasive front of the lesions displayed a striking
disorganization at the tumor architecture level (i.e., loss of glandular aspect for differentiated
carcinomas and loss of trabecular aspect for undifferentiated carcinomas, respectively) along with
a dedifferentiation at the cellular level. These changes ultimately resulted in isolated tumor cells
showing a uniform phenotype, irrespective of the differentiation of the main tumor mass (i.e.,
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differentiated or undifferentiated carcinomas). The phenotype had features compatible with cell
mobility (loss of cell junctions and basement membrane, presence of cytoplasmic microfilaments
and pseudopodia, versatile cell shape), which is why the whole process at the invasive front was
suggested to help mobilize the cancer cells from the main tumor mass, followed by invasion of host
tissues through locomotion [7]. Similarly, in surgical samples from patients with colon cancer, poorly
differentiated malignant cells were found moving out ahead of the invasive front, either individually
or in clusters. Each of the clustered cells displayed one large cytoplasmic flap, similar to a leading
edge, while single cells displayed cytoplasmic projections similar to lamellipodia. All these features
are compatible with locomotion [8].

The definition raised some terminology-related critiques. It was suggested that the term
“budding”, if to be used correctly, would imply that the clusters of neoplastic cells remain connected
to the main tumor, which was not the case in the 2D histological sections studied [9]. However, this
critique was properly addressed by Carr and colleagues [8] through serial sections of colon cancer, and
then in more detail by Bronsert and colleagues [10] through 3D reconstructions from 2D serial sections
of various tumor types. These studies clearly showed that tumor budding is not a static snapshot, but
rather a dynamic process by which the tumor actually extends numerous fingerlike projections, each
containing numerous cells, which, at a later point, break apart from the main tumor mass as small cell
clusters. Such an extending bud, if seen in a 2D section, might give the false impression that a cell
cluster has already detached from the main tumor mass. In a nutshell, 2D sections show only small
cell clusters that appear to have lost connection with the main tumor mass, whereas serial sections and
3D reconstructions give the real picture of a cocktail of growing buds that remain contiguous with the
tumor and bud tips that have truly detached.

We next move on to describing how tumor budding is defined, identified, and quantified in
tumor tissue. Although budding is being studied in a growing variety of cancers, we hereby discuss
the general principles of assessment by using CRC as a model. We considered this suitable because
CRC was the first cancer type in which budding was addressed systematically, thus providing the
most abundant and consistent body of literature, which accounts for the standardization efforts in this
emerging subfield.

2. Tumor Budding in Colorectal Cancer: Concepts and Methodologies

Tumor budding is an additional prognostic factor for CRC according to the Union for International
Cancer Control (UICC) [11], and a potential prognostic factor in early CRC according to the European
Society for Medical Oncology consensus guidelines [12]. According to the latter, malignant polyps,
which display tumor budding, should undergo standard resection [12]. However, tumor budding
has not yet entered routine clinical assessment as there is no consensus regarding the exact definition,
the methodology of assessment, and the best way it can be used to stratify patients and assign
them to prognostic categories, followed by appropriate therapeutic decisions. Therefore, consensus
pathological criteria for defining, identifying, and quantifying tumor budding, are necessary, based on
which statistically robust clinical trials with multivariate analysis should be conducted to unequivocally
confirm its prognostic value [11].

Considerable heterogeneity exists in the methodology used for assessing tumor budding. The main
differences can be categorized as follows: (i) definition, including choice of cutoff values for cell number
within a bud-looking structure; (ii) identification of bud-looking structures, namely staining method:
hematoxylin and eosin (H&E) staining vs. pan-cytokeratin immunostaining; (iii) final identification of
buds following exclusion of bud-looking structures that are not true buds; (iv) region(s) of interest:
assessment across the whole tumor (i.e., all blocks or slides) or in the region displaying maximal
budding; (v) magnification (chosen by the observer) and field-of-view size (which can vary according
to the particular instrument used); (vi) quantification of tumor budding intensity: subjective patterns
(descriptive) vs. semiquantitative (relative size, i.e., ratio between the width of tumor budding region
and width of invasive front) vs. quantitative (bud counts); (vii) choice of prognostic cutoff values; and
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(viii) applicability of each method to the stage of the primary lesion. A great number of combinations
and adaptations of these methodological ingredients can be found in the literature (excellently reviewed
in [2,3,13]).

Starting from the general definition above, various ways can be used to categorize a histological
structure as a tumor bud. One of the first studies published in Western literature by Morodomi
and colleagues defined buds as isolated undifferentiated malignant cells or clusters of ě5 malignant
cells showing a microtubular structure [6], and some authors followed this definition ([14,15]; see
review by Koelzer and colleagues [3] for more references). Ueno and colleagues defined buds as
isolated malignant cells or foci of ď4 clustered malignant cells in the stroma at the invasive front of
the tumor [16]. While arbitrarily chosen, this cutoff value for defining a structure as a bud has been
widely used in the literature since the original publication [13,17–28]. Some authors slightly drifted
away from this and increased the cutoff value by one cell, thus defining buds as isolated malignant
cells or foci of ď5 clustered malignant cells [29–31]. Recent accounts tend to favor this latter cutoff
definition value [3].

Following the chosen definition, tumor buds are sought for in the tissue sample. However, there
are certain situations when it is particularly difficult to decide, in routine H&E staining, whether
a bud-looking structure is actually a bud. These situations include: (i) abundant inflammatory
infiltrate at the invasive front, which makes it hard to distinguish between real buds and activated
lymphocytes and histiocytes; (ii) abundant stromal reaction at the invasive front, which makes it
hard to distinguish between real buds and stromal cells; (iii) fragmentation of tumor glands induced
by abundant inflammatory infiltrate, which gives them a bud-looking appearance (in fact tumor
budding is inversely correlated with the intensity of inflammation [32]); (iv) retraction artifacts around
fragmented tumor glands, which gives them a bud-looking appearance; and (v) fragments of tumor
tissue surrounded by an abundant mucinous extracellular matrix, which gives them a bud-looking
appearance. For (i) and (ii), where H&E staining cannot easily distinguish between real buds and other
structures, a cytokeratin immunostaining should be used. For (iii)–(v), where tissue fragmentation
gives the false impression of budding, the fragments should be excluded from scoring [33].

