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Abstract 
 

The epithelium is one of four major tissues in the human body.  It covers every 

surface and cavity.  Epithelial cells have an intracellular organization they use to 

differentiate the top, or apical surface, of the cell from the basal surface at the bottom.  

The cell localizes transmembrane proteins to specific regions for particular functions.  

Loss of this polarization cause cells to function abnormally as can occur in cancer.  

Therefore, understanding the basic function and organization of epithelial cells will aid in 

many areas of human health from diagnosis of disease to tissue regeneration.   

This work focuses on two separate projects; mucin expression in multiple cell 

lines originating from human female reproductive tissues, and cellular apicobasal 

polarity in salivary epithelial cells.  For the first focus, cells localize mucins to their apical 

surface to protect and lubricate the external cell surface. Over the course of my studies 

in multiple epithelial cell lines, I found mucin 4 (MUC4) stead-state levels of transcripts 

and proteins increase when cells are exposed to the pro-inflammatory cytokines, 

interferon g and tumor necrosis factor a. In healthy endometrium, MUC4 was not 

present at levels comparable to mucin 1 or mucin 16; however, it was detectable in 

endometrial cancer.  In light of the response to pro-inflammatory cytokines, it is not 

surprising to have higher quantities of MUC4 in endometrial tumor tissue.  Furthermore, 

in cancer, cells tend to lose their polarity allowing proteins to interact that are typically 

separated.  In endometrial cancer, this loss of polarity allows MUC4 to stabilize a growth 

receptor, ERBB2, normally relegated to the basal membrane. 

The second project involved a close examination of salivary epithelial tissue 

revealing ductal cells maintain their polarity with different proteins than the highly 

secretory acinar cells.  Specifically, ductal cells have higher levels of a key polarity 
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protein, SCRIB, and the mRNA of INADL, a component of the apical polarity complex.  

However, while these proteins may not be abundant in acinar cells, acinar epithelial 

cells do establish and maintain polarity. Acinar cells localize tight junction proteins in 

different structures than ductal cells due in part to their different functions. This project 

focused on identifying the difference between these two cell types in the salivary gland 

and the culture conditions necessary to polarize cultured primary cells.  The ability to 

differentiate cultured cells into both epithelial cell types is vital to the generation of a 

functional salivary gland. 

These projects encompassed two different questions involving the phenotypes of 

different epithelial cells in different tissues.  From the first project, observed responses 

to cytokines suggested a potential role for MUC4 in inflammatory conditions.  In the 

second project, the ultimate goal of developing an autologous salivary gland for 

implantation in xerostomia patients requires determining the growth factors and 

basement membrane cues fundamental to developing a properly organized and 

functioning salivary gland.  The complete work detailed here gives insight into the 

function of epithelial cells in these different contexts.   
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Chapter 1 – Introduction 

 

Epithelial cells are a subset of cells that make up epithelial tissue, one of the four 

major tissues found in animals.  These cells line surfaces exterior to the body such as 

skin, eyes, the urogenital tract, and the digestive tract.  Epithelial cells are also found in 

glandular tissue, including salivary glands, pancreas, kidneys, and lacrimal glands, and 

line the lumens and ducts of the tissue.  Epithelial cells share a number of characteristics 

and functions in common across multiple tissues. In this chapter, I will emphasize key 

functions associated with epithelial cells directly related to my thesis project: as barriers 

to the external environment, functions in cell-to-cell signaling, and secretory functions.   

 

Epithelial cells as a barrier 

A number of key characteristics of epithelial cells aid in barrier function.  To protect 

tissue from external environmental threats, epithelial cells produce mucins.  Mucins are 

large glycoproteins expressed at the cell surface with characteristic tandem repeat 

regions and heavily glycosylated with O-linked oligosaccharides.  Mucins form a 

hydrophilic layer extending hundreds of nanometers from the apical cell surface (reviewed 

in Hollingsworth and Swanson, 2004; Bansil and Turner, 2006; Hattrup and Gendler, 

2008).   Mucins are either secreted or are anchored to the cell by a transmembrane 

domain.  Most secreted mucins protect the surface of epithelia by forming gels, 

specifically by dimerizing or trimerizing through a von Willebrand factor D domain and a 

cysteine knot structure at the C-terminus of the proteins.  The exception is the secreted 

salivary component, mucin 7 (MUC7), which does not have the domains typically 

associated with “gel forming” mucins, yet still form multimeric complexes (Mehrotra et al., 

1998). Transmembrane mucins are localized to the apical membrane, extending 

hundreds of nanometers beyond most other proteins present on the cell surface.  The 

ratio and quantity of mucins produced allows the cell to create and control the 

microenvironment at its apical surface.   
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Whether secreted or transmembrane, the mucin layer protects the underlying 

tissue from microbial and enzymatic attack, accentuating the barrier function.  In general, 

the O-linked glycosylation on the protein prohibits proteolytic enzymes access to the 

protein core, which would otherwise quickly degrade the glycoprotein and gain access to 

the cell surface (Kozarsky et al., 1988; Reddy et al., 1989).  Furthermore, the negative 

charge of the O-linked oligosaccharide covalently bound to the protein core attract and 

bind water molecules to hydrate and lubricate the surface of the cells. Approximately 90% 

of mucus is water and only 16% of that is bound to protein (Krise and Milosavljevic, 2011).  

Therefore, with a majority of the available volume occupied with covalently bound, 

negatively charged sugars and associated water molecules, signaling proteins are 

sterically hindered from reaching receptors present on the epithelial surface. 

While mucins protect the surface of the epithelial cell layer from microbial and 

enzymatic attack, they also protect the cells from ionic solutes, particularly acids, just not 

as effectively.  The water cage held in place throughout the mucin layer permits the 

transmission of hydrogen ions (protons) through a process known as the Grotthuss 

mechanism or proton hopping (Teissie et al., 1993).  The hydrogen ions released from 

acids bind to a water molecule forming hydronium that then immediately reacts with a 

neighboring water molecule (reviewed in Agmon, 1995).  This process occurs on a 

picosecond time scale with water molecules hydrogen (H)-bonded to each other.  With 

only 16% of associated water molecules H-bonding to the mucin itself, the remaining free 

water molecules are readily available to participate in this mechanism.  Therefore, the 

epithelia employ further methods to create the barrier necessary to protect the tissue.  