Five of the most cited methods in the literature are the following: (i) Hase et al., 1993 [5] (assessment
by subjective perception; region of interest spanning entire tumor; classification as none/mild
vs. moderate/severe); (ii) Ueno et al., 2002 [16] (assessment by bud counting; region of interest
spanning microscope field displaying maximal budding; magnification 250ˆ; field area = 0.385 mm2;
classification as low grade (<10 buds) vs. high-grade (ě10 buds)); (iii) Ueno et al., 2004 (assessment by
bud counting; region of interest spanning one microscope high-power field (1 HPF) displaying maximal
budding; magnification 250ˆ, field area = 0.785 mm2; classification as negative (<5 buds) vs. positive
(ě5 buds)); (iv) Nakamura et al., 2005 (assessment by semiquantitative score, i.e., percentage involved
by tumor budding; region of interest spanning entire advancing margin; classification as low grade
(none/mild, width of budding region <1/3 of the width of advancing margin) vs. high-grade (moderate,
width of budding region = 1/3–2/3 of the width of advancing margin; marked, width of budding
region >2/3 of the width of advancing margin); (v) conventional Wang [22] (assessment by bud
counting; region of interest spanning 5 HPF displaying maximal budding (detected by a preliminary
scanning at 40ˆ) or 5 randomly selected HPF (if buds could not be observed by preliminary scanning
at 40ˆ); magnification 200ˆ; field area = 0.94985 mm2; classification as high if median score ě 1
vs. low if median score = 0); and (vi) rapid Wang [22] (same algorithm for defining and identifying
budding, same microscope field features; quantification done in two steps: first, binary categorization
of each HPF (classified as positive if ě1 buds vs. negative if 0 buds); next, binary categorization of the
whole case (classified as high if ě50% of all HPFs examined are positive vs. low if <50% are positive))
(reviewed in [2,13,34]).

The reproducibility of tumor budding assessment varies across different studies. Most authors
have evaluated reproducibility using Cohen’s κ coefficient (no agreement, κ < 0; slight, κ = 0–0.20;
fair, κ = 0.21–0.40; moderate, κ = 0.41–0.60; substantial, κ = 0.61–0.80; almost perfect, κ = 0.81–1).
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Intra-observer agreement ranges from substantial [20] to almost perfect [16,29], while inter-observer
agreement ranges from fair [13,34] to moderate [22,24,34] to substantial [25–28,35,36] to almost
perfect [14]. It is not clear whether pan-cytokeratin immunostaining or H&E staining yields
better reproducibility, as the two large comparative studies published to date reported conflicting
results ([13,31]; also reviewed in [2]). Assessment of tumor budding by general pathologists with no
special interest in this phenomenon, as opposed to experienced gastrointestinal pathologists, does not
appear to alter reproducibility [28], which might prove useful for wide implementation of the method.
Moreover, inter-observer reproducibility appears to improve with training [22,35].

A study performed on pT1-pT4 CRC samples attempted to compare one categorical and four
quantitative methods, both under H&E staining and pan-cytokeratin immunostaining: (i) Hase et al.,
1993, categorical [5]; (ii) Nakamura et al., 2005, categorical (reviewed in [2,13,34]); (iii) Ueno et al., 2002,
quantitative [16]; (iv) Ueno et al., 2004, quantitative (reviewed in [2,13,34]); (v) conventional Wang,
quantitative [22], adapted [13]; (vi) rapid Wang, quantitative [22], adapted [13]. The quantitative
methods proposed by Ueno et al., 2002 [16], and Wang et al., 2009 [22], proved to be the most effective
in both the H&E staining and pan-cytokeratin immunostaining settings, while the subjective method
proposed by Hase et al., 1993 [5] was the least effective. The inter-observer reproducibility was fair for
all methods under both H&E staining and pan-cytokeratin immunostaining [13].

A more recent comparative study, conducted on stage II (pT3-4N0) CRC, asessed two categorical
and five quantitative methods under pan-cytokeratin immunostaining (CK22, which recognizes a cocktail
of cytokeratins ranging from 40–68 kDa): (i) Hase et al., 1993, categorical [5]; (ii) Nakamura et al.,
2005, categorical (reviewed in [2,13,34]); (iii) Ueno et al., 2004, quantitative (reviewed in [2,13,34]);
(iv) conventional Wang et al., 2009, quantitative [22], adapted (quantification by counting all the buds,
without averaging; classification as low (ď9 buds) vs. high (>9 buds) as this cutoff value best stratified
patients with respect to survival); (v) rapid Wang et al., 2009 [22], quantitative, adapted (HPF classified
as negative (ď9 buds) vs. positive (>9 buds); classification as high (ě50% of the HPFs analyzed per
patient are positive) vs. low (<50% of the HPFs analyzed per patient are positive)); (vi) 1 HPF method,
proposed by the authors of the study, quantitative (assessment by bud counting; region of interest
spanning microscope field displaying maximal budding, followed by selection of 1 HPF as seen at
400ˆ, field area = 0.49 mm2); and (vii) 10 HPF method, proposed by the authors of the study [36],
quantitative (assessment by bud counting; region of interest spanning microscope field displaying
maximal budding, followed by selection of 10 HPF as seen at 200ˆ, field area = 0.49 mm2; quantification
by counting all the buds, without averaging). All methods, except for (iv) conventional Wang, adapted
and (v) rapid Wang, adapted, found correlations between budding and infiltrating growth pattern.
No method found any correlation between budding and gender, tumor location, histopathological
type, grade, venous invasion, or lymphatic invasion. Interestingly, the 1 HPF and 10 HPF methods
were the only ones to reveal an independent correlation between budding and cancer-specific survival
(CSS) time and also showed comparably high discriminatory power across the entire follow-up period,
with the 10 HPF having a slight edge for 5 and 10 years postoperatively. The 1 HPF and 10 HPF
methods showed excellent inter-observer reproducibility (intraclass correlation coefficient (ICC) = 0.83
and 0.91, respectively). The inter-observer reproducibility was moderate to substantial for conventional
Wang, adapted (Cohen's κ= 0.46–0.62), moderate for rapid Wang, adapted (κ = 0.46–0.58), moderate
for Nakamura et al., 2005 (κ = 0.41–0.52), fair to moderate for Ueno et al., 2004 (κ = 0.39–0.56) and fair
to moderate for Hase et al., 1993 (κ = 0.29–0.51) [34]. While the 10 HPF and 1 HPF methods appear to
be the only ones revealing the prognostic significance of budding, the authors recommend using the
10 HPF over the 1 HPF method, as it provides superior inter-observer reproducibility due to increased
sampling of the region of interest, which increases statistical significance and, therefore, consistency
of the findings [34]. However, the best cutoff value for stratifying patients under these two methods
remains an open question (also see below).

A recent review encompassing studies done using H&E staining, studies done using
pan-cytokeratin immunostaining, and studies comparing the two methods, respectively (all these
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studies having assessed budding in either CRC, colon cancer, or rectal cancer (RC)), concluded that
quantitative methods using pan-cytokeratin immunostaining improved detection as compared to
quantitative methods based on H&E staining. However, the prognostic value and the inter-observer
reproducibility remained the same, irrespective of the staining method used [2]. This conclusion
should, nevertheless, be interpreted with caution for two reasons. First, it was not derived from
a meta-analysis, so there is no quantification of the statistical significance of any of the claims from
the reviewed studies. As the authors themselves acknowledge, a meta-analysis would have been
impossible anyway because of the great methodological heterogeneity across the tumor budding
literature [2]. Therefore, the review could only look for very general claims, such as the independent
correlation between budding and survival. Second, even though pan-cytokeratin immunostaining does
not appear to have more prognostic value than the H&E staining, this should probably be rephrased.
Namely, it might be, rather, that tumor budding is such a strong prognostic factor that the statistical
correlation remains even when budding is underestimated under less accurate detection methods.
The very fact that it consistently turned out to be prognostic, despite the methodological heterogeneity
used, strongly supports this idea. The ultimate purpose would be to use budding score as a tool for
selecting a subset of patients with a poorer prognosis than is indicated by the other histopathological
parameters, and to reassign them to the proper therapeutic regimen. While not as important for
establishing the prognostic significance of budding in a patient set, the slight edge that pan-cytokeratin
immunostaining has over H&E staining might, thus, become paramount for assigning particular
patients to appropriate prognostic and therapeutic categories.

A question as yet incompletely addressed is how frequent tumor budding really is among CRC
patients. By comparing the results of various studies, some authors have even tried to extract a rough
prevalence, as seen either by H&E staining or pan-cytokeratin immunostaining [2]. However, the
heterogeneity of the studies under review, not only in terms of methodology used, but also in terms of
patient characteristics, renders these attempts unable to yield a true quantitative picture. Rather, those
percentages should be interpreted as a general warning that tumor budding is frequently encountered.
However, in the same vein, it can be seen that, for the subset of stage I CRC patients (reviewed in [3]),
the methodology of Ueno et al., 2004 (see [2,3,13,34] and the references therein) appears to yield fairly
consistent percentages among different studies. While the heterogeneity of the studies make it hard
to observe similar trends for the other methodologies, this indirectly gives further validation to the
1 HPF method [34], which is an improved version of the Ueno et al., 2004 method, with increased
inter-observer reproducibility. This, in turn, gives further credit to the 10 HPF method [34], which, as
shown above, appears to perform even better than the 1 HPF method.

Last, but not least, there is still a great deal of debate around choosing the cutoff value for
stratifying patients, i.e., the intensity of tumor budding, which best separates them into prognostic
categories, followed by appropriate therapeutic decisions. Many reports tended to favor the
cutoff = 10 buds [16,19,20,25,32,36], with some reports having relied on either the Kaplan-Meier plots
themselves [20] or receiver operating characteristic curves with survival as the endpoint, which were
constructed based on a subset of the patients and run for calibration [36]. Other studies, however, chose
this value arbitrarily or based on previous publications [16,19,25]. Another two studies, one relying on
Kaplan-Meier plots [18] and the other one running a receiver operating characteristic curve for one
budding assessment methodology under study [34], found the close cutoff value = 9 buds. Some recent
publications suggested using budding score as a continuous variable rather than introducing cutoff
values ([31,34]; also reviewed in [3]).

We next discuss the impact of budding on CRC outcome and the utility of its addition to the
standard pathological diagnostic practice in CRC patients.

3. Tumor Budding in Colorectal Cancer: Clinical Significance

In the absence of a consensus methodology, it is difficult to discuss the real prognostic significance
of tumor budding. Several attempts have been made to review the various studies published to date
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(see, for example, the excellent reviews by De Smedt and colleagues, van Wyk and colleagues, and
Koelzer and colleagues [1–3]). The numerous studies have, not only used highly diverse methodologies
for defining and assessing the phenomenon, but they have also relied on equally diverse patient
inclusion criteria. The various patient populations studied range from one single stage (or even
sub-stage), or type, of CRC, to all stages and types combined.

3.1. Tumor Budding Association with Recurrence and Survival

In CRC, high budding correlated with overall recurrence [18,19,21,37], both locoregional [38] and
distant [29,38]. Among distant recurrence sites, the most frequently involved were the peritoneal
cavity [37–39] and liver [38,39]. Consequently, high budding also correlated with lower 5-year
disease-free survival (DFS) ([17,18,21,25], although see [40]). In metastatic CRC patients treated
with cetuximab or panitumumab, high budding correlated with lower progression-free survival ([24]).
In CRC, high budding correlated with lower 5-year overall survival (OS) ([5,17–19,37,39], although
see [15]), 10-year OS [5,39], 5-year CSS [22,25,28,36,38,39], and 10-year CSS [32]. The correlation with
lower OS is maintained even for metastatic CRC [41].

Particular attention has been paid to stage II CRC [22,25,36,38,39,42] (extensively reviewed
in [1–3]), due to the uncertainty regarding proper risk stratification of these patients (for a thorough
discussion see, for example, [43]). A recently conducted meta-analysis reported that in stage II CRC
patients, particularly among pT3N0M0 cases, high budding correlated with increased risk of death at
five years. Interestingly, the hazard-ratio for death did not differ across pathological methodologies
for tumor budding assessment (as proposed in [16] vs. [5] vs. other authors) or tumor site (colon
vs. colorectal) [42]. However, a potential (and probably unavoidable) flaw of this conclusion is that
the cutoff value for ‘high-grade budding’ varied among the studies included in the meta-analysis.
Budding appears to be an important additional prognostic factor that can correctly identify patients
who are candidates for adjuvant therapy (reviewed in [3]).

In colon cancer, high budding correlated with lower 5-year recurrence-free survival (RFS), 5-year
OS [5] (although see [23]), 10-year OS [5], and 5-year CSS [27]. In RC, high budding correlated with
recurrence, both local and distant (most notably liver metastases) [14] and consequently, with lower
5-year DFS [20]. High budding also correlated with lower 5-year OS [5,16,37] and 10-year OS [5].