Another characteristic supporting the barrier function of epithelial cells is through 

the formation of tight junctions.  Tight junctions are capable of controlling the flow of 

protons between the cells, allowing for the development of a pH differential on opposite 

sides of the cellular sheet.  When tight junctions are observed in electron micrographs, 

the membranes seem to fuse along the outer plasma membrane forming a tight junction 

strand.  Tight junction strands are made up of multipass transmembrane proteins, 

occludins and claudins, single pass transmembrane proteins, junctional adhesion 

molecules, and cytoplasmic plaques anchoring the transmembrane proteins within the 
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cell.  One or more tight junction strands form a band around the cell known as the zonula 

occludens.   

The extracellular domains of the tight junction join neighboring cells allowing 

epithelial cells to regulate the paracellular space between them. One of the external 

proteins that make up the tight junction is a group of proteins known as claudins.  So far, 

27 different claudins have been identified.  The combination of claudins present determine 

the size of the channel between the cells, which in turn, regulates the ions that may freely 

pass.  The unique combinations of claudins present are specific to individual tissues.  

A claudin protein has four transmembrane domains, one intracellular loop and two 

loops outside the cell.  Claudins dimerize with claudins on adjacent cells to close the 

space between them.  It has been demonstrated that two cysteines located in the first 

extracellular loop of claudin-2 are required to allow solutes to pass through the 

paracellular space (Li et al., 2013).  It is suggested these two cysteines, conserved in all 

claudins, form a disulfide bridge upon dimerization to form a pore.  Furthermore, 

extracellular signals affect the permeability of the tight junction by altering the claudins 

expressed by epithelial cells.  For instance, when rat salivary cells from a submandibular 

cell line, SMG-C6, were treated with tumor necrosis factor a (TNFa), claudin-3 was 

downregulated while claudin-1 and claudin-4 were not (Mei et al., 2015).  By reducing 

claudin-3, the cells permitted 4kDa fluorescein isothiocyanate (FITC) tagged dextran to 

pass through the paracellular space. 

Like claudins, occludins are another class of transmembrane proteins found in tight 

junctions that regulate access to the paracellular space.  Occludins have four 

transmembrane regions, with two extracellular loops.  These proteins dimerize at the 

extracellular loops to stabilize the tight junction and contribute to the barrier.  With multiple 

sites for phosphorylation, multiple labs have demonstrated the occludin contribution to 

the barrier function of the tight junction can either be enhanced or disrupted when various 

residues in the cytoplasmic tail are phosphorylated.  Tyrosine, serine, and threonine 

residues may be phosphorylated by SRC kinase or protein kinase C (PKC) to adjust the 

effectiveness of the tight junction, up to and including controlling the ability of occludin to 

dimerize. 
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Another group of proteins supporting the function of the tight junction are junctional 

adhesion molecules (JAM), immunoglobulin-like, single-pass transmembrane proteins 

localized to tight junctions.  These proteins associate with both adherens and tight 

junctions.  The association with both types of junctions illuminates the role JAMs play in 

the establishment of tight junctions.  Adherens junctions form first as a cell begins to form 

cell-to-cell junctions.  JAMs associate with the adherens junctions, then help stabilize the 

tight junction proteins as they organize and assemble the tight junction. 

Yet another way epithelial cells function as a barrier is the secretion and 

organization of the basement membrane.  This specialized complex of extracellular matrix 

proteins including heparan sulfate proteoglycan 2 (HSPG2), or perlecan/HSPG2, 

basement membrane anchors epithelial cells and sequesters heparin-binding growth 

factors.  It is a network of multimeric proteins that form a barrier between the epithelial 

layer and the underlying stroma.  Major proteins of basement membrane (laminin and 

collagen IV, perlecan/HSPG2, and nidogen) are woven together to form a dynamic, 

flexible complex.  Laminin and collagen IV form elastic, flexible sheets, with nidogen and 

perlecan/HSPG2 linking the sheets together.   

One major component of basement membrane, laminin, is a multimeric protein 

composed of three subunits, alpha, beta, and gamma. The alpha chain is the longest 

subunit with a globular region at the N-terminus and C-terminus with an alpha helix in the 

middle.  The beta and gamma subunits wrap around the central alpha helix of the alpha 

subunit to make a cruciform shaped monomer. The N-terminal region of all three subunits 

interact with collagen IV to make a cohesive matrix.  Integrin receptors present on the 

basal membrane of epithelial cells bind to laminin in the globular region at the C-terminus.   

Collagen IV is another major component found in the basement membrane of all 

tissues.  The protein is 160 kDa proteins and trimerizes with itself to form a collagen 

strand.  Four strands form disulfide bonds and lysine-hydroxylysine bonds at their N-

terminus to form large, flexible networks.  Collagen IV, like laminin, is required to maintain 

the integrity of the basement membrane.  Integrins bind collagen IV in the CB3 region 

near the C-terminus giving epithelial cells another anchoring point to the basement 

membrane (Vandenberg et al., 1991).   
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Nidogen, also known as entactin, is a 150 kDa protein composed of 3 globular 

regions.  It binds to laminin, collagen IV, and perlecan/HSPG2 linking the proteins 

together within the basement membrane (Mayer et al., 1995). Along with linking the 

networks together, the first globular region shows a high sensitivity to proteolytic cleavage 

which allows for basement membrane remodeling. 

The fourth major protein of basement membrane is perlecan/HSPG2, a large 

proteoglycan consisting of five domains and four glycosaminoglycan chains, including 

heparan sulfate, bound to domain I, and sometimes, domain V. Perlecan/HSPG2 

performs multiple functions within the basement membrane and is required for it to be 

properly formed.  One function is structural.  Perlecan/HSPG2 interacts with laminin and 

collagen IV networks through domain I, nidogen and collagen IV through domain IV, and 

domain V interacts with nidogen alone or as a part of nidogen/laminin complexes. 

Additionally, the heparan sulfate chains attached to perlecan/HSPG2 domain I sequester 

heparin binding growth factors, like FGFs and PDGF, which serve as a growth factor 

reservoir for the epithelial cells bound to the basement membrane.  Another function of 

perlecan/HSPG2 is to interact with integrin receptors giving epithelial cells another way 

to anchor to the basement membrane. 