3.2. Tumor Budding Association with Other Factors Traditionally Linked to Poor Prognosis

Apart from recurrence and survival, tumor budding also correlates with various prognostic
features (reviewed in [1,3]). In CRC patients, high budding correlated with higher overall stage [28,36],
higher T stage [18,21,32,36] (but see [26]), higher N stage [17,18], higher Dukes stage [5,18], tumor
dedifferentiation [5], infiltrating growth pattern [22,26,36], lymphatic invasion [5,17,18,21,26], venous
invasion [5,17–19,21,26,28,38], lymphovascular invasion [22,25,36], perineural invasion [5,17], nodal
metastasis [15,19,21,32,36,37,40], and distant metastasis [37] (but see [26]). Budding intensity did
not correlate with tumor grade [17,26,28] (although see [36,40]). In metastatic CRC, high budding
predicted non-response to anti-epidermal growth factor receptor (EGFR) agents [24].

Several studies assessed tumor budding separately in each of the two anatomic categories of
CRC (i.e., colon cancer and RC). In colon cancer patients, high budding correlated with high tumor
grade [23], infiltrating growth pattern [27], venous invasion [23], lymphovascular invasion [27], and
infiltration of a free serosal surface [23]. In RC patients, high budding correlated with higher tumor
grade [16], extramural spread [16], lymphatic invasion [6,14], venous invasion [6], extramural venous
invasion (i.e., to vessels outside the muscularis propria) [16], nodal metastasis [6,14,16], and lymphocyte
infiltrate [16]. Apart from the association with high tumor grade, the results are consistent with, and
bring further support to, the findings in CRC.
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4. Tumor Budding in Colorectal Cancer: Implementation in Clinical Practice

It has been suggested that tumor budding assessment might help identify patients at risk for worse
outcome in the following contexts: (i) patients with pT1 lesions or malignant polyps endoscopically
resected with increased risk for nodal metastasis; (ii) patients with stage II disease who might
benefit from adjuvant therapy; and (iii) patients with RC undergoing biopsy who might benefit
from neoadjuvant therapy (reviewed in [31]).

Although both staining methods are equally reproducible (see above), pan-cytokeratin
immunostaining should probably be used instead of H&E staining whenever feasible [31] (also see
above). Comparisons of the two staining methods revealed that H&E staining tended to underestimate
tumor budding [13,21,29,31,44], while pan-cytokeratin immunostaining frequently helped visualize
numerous buds intermingled with stromal fibroblasts [29], yielding three- to four-fold higher tumor
bud counts than H&E staining [31]. Moreover, one recent study reported that, among relatively
inexperienced pathologists (<5 years of practice), pan-cytokeratin immunostaining markedly increased
inter-observer reproducibility as compared to H&E staining. The increase was weaker among the
average-experienced pathologists (5–10 years of practice) and weakest among the most experienced
pathologists (>10 years of practice). This, however, suggests that pan-cytokeratin immunostaining
might be helpful for inexperienced pathologists [44]. Differently put, pan-cytokeratin immunostaining
should probably be used instead of H&E staining because budding assessment, if implemented into
clinical practice, will be performed by pathologists with various levels of experience (see also [28] for
another discussion regarding budding assessment in relation to experience).

An impartial selection from among the numerous identification and quantification methods
should be attempted. Quantification across 10 HPF should probably be used for optimal viewing of
surgical samples, while the more restrictive 1 HPF method might be reserved for small samples, such
as biopsies or pT1 stage tumors [31]. While these two methods performed very well in a seemingly
well-conducted study [34], it should be noted, however, that the other older, established methods
used in the study did not yield any prognostic correlation. Since these latter methods also served as
“controls”, against which the novel 10 HPF and 1 HPF methods could be validated, the fact that they
did not see any correlation with outcome (contrary to previous publications, see [2,3,13,34] and the
references therein) is somewhat surprising. It might, therefore, be necessary to test the 10 HPF and
1 HPF protocols against other patient sets to confirm their power.

A tentative unifying algorithm for tumor budding assessment has been proposed: (i) tissue
block selection: seek for block displaying highest budding or infiltrative growth pattern (frequently
associated with budding, can be used as surrogate selection criterion); (ii) budding definition: clusters
ofď5 cells in the peritumoral stroma, with clearly visible nuclei; (iii) budding identification: cytokeratin
immunostaining, exclude cytoplasmic pseudofragments, fragmented glands, mucinous pools, and
necrosis; and (iv) budding quantification: for surgical samples, use 10 HPF method (scan at low power,
40ˆ–100ˆ for ten areas displaying maximal budding; count at high power, 400ˆ, 0.49 mm2; either use
cutoff value, e.g., ě10 per HPF (as proposed in [36]) or total bud count across the 10 HPF, which can
be plotted against continuous hazard ratio-to-bud count graphs, as previously described [31,34]; for
biopsy samples and malignant polyps (scarce material for pathologic assessment), use 1 HPF method
(same magnification and field area as for the 10 HPF method) (see [3] and the references therein).

5. Tumor Budding in Other Cancer Types

The consistency among the published reports noting the prognostic significance of tumor budding
in CRC has stimulated research to determine if this is possible in other cancer types. Most of these
analyses were undertaken during the last decade. Among the most comprehensively studied cancer
sites are the esophagus [45–52], pancreas [53–56], head and neck [57–59], lung [60–62], and breast [63,64].
These emerging sub-fields relied largely on concepts and methodologies already developed in colorectal
cancer studies, sometimes with minor adaptations, such as the definition of tumor buds proposed
by Ueno and colleagues [16], which has apparently become the accepted norm [45–51,54,56–58,60–68].
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Consequently, the heterogeneity of tumor budding research, at least in terms of methodology, is
decreasing, which brings the field one step closer to being introduced in clinical guidelines.

Esophageal cancer. Most studies have examined tumor budding in squamous cell carcinoma of
the esophagus (reviewed in [69]), where high budding correlated with larger tumor size [45,46,49],
higher T stage [45,46,49,51], higher overall stage [45,46,51], infiltrative invasion pattern [50],
deeper invasion [50], lymphatic invasion [46,49–51], vascular invasion [46,49,50], lymphovascular
invasion [45], perineural invasion [45], nodal metastasis [46,49,50], intramural metastases [46], and
incomplete excision of the tumor [45]. High budding correlated with lower 5-year DFS [49], lower
3-year OS [45,46,50] and 5-year OS [46,47,49,51]. In a recent meta-analysis, tumor budding correlated
with lower OS [59]. In metastatic squamous cell carcinoma, high tumor budding was correlated
with an observed non-response to neoadjuvant chemotherapy [47]. The significance of budding
in adenocarcinoma of the esophagus (reviewed in [69]) is less clear. Budding correlated with
non-intestinal phenotypes (Lauren classification) and non-tubular or non-papillary phenotypes (WHO
classification), higher tumor grade, higher pT stage, lymphatic invasion, venous invasion, perineural
invasion [70], nodal metastasis [70,71], and recurrence [71], and high budding correlated with an
almost 20-fold increase in risk for recurrence [71]. However, neither peri-tumoral nor intra-tumoral
budding correlated independently with OS [70]. Despite this weaker prognostic correlation for
adenocarcinoma, one study, which included both patients with squamous cell carcinoma and patients
with adenocarcinoma, found that high budding correlated with higher grade, higher T stage, higher
overall stage, nodal metastasis, lower inflammatory response, incomplete excision of the tumor, and
lower OS [48].

Stomach cancer. Higher budding correlated with lower 3-year OS and 5-year OS. The correlation
remained significant for the patient subset with intestinal type tumors [72].

Ampullary cancer. High budding correlated with non-intestinal histology, which is more aggressive,
infiltrating growth pattern, higher tumor grade, higher T stage, lymphatic invasion, perineural invasion,
and nodal metastasis [73]. High budding also correlated with lower 3-year OS and 5-year OS [73].

Gallbladder cancer. Budding correlated with higher tumor grade at the invasive front, higher T
stage, and nodal metastasis [65].

Pancreatic ductal adenocarcinoma (PDAC). For unknown reasons, studies have used very different
ways to interpret tumor budding, ranging from solitary cell infiltration [53], to the average between peri-
and intra-tumoral bud counts [54], to the maximal bud count among peri- and intra-tumoral budding,
combined [55,56]. High budding correlated with higher tumor grade [53,55], pT stage [56], lymphatic
invasion [53,56], lymphovascular invasion [55], perineural invasion [55], and nodal metastasis [53]
(marginal correlation in [55]). High budding also correlated with lower DFS [56], OS [53,54,56], and
CSS [55].

Head and neck cancer. Tumor budding is a strong predictor of poor prognosis in head and neck
cancer (reviewed in [59]). In oral squamous cell carcinoma, high budding correlated with lower
DFS [67]. In tongue squamous cell carcinoma, high budding correlated with higher tumor size,
tumor grade, overall clinical stage, and nodal metastasis [58]. High budding also correlated with
lower 5-year OS [58] and lower CSS (reviewed in [59]). In nasopharyngeal carcinoma, high budding
correlated with higher T stage, higher overall clinical stage, lymphatic invasion, vascular invasion, and
nodal metastases. Furthermore, high budding correlated with lower OS ([74]; also reviewed in [59]).
In laryngeal carcinoma, high budding correlated with lower metastatic DFS [57]. In squamous cell
carcinoma of the external auditory canal, high budding correlated with lower CSS [68].

Lung cancer. In lung adenocarcinoma, budding correlated with higher overall pathologic stage [60],
infiltrating growth pattern [61], schirrhous (i.e., rich in dense connective tissue) stromal type [61],
lymphatic invasion [60,61], vascular invasion [60], pleural invasion [60], and nodal metastases [60,61].
Budding correlated with lower OS [61], including lower 5-year OS [60]. In lung squamous cell
carcinoma, budding correlated with tumor size, higher overall pathologic stage, lymphatic invasion,
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venous invasion, pleural invasion, and nodal metastases [62]. Budding also correlated with lower
5-year OS and 5-year CSS [62].

Invasive ductal breast cancer. In invasive ductal breast cancer, high budding correlated with larger
tumor size [63], lymphatic invasion [75], lymphovascular invasion [63] and nodal metastasis [75] (also
see [63]). High budding also correlated with lower 5-year OS [63] and shorter CSS [64]. The correlation
with lower 5-year OS remained significant for the patient subsets with good prognosis (i.e., small tumor
size, no lymphovascular invasion, and no lymph node metastases, respectively) [63]. Similarly, the
correlation with lower CSS remained significant for the patient subset without nodal metastases [64].

Endometrial cancer. In endometrial cancer, high budding correlated with advanced overall stage
(III + IV) and deep invasion of the myometrium (ě50%) [66]. High budding also correlated with lower
5-year OS [66].

Normal-appearing epithelium adjacent to primary carcinomatous lesions. Although insufficiently
studied, it has been reported that epithelia in the vicinity of CRC primary tumors also display budding.
Such detached cell clusters have been observed to infiltrate neighboring lymphatics, which made some
suggest that CRC metastasis might also occur from a tumor cell niche located in the surrounding,
seemingly normal epithelium [76]. Similar findings have been reported (albeit by the same group) in
breast and prostate cancer (reviewed in [76]). However, according to the definitions published to date,
tumor budding refers to the presence of malignant (as opposed to normally looking epithelial) cells in
the tumor stroma. Therefore, these observations should be interpreted with caution, not only due to
their absolute novelty and replication by one single group of authors, but also in terms of definition,
which does not fit into the malignant cell-centered definition of tumor budding.

It should, however, not be forgotten that the only cancer type where budding is already recognized
by the UICC and authoritative guidelines as a prognostic factor is the CRC. In addition, CRC is
the type of cancer where the methodologies for assessing tumor budding have been reviewed the
most. Thus, for CRC, the distance towards reaching a consensus and implementing tumor budding
assessment into clinical practice is the shortest. While the studies conducted in other cancer types
do indeed depict a similar trend in terms of prognostic significance, the relative methodological
heterogeneity applied to a comparatively lower number of patients analyzed per cancer type make it
more difficult to assess the real importance of tumor budding in these patients.

6. Intra-Tumoral Budding

Although tumor budding most often has been described as occurring at the invasive front of
the tumor, this is rather an approximation. Some authors noticed that similar structures are also
present (albeit less frequently) in other areas of the malignant tissue, and decided to count them
as true buds (see, for example, [6,22] for CRC, [54–56] for pancreatic cancer, and [75] for breast
cancer). Several questions might arise. First, does intra-tumoral budding have prognostic significance?
Second, is that significance similar to peri-tumoral budding? Third, when might intra-tumoral budding
be preferable for use as a histologic marker instead of peri-tumoral budding?