All of these proteins work together to mechanically and biochemically support the 

epithelial layer above.  To enhance the stability of the network, the proteins are 

glycosylated, which reduces the effectiveness of proteolytic enzymes to degrade the 

structure.  This complex aids in the epithelial barrier function by supporting and anchoring 

the epithelial cells, as well as limiting access to the tissue itself.   

 

Epithelial cells and cell-to-cell signaling 

Beyond functioning as a barrier, epithelial cells readily form a “sheet”, an 

interconnected layer where the cells signal to neighboring cells, through mechanical and 

biochemical means. They can physically pass signals via attachments between 

neighboring cells and between cells and the basement membrane.  At the apical end of 

the cell, the internal zonula occludens proteins link the tight junction complex to the 

cytoskeleton, allowing for the passage of external signals into the internal mechanical 
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structure of the cell.  The transmembrane proteins regulating the paracellular space are 

anchored to the cytosolic protein complex by ZO1.  The C-terminus of ZO1 directly 

interacts with filamentous (F) actin linking the tight junction to the actin cytoskeleton 

(Fanning et al., 1998).  Alternatively, ZO1 can bind to cingulin which links the tight junction 

to the microtubule network (Yano et al., 2013). 

Adherens junctions are found on the lateral membrane, below tight junctions.  In 

epithelial cells, they are composed of the single-pass transmembrane protein epithelial 

cadherin (E-cadherin), anchored within the cell by b-catenin.  b-catenin, through 

association with a-catenin, links the adherens junction to the actin skeleton.  Similar to 

tight junctions, adherens junctions also link to the microtubule network as well.  E-

cadherin interacts with p120 catenin, as do kinesin and CLASP2, two proteins that directly 

bind microtubules.  Externally, the cadherins have homotypic Ca2+-dependent 

interactions to form cell-to-cell linkages allowing mechanical signals to be passed laterally 

cell-to-cell, similar to tight junctions.   

Cells attach to the basement membrane through integrins. Integrin receptors are 

made up of a pair of alpha and beta protein subunits.  Integrins transmit mechanical 

signals from the basement membrane into the cytoskeleton of the cell (Wang et al., 1993).  

Integrins link mechanical signals to the actin network through vinculin and focal adhesion 

kinase.  Additionally, integrins connect into the microtubule network through integrin 

linked kinase (ILK) and direct orientation of the polarity in the cell (Akhtar and Streuli, 

2013).  Therefore, signaling from the basement membrane through the integrins aid in 

the internal organization of the epithelial cells above and structure of the tissue itself.  

Ultimately, these signals are required for epithelial cells to establish apicobasal polarity 

(Boudreau, 2003; Slade et al., 1999).  Furthermore, integrins work in concert with the cell-

to-cell junctions to propagate mechanical cellular communication through the epithelial 

sheet. 

In addition to mechanical signaling, cells also may signal each other chemically by 

secreting small signaling proteins.  When receptors bind the secreted proteins, the signals 

typically terminate with transcriptional effects.  Signaling is controlled by regulating the 

production and release of the signaling proteins as well as the production of the receptors.  
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Unless both signal and receptor are present, the cell will not respond.  Signaling proteins 

of interest to this research are tumor necrosis factor-alpha (TNF-a) and interferon-gamma 

(IFNg).  In both cases, when the particular receptor binds the ligand, it begins a signaling 

cascade that concludes with transcription factors activating targeted genes. 

Growth factor receptors, along with integrins, are present on the basal surface.  

Growth factors, such as epidermal growth factor (EGF), are produced by epithelial cells 

and underlying stroma. For the growth factors produced by stromal cells, 

perlecan/HSPG2 and other proteoglycans in the extracellular matrix can act as a growth 

factor reservoir by sequestering heparin-binding growth factors and releasing the growth 

factors on demand, usually through the action of enzymes like heparanases or sulfatases 

(Folkman et al., 1988; Whitelock et al., 1996; Uchimura et al, 2006).  Similarly, when a 

receptor binds a growth factor, a signaling cascade begins that terminates with 

transcriptional effects. 

 

Secretory epithelial cells 

Secretory epithelia, a subset of epithelial cells, are found in glandular tissue where 

they produce and secrete products for proper organ function. Cells in an endocrine gland 

secrete their product into the bloodstream, like progesterone from the ovary or human 

growth hormone from the pituitary gland.  This work focuses on exocrine glands, glands 

which secrete through a duct to support a localized area of function.  These types of 

glands are found in several tissues throughout the body, including in the uterus and 

salivary gland.  While the uterus is the target of multiple endocrine signals, the exocrine 

function of the uterus is in its structure, that it serves as the “duct work” to hold the 

released egg and remove it should it remain unfertilized. Furthermore, should 

implantation occur, the luminal epithelia secrete growth factors and signaling compounds 

necessary for the development of the placenta (Roberts and Bazer, 1988; Spencer et al., 

2004).  In the salivary gland, the acinar cells produce most of the components found in 

saliva and the intercalated followed by striated ducts carry saliva to the oral cavity.  

In the uterus, both glandular and luminal epithelia are secretory.  The endometrial 

epithelial cells secrete a complex mixture of carbohydrates, enzymes, lipids, and ions.  
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They produce and secrete mucins throughout the menstrual cycle. These cells also 

produce proteins with anti-microbial activity, such as lysozyme and defensins, and 

secrete prostaglandins and endothelins in a cycle dependent manner (Filant and 

Spencer, 2014).   

However, the acinar cells of the salivary gland are considered highly secretory.  A 

small subpopulation of glandular epithelial cells is highly secretory.  Cells in this 

specialized group make large quantities of proteins for secretion upon demand. Examples 

of these specialized cells include pancreatic acinar cells, goblet/chief cells found in the 

lining of the stomach, and salivary acinar cells. MIST1, a transcription factor unique to 

highly secretory cells, is required for the proper localization of organelles and regulates 

secretory vesicle trafficking.  In the salivary gland, acinar epithelial cells are the secretory 

component of the tissue and MIST1 serves as a biomarker for salivary acinar cells.  The 

majority of the acinar cell’s volume is occupied by zymogen granules containing 

precursors to saliva.  When the signal for salivation is received, the zymogen granules 

fuse with the cellular membrane to release their contents. 