Intra-tumoral budding essentially means the presence of buds within the main tumor mass.
Several authors have studied this phenomenon separately [26,30,32,75,77], most notably in CRC.
Intra-tumoral budding has generally been defined using the same criteria as for peri-tumoral budding
(see above). The cutoff value chosen for defining intra-tumoral budding has been either <5 cells, as in
the earlier criteria proposed by Ueno and colleagues (see above) [26] or as clusters ofď5 cells, according
to the criteria proposed more recently by Karamitopoulou and colleagues (see above) [30,75,77].
As for assessment, the various authors used either (i) the semiquantitative method of Nakamura (see
above) [26]; (ii) the quantitative 1 HPF method of Karamitopoulou (see above), either unchanged [30]
or adapted with cutoff value for stratification = 6 buds [77]; or (iii) the quantitative 10 HPF method of
Karamitopoulou (see above), adapted with cutoff value for stratification = 10 buds [75]. In CRC, high
intra-tumoral budding correlated with higher tumor grade, higher T stage, lymphatic invasion, vascular
invasion, and nodal metastasis. Moreover, intra-tumoral budding was independently associated with
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a shorter survival time [77]. This is roughly similar to the prognostic significance of peri-tumoral
budding; in fact, in the surgical samples analyzed, intra-tumoral budding correlated with peritumoral
budding [77]. In breast cancer, intra-tumoral budding yielded conflicting statistical results between
observers [75].

Intra-tumoral budding might become a particularly attractive histopathologic marker in
preoperative biopsies, which usually cannot properly assess the tumor invasive margin [26] and,
consequently, peri-tumoral budding. In fact, in CRC patients, high intra-tumoral budding in biopsy
samples correlated with high peri-tumoral budding in surgical samples from the same patients [26].
In biopsy samples, high intra-tumoral budding correlated with higher tumor grade [26], advanced
pT stage [30] (although see [26]), venous invasion [30] (although see [26]), lymphatic invasion [30]
(although see [26]), lymph node metastasis [26,30] and distant metastasis [26,30] at the time of
diagnosis, but not with tumor growth pattern or perineural invasion [26]. In RC patients, high
intra-tumoral budding in pre-treatment biopsy samples predicted non-response to neoadjuvant therapy
and cancer-specific death [78].

7. Epithelial-Mesenchymal Transition (EMT) and Partial EMT

Epithelial-mesenchymal transition is a multistep dynamic cellular phenomenon in which epithelial
cells lose their cell–cell adhesion and gain migratory and invasive traits that are typical of mesenchymal
cells [79]. EMT and its reverse process, mesenchymal-epithelial transition (MET), are physiologic
processes that play key roles during embryonic development, wound healing, and tissue repair.
Aberrant activation of EMT is considered to be a hallmark of cancer metastasis (reviewed in [79–81]).

EMT involves loss of membranous localization of the epithelial marker E-cadherin and an increase
in levels of one or more mesenchymal markers, such as vimentin, N-cadherin, α-smooth muscle
actin, or fibronectin, along with a loss of polarized function of epithelial cells. The E-cadherin
usually sequesters β-catenin at cell-cell contacts; a decrease in its membranous levels can result
in nuclear translocation of β-catenin and consequent activation of Wnt/β-catenin signaling as EMT
progresses [82]. An increase in the levels of one or more of the EMT-inducing transcription factors,
such as ZEB1, ZEB2, SNAI1, SNAI2 (SLUG), TWIST, GSC, and FOXC2 also often accompanies EMT
progression (reviewed in [83]).

Recent findings suggest that EMT and MET are not all-or-none responses, i.e., switching between
purely epithelial and purely mesenchymal phenotypes [81], but rather multi-state processes, ranging from
purely epithelial to purely mesenchymal via one or several intermediate phenotypes. These intermediate
phenotypes, the number of which is still a matter of debate, have been variously and sometimes
interchangeably referred to as ‘intermediate EMT’ [84,85], ‘intermediate mesenchymal’ [86],
‘incomplete EMT’ [87–89], ‘semi-mesenchymal’ [90], ‘hybrid epithelial/mesenchymal’ [91–95],
‘EMT-like’ [96–98], ‘partial EMT’ [99–103], or ‘metastable’ [104,105] phenotype(s). For the purpose of
this review, the intermediate phenotype(s) will be referred to as “partial EMT”.

Most of the studies reporting partial EMT have been conducted at a cell population level
(as opposed to a single-cell level), thereby raising questions of whether partial EMT represents
(i) a mixed cell population composed of epithelial and mesenchymal cells; (ii) a pure cell population
composed of hybrid epithelial/mesenchymal cells (E/M); or (iii) a mixed cell population composed of
epithelial, mesenchymal, and hybrid epithelial/mesenchymal cells. Several recent theoretical studies
of EMT regulatory networks have predicted that a hybrid E/M phenotype can exist at a single-cell
level [85,92,93,95,102]. Concomitantly, several experimental studies using fluorescence activated cell
sorting in a few cell lines have identified a subpopulation of cells that can co-express epithelial
and mesenchymal markers [85,106], and a recent report showed that lung cancer cells can maintain
a hybrid E/M phenotype at a single-cell level stably over multiple passages [107]. Cells in a hybrid E/M
phenotype are expected to display both adhesion (an epithelial trait) and migration (a mesenchymal
trait), hence exhibiting collective cell migration. Therefore, the cells moving collectively during wound
healing [108], mammary morphogenesis [109], and cancer, as clusters of circulating tumor cells [110],
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are likely manifestations of the hybrid E/M phenotype, and a similar proposition can be made for
tumor buds encompassing more than one cell.

The magnitude of change in the levels of the epithelial and mesenchymal markers can be used to
distinguish between EMT and partial EMT phenotype. While EMT often associates with an almost
complete loss of membranous localization of E-cadherin, i.e., a ‘cadherin switch’ from E-cadherin to
N-cadherin, single-cell co-expression of an epithelial marker (usually E-cadherin) and a mesenchymal
marker can be considered as the most reliable set to identify a hybrid E/M phenotype. For example,
(i) Andriani et al. [111] investigated single-cell co-expression of SNAI2 and E-cadherin to identify the
relative abundance of different subpopulations (epithelial, hybrid E/M, and mesenchymal) in lung
cancer cell lines (A549, LT73, and H460); (ii) Grosse-Wilde et al. [106] sorted the breast cancer cell line
HMLER based on an epithelial surface marker CD24 and a mesenchymal stem cell marker CD44, and
showed that CD24+/CD44+ cells co-expressed epithelial and mesenchymal genes equivalently; (iii) Lu
and colleagues [92] predicted via mathematical modeling that the single-cell co-expression of ZEB and
E-cadherin levels can account for a hybrid E/M phenotype; (iv) Jolly and colleagues [107] showed
that H1975 lung cancer cells co-express E-cadherin and vimentin stably over two months in culture;
and (v) Jeevan and colleagues [112] indicated that metastatic brain tumor samples can co-express
E-cadherin and vimentin at a single-cell level. Furthermore, relative levels of E-cadherin and vimentin
at a population level has also been used to categorize panels of cell lines into epithelial, partial EMT,
and mesenchymal [86,94,113]. Notably, as already discussed earlier, classification of a population as
partial EMT does not necessarily imply a stable single-cell hybrid E/M phenotype.

8. Tumor Budding and Partial EMT

Tumor budding often is observed at the invasive edge due to detachment of a few tumor cells
from the main tumor mass (reviewed in [1–3,114]). Consistently, the membranous localization of
E-cadherin, the key cell-cell adhesion molecule in epithelial cells, is relatively low in tumor buds of
CRC [10], esophageal cancer [51], PDAC [53,54], head and neck cancer [58,59,67], lung cancer [60], and
invasive ductal breast cancer [63]. Loss of membranous localization of E-cadherin is a hallmark of
EMT [33], thus tumor buds have been proposed to be “EMT-like” (see [63] and the references therein).
However, do they really mirror EMT, or a partial EMT?

Evidence connecting tumor budding and EMT (i.e., purely mesenchymal phenotype) is scarce.
One of the first studies to address budding in CRC found truly single cancer cells ahead of the invasive
front, both on 2D sections and serial sections); the single cells extended cytoplasmic projections similar
to lamellipodia. However, sectioning artifacts could not be ruled out, which rendered the finding
of single cells equivocal [8]. More convincing piece of evidence comes from esophageal squamous
cell cancer, where high budding correlated with EMT [51]. Similarly, in PDAC, budding correlated
with both reduced E-cadherin and increased vimentin levels, which suggests that it might be the
morphological feature of EMT [53].

By contrast, most evidence seems to connect tumor budding with partial EMT. In PDAC, the
membranous localization of E-cadherin and beta-catenin in tumor buds was lower (at a cell population
level) as compared to the tumor center. However, vimentin levels in tumor buds did not show any
correlation (either direct or inverse) with E-cadherin levels [54]. In addition, few tumors showed
vimentin positivity, which suggests that most EMT occurrences in PDAC patients are partial EMT [54].
In invasive ductal breast cancer, budding cell populations had lower membranous localization of
E-cadherin and higher vimentin cytoplasmic levels than center tumor cells [63]. In tongue squamous
cell carcinoma, the membranous localization of E-cadherin was reduced in tumor buds as compared
to the main tumor mass, while vimentin levels were positive in tumor buds but not in the main
tumor mass. High budding correlated with reduced membranous localization of E-cadherin and
positive vimentin levels [58]. Furthermore, in a study conducted on various tumor types (CRC, liver
metastases of CRC, PDAC, lung adenocarcinoma, and invasive breast ductal cancer), Bronsert and
colleagues found no evidence of single-cell migration. While not irrefutably dismissing their existence,
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this observation still suggests that single-cell migration is very rare (0.000%–0.003% of total tumor
cell number) [10], and, therefore, that cancer cell invasion relies mostly, if not entirely, on collective
cell migration, rather than single cell migration, which in turn suggests that some epithelial cell–cell
adhesions persist. Hence, these findings imply that not all the cells become purely mesenchymal,
which is indicative of a partial EMT.

The expression and/or localization of other EMT-related markers further support the correlation
between tumor budding and partial EMT. In lung cancer, tumor buds display decreased levels of
membranous β-catenin [62], while in CRC and oral squamous cell carcinomas they display reduced
levels of miR-200 family [115,116] which are strong inhibitors of ZEB1/2 [117–119]. Furthermore, buds
exhibit increased levels of laminin-5γ2 [60,68] (also see [59] and references therein), an extracellular
matrix glycoprotein that is expressed at the leading edge [120] of collectively migrating cells during
wound healing [80], a manifestation of partial EMT [108]. Therefore, the decreased levels of epithelial
markers argue for tumor budding to be correlated with EMT. However, association of tumor buds
with increased levels of mesenchymal markers remains inconclusive. Although tumor buds of breast
carcinoma display higher levels of vimentin [63], and oral squamous cell carcinoma tumor buds have
significantly upregulated fibronectin [116], only a fraction of tumor samples of oral squamous cell
carcinoma underwent a full ‘cadherin switch’ from E-cadherin to N-cadherin [67]. Moreover, lung
cancer buds do not express ZEB1 (the predicted master regulator of EMT [92,121,122]) at a significantly
upregulated level as compared to the main tumor mass [62]. In PDAC buds, ZEB1 is significantly
higher, but increased nuclear localization of β-catenin is absent [123]. RNA-sequencing analysis of
tumor buds in oral squamous cell carcinomas showed that the protein level of ZEB1 was higher as
compared to that in the tumor center, but lower than that in adjacent stromal cells [116]. This observed
trimodal distribution of ZEB corroborates with Lu and colleagues suggesting that (miR-200/ZEB)
double negative feedback loop enables the three phenotypes—i.e., epithelial (high miR-200, low ZEB),
mesenchymal (low miR-200, high ZEB), and hybrid E/M (medium miR-200, medium ZEB) [92].
Collectively, these studies suggest that tumor buds do not have a full-blown stable mesenchymal
phenotype; instead they are manifestations of a partial EMT. Importantly, they also call for a more
quantitative approach to characterize the levels of many tumor budding markers.

In this setting of tumor budding as a histological expression of partial EMT, several studies have
suggested that tumor budding might mirror a real single-cell hybrid E/M phenotype. In esophageal
squamous cell cancer, tumors displaying high budding showed weak membranous E-cadherin and
strong cytoplasmic vimentin immunostaining, while tumors exhibiting low budding showed strong
membranous localization of E-cadherin and no cytoplasmic vimentin [51]. In PDAC, high budding
correlated with reduced E-cadherin and increased vimentin levels [53]. Interestingly, E-cadherin,
although reduced, was still at least weakly positive in most of these cells [53], which supports the idea
of a hybrid E/M phenotype. In oral squamous cell carcinoma, tumor buds showed loss of membranous
localization of E-cadherin and increased cytoplasmic levels of vimentin, at both cell population
and single-cell level [67]. Moreover, in the study conducted on various tumor type by Bronsert
and colleagues, the budding tumor cells displayed loss of cell polarity (i.e., a morphological shift
towards rounded and spindle-like phenotype), decreased levels of E-cadherin, decreased membrane
localization coupled to increased cytoplasmic localization of E-cadherin, and increased nuclear ZEB1
immunostaining at a single-cell level [10]. However, because the hallmarks of EMT (spindle-like shape,
E-cadherin loss and ZEB1 levels) were rarely seen even among tumor buds, and because of the absence
of single cell migration, their findings might rather be interpreted as a collective migration with partial
EMT [10] showing a hybrid E/M phenotype, instead of a full-blown mesenchymal phenotype.