 

Epithelial polarity 

As previously discussed, epithelial cells secrete proteins basally to form the basal 

lamina, produce and localize junctional proteins, and localize mucins to the apical 

membrane.  These observations led to the recognition of an apicobasal polarity 

maintained by the cell.  Essentially, the cell has a different “top” and “bottom”, both in a 

biochemical and functional sense, and maintains these differences.  Internally, 3 major 

multiprotein complexes maintain cellular polarity, namely the apical complex, the partition 

complex, and the basolateral complex, which are assisted by tight junctions and adherens 

junctions.   

For the maintenance of cellular polarity in humans, the apical complex is 

composed of three different proteins, crumbs 3 (CRB3), protein associated with Lin 7 1 

(PALS1), and PALS1 associated tight junction protein (PATJ/INADL).  CRB3 is a 

transmembrane protein localized to the apical surface of polarized epithelial cells.  When 

establishing polarity in a cell, CRB3 associates with newly formed adherens junctions and 
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intracellularly with partition 6 (PAR6), a component of the partition complex (Thompson 

et al., 2013).  CRB3 interacts with the partition complex during the initiation of tight 

junctions (Fogg et al., 2005).  During tight junction formation, CRB3 releases PAR6 and 

associates with PALS1 (Roh et al., 2003). This new complex is localized to the tight 

junctions and apical membrane through INADL (Roh et al., 2002; Shin et al., 2005). Tight 

junctions participate in maintaining cellular polarity by effectively separating the cellular 

membrane into apical and basolateral domains. Because of the nature of the bonds in a 

tight junction, other proteins such as mucins, ion channels, and water channels, are not 

free to diffuse to lateral or basal membranes and, remain sequestered to the apical 

membrane of the cell where they can perform their particular function.   

The partition complex is comprised of partition 3 (PAR3), PAR6, and atypical 

protein kinase c (aPKC).  PAR3 is involved in the establishment of apicobasal polarity 

with the formation of tight junctions.  Prior to binding with PAR3, PAR6 binds to aPKC 

reducing the phosphorylation activity of aPKC.  PAR3 binds the PAR6/aPKC heterodimer 

and localizes the complex to tight junctions found in the subapical region of the cell. 

(Gopalakrishnan et al., 2007).  

The basolateral complex consists of scribble (SCRIB), disks large (DLG1), and 

lethal giant larvae (LLGL1/2).  Separately, scribble aids in maintaining cell-to-cell 

junctions by stabilizing the interaction of E-cadherin and a-catenin at adherens junctions 

(Qin et al., 2005).  When bound to DLG1 and LLGL1/2, the scribble complex inhibits the 

partition complex from localizing in the basal membrane.  Inversely, the partition complex 

when associated with CRB3 at the apical surface, inhibit the basolateral complex by 

phosphorylating LLGL, which disrupts binding within the complex.  Through these 

interactions, the three complexes are localized to specific regions within a cell. 

An ancillary polarity process is controlled by the microRNA miR200 family. 

MicroRNAs function in a post-transcriptional process known as RNA silencing through 

the RNA-induced silencing complex (RISC).  When a microRNA within the RISC binds to 

a perfectly complementary sequence located on the messenger RNA (mRNA) of a gene, 

a ribonuclease known as argonaute cleaves the complementary mRNA. However, for 
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sequences that are slightly less than perfect, the mRNA is not cleaved but translation is 

repressed (Alemán et al., 2007; van den Berg et al., 2008; Wu et al., 2008). 

The five microRNAs (miR) in the miR200 family target the transcription factor zinc-

finger E-box binding homeobox transcription factor 1 (ZEB1) instrumental in interrupting 

cellular polarity and the loss of the epithelial phenotype in a process known as epithelial 

to mesenchymal transition (EMT).  ZEB1 represses transcription of CRB3 and PATJ in 

the apical complex, LLGL2 in the basolateral complex, and E-cadherin in the epithelial 

adherens junctions. (Aigner et al., 2007; Eger et al., 2005).  In order to maintain polarity 

within an epithelial cell, it is vital to control the expression of ZEB1.  The miR200 family 

blocks the translation of ZEB1 by binding to specific regions in the 3’ untranslated region 

(UTR) of the ZEB1 transcript (Gregory et al., 2008).  The miR200 family consists of 

miR200b-miR200a-miR429 on chromosome 1 and miR200c-miR141 on chromosome 12.  

The microRNAs on each chromosome are transcribed as a single transcript with a 

common regulatory region (Gregory et al., 2008).  However, the mature microRNAs from 

a single transcript will target different sequences in the 3’ UTR of ZEB1.  miR200b, 

miR429, and miR200c target 5’-AGUAUU-3’ while miR200a and miR141 target 5’-

AGUGUU-3’ sequence.  The post-transcriptional control of ZEB1 is required to reverse 

EMT, a process known as mesenchymal to epithelial transition (Choudhury et al.), to 

reestablish polarity within a cell. 

 

Disruption of the epithelial layer 

When a gap forms within the epithelial cell layer, whether due to damage or 

apoptosis, a multicellular process known as wound response begins to repair the injured 

tissue immediately.  In the simplest case, apoptosis and extrusion of a cell, the 

cytoskeleton proteins of the neighboring cells begin to form an acto-myosin ring to pinch 

off the newly formed gap.  The acto-myosin ring is anchored at the adherens junctions 

which participate in the concerted response of contracting the cytoskeletal ring to close 

the injury site.  For greater damage to the epithelial layer, such as a cut in skin, the 

reaction involves an immune response, movement and proliferation of cells, and secretion 
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and reconstruction of the extracellular matrix (ECM) supporting the epithelial layer 

(Cordeiro and Jacinto, 2013; Diegelmann and Evans, 2004; Pastar et al., 2013). 