To further decode any causal connections between EMT and tumor budding, molecular events
that trigger tumor budding should be characterized beyond clinical studies. Various EMT-inducing
signaling pathways, such as TGF-β and Wnt [83], have also been reported to be active in tumor
budding [116,124]. Future in vivo experimental studies that investigate how various molecular players
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govern EMT [125] at multiple stages of the invasion-metastasis cascade should explore how tumor
budding at both primary and metastatic tumor sites is affected.

9. Proliferation/Quiescence and Cancer Stem Cells in Tumor Buds: Further Connection
with EMT

In CRC, tumor buds showed lower nuclear Ki-67 levels (i.e., lower proliferation) and higher
nuclear p16INK4, cyclin D1, and β-catenin levels [126–128], as compared to the main tumor mass [126,127].
Since the aforementioned markers correlated, not only at a cell population level, but also at a single
cell level as seen from serial sections, as opposed to the main tumor mass which displayed inverse
levels [127], it has been suggested that the p16INK4 increase sequesters Cdk4 in the cytosol, thus
enabling nuclear cyclin D1 to bind Cdk2, which competes with (and prevents) binding of cyclins A and
E to Cdk2, resulting in the decreased proliferation reported in tumor buds [128]. Most cells in the tumor
buds are in this low or non-proliferative state [129]. Similarly, in breast cancer, budding cells showed
lower Ki-67 levels as compared to the main tumor mass [63]. Interestingly, in lung cancer, tumor buds
exhibited decreased nuclear levels of geminin, a key cell cycle regulator as compared to the main tumor
mass [62], which might offer an alternative explanation for the co-occurrence of decreased E-cadherin
and β-catenin levels with a non-proliferative state in budding cells (see [62] and the references therein).
Moreover, in CRC, tumor buds show lower levels of the apoptosis markers caspase-3 and M30 [130]
and the proliferative marker Ki-67 [131]. Collectively, these findings suggest that tumor buds are
quiescent, which further supports a putative involvement of EMT in tumor budding because (i) it
corroborates with the ‘go-or-grow,’ or proliferation/migration dichotomy, hypothesis ([132], recently
demonstrated in a developmental context by Matus and colleagues [133] who showed that the invasive
phenotype requires cell cycle arrest); (ii) induction of EMT has been shown to be capable of both
blocking the cell cycle and conferring resistance to apoptosis in multiple contexts [134–137]; and
(iii) overexpression of miR-200 and consequent MET can restore sensitivity to apoptosis and anoikis,
a form of cell-death triggered by separation from the extracellular matrix [138]. However, these
observations do not necessarily resolve whether tumor budding is a surrogate for either a partial EMT
or a complete EMT.

Tumor buds express higher levels of stem-cell surface markers such as CD133 (reviewed
in [139]) and aldehyde dehydrogenase 1 [74], indicating a cancer stem-cell like trait associated with
tumor budding. Interestingly, budding tumor cells expressing aldehyde dehydrogenase 1 were
directly involved in aggressiveness and lower OS [74]. Recent theoretical [140,141] and experimental
studies [106,142,143] investigating the interplay between EMT and stemness have indicated that cells
in a partial EMT phenotype can be more stem-like than both purely epithelial or purely mesenchymal
cells, thereby bolstering the proposed association of tumor budding and partial EMT. Therefore, tumor
buds at the invasive edge can be considered to be the realization of the proposed ‘migrating cancer
stem cells’ [144].
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Figure 1. Tumor budding as a partial epithelial-mesenchymal transition. (Left) Tumor budding
(TB) occurs mainly at the invasive tumoral margin (IM) which is opposite to the luminal margin
(L). Studies have shown that tumor buds as a whole show a loss of epithelial markers and a gain
of mesenchymal markers as compared to the main tumor mass. These features are compatible
with epithelial-mesenchymal transition, which is why budding is considered to be the histological
expression of the same. However, not all the cells in a tumor bud are purely mesenchymal, so
budding rather mirrors a partial epithelial-mesenchymal transition. While the main tumor mass is
most notably composed of purely epithelial (E) cells, the tumor buds are greatly enriched in purely
mesenchymal (M) and even hybrid epithelial-mesenchymal (E/M) cells. (Inset) Epithelial-mesenchymal
transition (EMT) is controlled by a core regulatory circuit composed of four players: two microRNAs,
known as miR-34 (µ34, pink hexagon) and miR-200 (µ200, purple hexagon), respectively, and
two transcription factors, referred to as SNAIL (orange ellipse) and ZEB1/2, which stands for Zinc
finger E-box-binding homeobox-1 or -2 (ZEB, blue ellipse), respectively. The microRNAs promote
the epithelial phenotype, characterized by synthesis of epithelial markers such as E-cadherin (green
rounded rectangle). The transcription factors promote the mesenchymal phenotype, characterized
by the synthesis of mesenchymal markers such as vimentin (red rounded rectangle). The core
EMT regulatory circuit consists of two mutually inhibitory feedback loops, miR-34/SNAIL and
miR-200/ZEB, respectively. Solid arrows depict transcriptional activation, with circled arrows showing
self-activation. Solid bar-headed arrows depict transcriptional inhibition, with circled bar-headed
arrows showing self-inhibition. Dotted bar-headed arrows represent microRNA-mediated regulation
at a translational level. The relative concentrations of the four players at any given time point alter
the resultant state of the core EMT regulatory circuit, thus altering the expression of epithelial and
mesenchymal genes and consequently the synthesis of epithelial and mesenchymal markers. By this
mechanism, the core EMT regulatory circuit governs the cellular phenotype, which can exist in (or
dynamically switch between) a purely epithelial (E), a hybrid epithelial/mesenchymal (E/M), and
a purely mesenchymal (M) phenotypic state. See text for more details on the relationship between EMT
at a molecular scale and tumor budding at a histologic scale.
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10. Conclusions

Tumor budding is a phenomenon encountered in various cancers whereby the primary tumor
sends numerous fingerlike projections, or buds, towards the neighboring stroma, some of which
eventually detach from the main tumor mass as small cell clusters. It is widely believed that tumor
buds provide the histological basis for invasion and metastasis. Tumor budding correlates with poor
outcomes across all the cancer types in which it has been described. The down-regulation of epithelial
markers and concomitant up-regulation of mesenchymal markers, which have been reported in tumor
buds, have raised the idea that tumor budding is the morphological expression of EMT (Figure 1).
Most EMT processes in tumor buds, however, are not complete, which rather suggests that tumor
buds undergo partial EMT, with at least a subset of tumors displaying a true hybrid, single-cell E/M
phenotype in their buds.
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