Wound healing is also part of the normal function of the epithelium. When the 

epithelial layer is damaged beyond a single cell, undamaged adjacent cells release 

interleukin 1 (IL-1) and shift their apical-basal polarity to a front edge-rear polarity, moving 

into the open space bringing ECM along with them.  These motile cells also start to 

produce matrix metalloproteases (MMP), enzymes necessary to remodel the basement 

membrane. In conjunction with reepithelialization, an inflammatory response begins with 

an arrival of platelets, neutrophils, fibroblasts, and the activation of macrophages.  These 

cells begin to release growth factors, including EGF, fibroblast growth factor (FGF), 

platelet-derived growth factor (PDGF), transforming growth factor a (TGFa), transforming 

growth factor b (TGFb), and vascular endothelial growth factor (VEGF) to stimulate 

migration and proliferation in the epithelial cells adjacent to the wound as well as stimulate 

angiogenesis by local endothelial cells.  Specifically, the presence of PDGF and TGFb 

convert fibroblasts to myofibroblasts which are then able to interact with the ECM to help 

close the wound. EGF and TGFa stimulate proliferation in the keratinocytes, while TGFb 

stimulates cell migration by disrupting adherens junctions through a reduction in cadherin 

production (Ramirez et al., 2013).  Furthermore, some transmembrane mucins stabilize 

growth factor receptors prolonging the signaling (Xu et al., 2012; Bitler et al., 2010; 

Ramsauer et al., 2003).  As the cell-to-cell junctions are interrupted, the mucins that had 

been previously restricted to the apical surface of the membrane are able to interact with 

growth factor receptors.   

Furthermore, during wounding, miR200b and miR141 are downregulated (Chan et 

al., 2012; Suh and Han, 2014).  As previously discussed, the mRNA200 family is part of 

the multifaceted mechanism establishing and maintaining polarity within epithelial cells. 

For reepithelialization of a wound site, neighboring cells enter EMT.  This process, 

induced by TGFb, disrupts cell-to-cell binding and cell-to-ECM binding, and stimulates 

transcription of proteins needed to allow the cells to increase in motility.  In the case of 

reepithelialization, this is beneficial to restoring the barrier as quickly as possible. This 
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process is tightly controlled and reversible through cytokine signaling (Suh and Han, 

2015). 

Along with the growth factors, numerous cytokines are released to accentuate the 

wound healing response.  Proinflammatory cytokines stimulate mucin production and 

release which may help mitigate the loss of the barrier until the tissue is repaired by 

stimulating the transcription of mucins in cells surrounding the wound site.  Three of the 

most common cytokines found at the wound site are IL-1, along with interleukin-6 (IL-6) 

and TNFa.  In the wound microenvironment, IL-1 is released by keratinocytes, 

monocytes, macrophages, and neutrophils.  In keratinocytes, IL-1 stimulates expression 

of different keratins in migrating cells.  IL-6, released by monocytes and neutrophils, aids 

in reepithelialization by stimulating proliferation in keratinocytes.  TNFa has a more 

complex response.  For instance, TNFa suppresses proliferation of the keratinocytes on 

its own, but at the same time stimulates FGF-7 release which then increases 

reepithelialization.  It also upregulates the production of miR200b, which helps stimulate 

the E-cadherin production.  TNFa also stimulates the production of MMPs while at the 

same time inhibits the release of ECM proteins.  Early in the wound response, this is a 

helpful mechanism as the damaged ECM needs to be cleared to make room for new 

matrix. However, persistence of TNFa at the wound site is detrimental to complete 

healing. 

 For acute wound healing, the inflammatory response is vital to proper closure of 

the wound and the recruitment of immune cells to attack any possible pathogens 

introduced during injury.  However, chronic inflammation develops with prolonged 

exposure to an irritant, persistent infection, or an autoimmune disorder.  No matter the 

instigation, when the wound healing process has become uncontrolled, it may actually 

damage the tissue it was supposed to repair (reviewed in Menke et al., 2007).   

 One unique feature of a chronic inflammatory response regards the types of cells 

present at the site of inflammation.  As described earlier, during a wound healing 

response, monocytes, macrophages, and neutrophils are recruited to the damaged area.  

In a chronic response, primarily macrophages and lymphocytes are present.  The 

cytokines active in a chronic inflammatory response are the same as those found in the 
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acute response; however, during a chronic response, the cytokines continue to be 

produced and released prolonging the reaction.  

 The same is true for cancer.  In 1986, Dvorak called cancer “wounds that do not 

heal” (Dvorak, 1986). This characterization was based on the types of cells, (fibroblasts 

and macrophages) recruited to the site of a tumor that aid in its survival.  Additionally, 

growth factors and cytokines present in the tumor microenvironment stimulate 

proliferation and cell motility.  In this scenario, the epithelial cells receive signals to 

proliferate and migrate.  Again, pro-inflammatory cytokines stimulate the production and 

release of mucins allowing tumor cells to exploit the protective effects. As a tumor cell 

loses polarity due to the interruption of the cell-to-cell junctions and a down-regulation of 

the proteins involved in maintaining apicobasal polarity, the mucins that had been 

previously restricted to the apical surface of the membrane are able to interact with the 

growth factor receptors, similar to the wound healing response.  However, tumor cells, 

which display a chronic inflammatory response, prolong the mechanisms that perpetuate 

proliferation. 

 

Specification of thesis focus 

 The following projects examined particular functions of two secretory epithelial 

cells, located in the endometrium and in salivary glands. The first project focused on the 

regulation of mucin 4 (MUC4) expression in human endometrium.  Previous work had 

shown another transmembrane mucin, mucin 1 (MUC1), present in the endometrium is 

regulated by progesterone as well as proinflammatory cytokines.  Animal models had 

shown MUC4 to be present in endometrium (McNeer et al., 1998; Ferrell et al., 2003). 

MUC4 is a larger protein than MUC1, and if present in the human endometrium, would 

require similar regulation for embryo implantation to occur.  Furthermore, in addition to 

stimulation by pro-inflammatory cytokines, multiple mucins are found to be overexpressed 

in tumor cells (Zaretsky et al., 2006; Andrianifahanana et al., 2006).  If MUC4 is 

overexpressed in inflammatory pathologies, such as endometriosis or endometrial 

cancer, it may be a provide another biomarker for earlier or easier detection, as well as a 

potential therapeutic target. 
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The second project focused on the development of polarity in salivary acinar cells.  

As briefly discussed earlier, epithelial cells establish and maintain polarity.  In the case of 

the acinar cells of the salivary gland, like secretory cells in general, directional secretion 

ensures the biofluid produced reaches its intended location.  Most work on cellular 

apicobasal polarity focuses on columnar epithelial cells and the complexes used to initiate 

and maintain polarity, and much of the work spans multiple species and human cancer 

cell lines.  This project focuses on development and maintenance of polarity in primary, 

human, pyramidal, acinar cells and the polarity proteins involved.  Furthermore, the 

development of polarity in primary, human, columnar, ductal cells is studied as well 

because their apicobasal polarity is vital to the success of the project.  Ultimately, as work 

in tissue regeneration progresses, being able to properly polarize each type of epithelial 

cell and orient the them relative to each other is fundamental to developing a properly 

functioning secretory gland. 
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Chapter 2 – Regulation of MUC4 in human endometrium (as published in Chapela et al. 

2015 in the Journal of Cellular Biochemistry and Dharmaraj et al. 2014 in Human 

Reproduction) 

 

Introduction 

Glandular epithelia line the endometrial surface in the uterus.  Like most epithelia, 

these cells produce mucins to protect and hydrate the surface of the lumen. The uterine 

epithelia undergo significant remodeling over the course of the menstrual cycle.  Both 

mucin 1 (MUC1) and mucin 16 (MUC16) are expressed by uterine epithelia where they 

work in concert to create a non-adhesive surface within the dynamic uterine environment.  

Due to this functionality, mucins are proposed to inhibit embryo implantation (Surveyor et 

al., 1995).  Therefore, mucin expression must be reduced to allow an embryo access to 

the uterine lining.  MUC1 transcription has been shown to be modulated by progesterone 

in mice (Surveyor et al., 1995). Moreover, MUC1 expression is modulated by 

progesterone receptors A and B (PRA and PRB) in human uterine epithelial cell lines.  

Specifically, liganded PRB stimulates MUC1 transcription while PRA antagonizes PRB 

activity (Brayman et al., 2006).  However, due to the unique function of the uterus, an 

incoming blastocyst must have access to the luminal epithelial layer for implantation to 

occur.  Therefore, the mucins must be reduced or eliminated to make the epithelial layer 

available (Surveyor et al., 1995; Hoffman et al., 1998; DeSouza et al., 1998; Singh et al., 

2010). While it is the most studied transmembrane mucin, MUC1 is not the only one 

produced by epithelial cells.   

Animal studies have shown mucin 4 (MUC4) is present on luminal epithelia in the 

uterus throughout most of the estrous cycle (McNeer et al., 1998; Ferrell et al., 2003). 

Compared to MUC1, MUC4 is a much larger transmembrane mucin that may extend up 

to 2.1 µm from the cell surface, eclipsing transmembrane receptors and most other cell 

surface proteins. Therefore, I expected MUC4 to be regulated similar to MUC1.  Rat 

models show a decrease in MUC4 during implantation, similar to that observed for MUC1 

in various systems (Carraway and Idris, 2001; Brayman et al., 2004).  Furthermore, 

Carraway demonstrated that MUC4 increases in the presence of estrogen, but 
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progesterone inhibits the estrogen stimulation.  In contrast to rodents, MUC1 levels 

increase during the progesterone-dominated phase of the menstrual cycle in humans 

(Hey et al., 1994). These different responses are attributable to differences in the 

dominant forms of progesterone receptors present in these species with progesterone 

receptor A being repressive and dominant in rodents and progesterone receptor B being 

stimulatory and dominant in humans (Brayman et al., 2006).  Currently, it is unclear 

whether activated progesterone receptor binds the MUC4 promoter directly. Since both 

MUC1 and MUC4 are expressed by the luminal epithelia, I predict MUC4 to behave 

similarly to MUC1 in response to a combination of progesterone or cytokines that prepare 

the uterus for implantation.  

Once implantation has occurred, reestablishment of the protective mucin layer is 

vital. In conjunction with progesterone, MUC1 is upregulated in response to tumor 

necrosis factor α (TNFα) and interferon γ (IFNγ) signaling (Dharmaraj et al., 2010).  These 

two cytokines are produced by the uterine luminal epithelia and the blastocyst during 

implantation (Kelly et al., 2001; Kohchi et al., 1994).  Furthermore, MUC4 responsiveness 

to a number of other cytokines produced by uterine epithelia or the blastocyst has been 

evaluated in a variety of cancer cell lines, often from pancreatic cancer.  MUC4 expression 

increases in the presence of TNFα and transforming growth factor α (TGFα) when 

combined with IFNγ (Perrais et al., 2001).  Likewise, pro-inflammatory cytokines stimulate 

MUC1 expression in addition to regulation by steroid hormones. Both TNFa and IFNg 

have been shown to stimulate MUC1 transcription under multiple conditions (Lagow and 

Carson, 2002; O’Connor et al., 2005; Albertsmeyer et al., 2010; Dharmaraj et al., 2010).  

Furthermore, during the proliferative phase of the menstrual cycle, TNFa and IFNg are 

produced by immune cells in the endometrium (reviewed in Kelly et al., 2001).  Because 

pro-inflammatory cytokines are present in the uterine environment, most pronounced 

during the proliferative phase, I predicted they also would be involved in the regulation of 

MUC4. 

A chronic inflammatory disorder affecting the endometrium is endometriosis.  The 

Center for Disease Control reports almost 12% of women between the ages of 15 and 44 

have endometriosis. Patients with this often painful disease have reduced fertility and an 
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increased risk of developing ovarian cancer (Lessey et al., 2013).  One clinical study 

investigated the role of different polymorphisms of MUC4 on endometriosis (Chang et al., 

2011).   

Furthermore, in cancer, proinflammatory cytokines are expressed in the tumor 

microenvironment (reviewed in Hanahan and Weinberg, 2011).  Transmembrane mucins 

participate in cell signaling by interacting with the epidermal growth factor (Erb) family of 

receptors, ErbB1 and ErbB2 (reviewed in Senapati et al., 2009).  In normal polarized 

epithelial cells, mucins and Erb receptors are physically separated.  Growth factor 

receptors are sequestered to the basal membrane while mucins are only found along the 

apical surface.  However, as a cell begins to lose its polarity, like in cancer progression, 

these proteins begin to intermingle and stabilize each other allowing for prolonged 

signaling (Ramsauer et al., 2006; Merlin et al., 2011).   

In previous studies on the MUC4 promoter, putative binding sites for STAT1 and 

STAT3 have been determined (Andrianifahanana et al., 2007;	Mejías-Luque et al., 2008). 

Furthermore, putative binding sites have been identified for estrogen receptor, 

progesterone receptor, and NFκB (Perrais et al., 2001).  My project began with study of 

the regulation of the MUC4 promoter by combinations of the steroid hormones and 

various cytokines.  Then to determine the overall applicability of observed variation of 

MUC4 expression, tissue samples from endometriosis and endometrial cancer patients 

were evaluated.  My project has contributed to our knowledge of endometriosis by 

determining MUC4 expression in both eutopic and ectopic endometriotic tissue compared 

to matched samples of non-pathological endometrial tissue, as well as the increased 

presence of MUC4 in endometrial cancer.  

As a result of my experiments, I have demonstrated that proinflammatory cytokines 

stimulate the levels of MUC4 in uterine epithelial cells.  As MUC4 is overexpressed in a 

number of cancers, understanding the regulation of this protein may provide new avenues 

for detection and treatment of disease.  Furthermore, I have demonstrated the expression 

pattern of MUC4 during the menstrual cycle and implantation window in human 

endometrial tissue.  As a whole, the experiments proposed provide insight into the 

contribution of MUC4 towards infertility and endometriosis. 
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Materials and Methods 

Animal models 

Organs were collected from male and female FvB/N mice, frozen, and stored at -

80 °C.  Vaginal smears were used to determine stage of estrous for female mice (McLean 

et.al, 2012).  All animal protocols were in accordance with the guidelines for humane 

treatment of laboratory animals by the National Institutes of Health and Institutional 

Animal Care and Use Committee at Rice University.   

 

Human Tissue Collection 

All patient samples were collected in accordance with the Institutional Review 

Boards for University of Texas, M.D. Anderson Cancer Center, Baylor College of 

Medicine and affiliated hospitals, Greenville Hospital System, and University of North 

Carolina School of Medicine.  Samples were processed at Rice University with approval 

from the Institutional Review Board at Rice University.  Tissue collection was performed 

as described previously (Hawkins et al, 2011; Plante et al, 2012).  For normal 

endometrium tissue, randomized proliferative and post-luteinizing hormone (Spaderna et 

al.) surge samples were acquired from a tissue library.  Noyes criteria were used to 

evaluate endometrial tissue and confirm dating (Noyes et al., 1975).   Endometrial 

samples were characterized as proliferative (n=6), early secretory (n=4), mid-secretory 

(n=6), and late secretory (n=4).  For endometriosis patients, samples were characterized 

as non-endometriosis proliferative (n=5), non-endometriosis secretory (n=6) and 

endometriotic (n=6). 

 

Cell Culture and Treatments 

The human pancreatic adenocarcinoma (HPAF-2) cell line was obtained from 

American Type Culture Collection (ATCC, Manassas, Va).  HPAF-2 cells were grown in 

RMPI, 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL 

streptomycin (pen/strep).  HPAF-2 served as the MUC4 positive control in all experiments 
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(Choudhury et al., 2000).  Multiple endometrial cell lines were used in the following 

experiments.  AN-3CA (Dawe et al., 1964), HEC-50 (Kuramoto et al., 1991), and KLE 

(Richardson et al., 1984) cell lines were provided by Dr. Russell Broaddus at the 

University of Texas, M.D. Anderson Cancer Center.  AN-3CA cells were maintained in 

MEM, 10% (v/v) FBS, 1 mM sodium pyruvate, 1% (v/v) MEM non-essential amino acids, 

and pen/strep.  HEC-50 and KLE cells were cultured in phenol-red free DMEM/F12, 10% 

(v/v) FBS, and pen/strep. Ishikawa cell line (Nishida et al., 1985) was provided by Dr. 

Bruce Lessey at Greenville Health System and maintained in phenol-red free DMEM/F12, 

10% (v/v) FBS, and pen/strep.  RL-95-2 cells and HEC-1-A (Kuramoto, 1972) were 

obtained from American Type Culture Collection (ATCC, Manassas, VA).  HEC-1-A/PRB 

cells were made by stably transfecting HEC-1-A cells with hPRB and PUR plasmids 

(Brayman et al., 2006).  RL-95-2 cells were maintained in DMEM/F12, 10% (v/v) FBS and 

pen/strep.  HEC-1-A cell line was maintained in phenol-red free DMEM/F12, 10% (v/v) 

charcoal-stripped FBS, and pen/strep.  HEC-1-A/PRB cells were grown in phenol-red free 

DMEM/F12, 10% (v/v) charcoal-stripped FBS, pen/strep, and 175 ng/mL puromycin. 

Additional cell lines from breast cancer (MCF-7, T47D) and cervical cancer (HeLa, SiHa, 

C-33-A) were also used to evaluate the endogenous and stimulated expression of MUC4.  

We received the MCF-7 cell line (Soule et al., 1973) from Dr. Sang Jun Han at Baylor 

College of Medicine.  MCF-7 were grown in DMEM/F12, 10% (v/v) FBS, and pen/strep.  

T47D (Keydar et al., 1979) cells were obtained from ATCC and grown in RPMI with 10% 

(v/v) FBS.  Cervical cancer cell lines SiHa and C-33-A were provided by Dr. Rebecca 

Richards-Kortum of Rice University. They were maintained in MEM, 10% (v/v) FBS, 1 mM 

sodium pyruvate, 1% (v/v) MEM non-essential amino acids, and pen/strep.  The HeLa 

cell line was obtained from Dr. Laura Segatori at Rice University and grown in DMEM 

supplemented with 10% (v/v) FBS.  All cells were grown at 37 °C in air:CO2 ,95:5 (v/v).   

Twenty-four hours prior to treatments, media was changed to media without FBS. 

Steroid hormone treatments were added after twenty-four hours in serum-free media.  

Cells were treated with either 400 nM progesterone, 10 nM estradiol, or both 400 nM 

progesterone and 10 nM estradiol.  The negative control was treatment with the ethanol 

carrier only.  For pro-inflammatory cytokine treatments, cells were treated after twenty-
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four hours in serum-free media.  Cells were treated with 200 IU interferon-gamma (IFNg), 

25 ng/mL tumor necrosis factor-alpha (TNFa), both 200 IU IFNg and 25 ng/mL TNFa, or 

250 ng/mL bovine serum albumin (BSA). 

 

Luciferase Assay 

Promoter constructs were made by amplifying a 2 kb region of DNA directly 

upstream of the MUC4 gene by PCR and cloning it into pGL4-luciferase plasmid.  Cells 

were plated in 6-well plates and grown under normal conditions until 70% confluent.  Then 

cells were transfected with 1 µg pGL4 plasmid construct containing the firefly luciferase 

gene and 10 ng TK plasmid containing the Renilla luciferase gene.  For the positive 

control, 200 ng pGL4 plasmid containing luciferase with a cytomegalovirus (CMV) 

promoter was transfected.  For the negative control, 1 µg pGL4 luciferase plasmid without 

a promoter was transfected. 

 

RNA Isolation 

RNA was isolated from cells by adding 1 mL TriZOL (Invitrogen, USA) per well of 

a six-well plate and following the manufacturer’s instructions. RNA was resuspended in 

40 µL nuclease-free water.  Contaminating DNA was digested with DNAse I using DNA-

free kit (Ambion, USA) and following manufacturer’s instructions.  RNA concentration was 

determined by measuring the absorbance with a Nanodrop per the manufacturer’s 

instructions (ThermoScientific, USA). 

 

Quantitative PCR 

SuperScript (Quanta, USA) was used to make cDNA from 1 µg RNA following the 

manufacturer’s instructions.  For qPCR, 25 µL reactions were prepared using SYBR 

green SuperMix (Quanta, USA).  A complete list of primers and amplification 

porgramused for each pair is listed in Appendix A. 
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Western blot 

Cells were lysed with 1 mL sample extraction buffer (Thathiah et al., 2003). Lysates 

were stored at -20 °C.  Samples were heated to 98° for 5 minutes with 5X sample loading 

buffer (ThermoScientific, USA).  For most proteins, cell lysates were then separated by 

SDS-PAGE on a 4% (w/v) stacking gel and a 10% (w/v) acrylamide separating gel.  

Proteins were transferred to polyvinylidene fluoride (PVDF) membrane (Millipore) at 40 

volts for 4 hours at 4 °.  Membranes were blocked in 3% (w/v) bovine serum albumin 

(BSA) (Sigma, St. Louis, MO) in in phosphate-buffered saline (PBS) and 0.1% (v/v) 

Tween 20 at room temperature for 1 hour with agitation.  Membranes were incubated with 

primary antibody for overnight at 4°, washed 3 times for 5 minutes each with PBS/Tween, 

then incubated with secondary antibody conjugated to horseradish peroxidase (HRP) for 

2 hours at room temperature with agitation.  Membranes were again washed 3 times for 

5 minutes.  Membranes were incubated in HPR substrate West Dura (ThermoScientific) 

for 5 minutes then exposed to film.  Progesterone receptor antibody Ab-8 

(ThermoScientific) was used at a concentration of 200 ng/mL.  b-actin antibody 8226 

(Abcam) was used at a concentration of 100 ng/mL. 

In order to detect MUC4, cell lysates were separated in a 2% (w/v) reducing, 

vertical agarose – 10% (w/v) urea gel layered on a 10% (w/v) polyacrylamide gel. Proteins 

were transferred to PVDF membrane at 40 volts for 3 hours at 4 °.  PVDF membranes 

were cut along the agarose-urea/polyacrylamide interface.  PVDF corresponding to the 

agarose-urea gel was blocked with 5% (w/v) milk in PBS and 0.1% (v/v) Tween 20 at 

room temperature for 1 hour with agitation.  PVDF membranes corresponding to 

polyacrylamide gels were blocked and probed as previously described.  Membranes were 

incubated with 1 µg/mL MUC4 antibody (8G7) provided by Dr. S. Batra (University of 

Nebraska medical school) overnight at 4° with shaking (Moniaux et al., 2004).   

 

Immunofluorescence 

Cells and tissue were fixed in 4% (v/v) paraformaldehyde for 10 minutes.  Cells 

then were permeabilized with 0.02% (v/v) Triton X-100 for 2 minutes.  After 

permeabilization, cells were blocked in filtered 3% (w/v) BSA in PBS at room temperature 
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for 1 hour.  Tissue sections and cells were incubated with MUC4 antibody (8G7) at a 

concentration of 10 µg/mL and pan-cytokeratin antibody (Abcam ab9377) at a 

concentration of 12 µg/mL diluted in 3% (w/v) BSA in PBS at room temperature for 90 

minutes.  Samples were washed in PBS 3 times for 5 minutes each.  Then samples were 

incubated in Alexa Fluor 488 goat anti-rabbit (Life Technologies) and Alexa Fluor 647 

goat anti-mouse (Life Technologies) at a dilution of 1:400 (v/v) for 1 hour at room 

temperature.  Samples were images using a LSM Zeiss 710 confocal microscope. 

 

Statistical analysis 

A two-tailed student’s t test was used to compare means of treatment groups or 

patient groups to determine statistical significance. Statistical analysis was performed 

using InStat/Prism.  For cell culture experiments, each tissue culture well was considered 

a biological replicate.  For tissue samples, each patient was a single biological replicate.  

For qPCR, all samples were run as technical triplicates.   

 

Results 

MUC4 mRNA expression in mouse tissues.   

I evaluated multiple mouse tissues to determine the endogenous expression of 

Muc4.  I used qPCR to measure the Muc4 transcript level relative to Krt18 because (Table 

2.1).  The intermediate filament Krt18 was used to normalize Muc4 to the epithelial 

content of the tissues.  Muc4 was not detected in heart, liver, pancreas, or spleen tissue 
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samples. Levels of Muc4 

mRNA in kidney and testis 

tissue samples were low 

relative to Krt18.  In lung 

and small intestine, Muc4 

mRNA levels were nearly 

equal to that of Krt18.  

Muc4 levels were highest 

in the uterus.  I used 

vaginal smears to 

determine that females 

were in proestrus at the time of tissue harvest.  With these results, I progressed to 

determining the MUC4 mRNA levels in various human endometrial cell lines.	 

 

MUC4 mRNA expression in human endometrial cell lines.   

I determined the steady-

state levels of MUC4 mRNA in 

six different endometrial cell 

lines using qPCR (Table 2.2).  

Expression of MUC4 mRNA in 

human endometrial cell lines 

was highest in HEC-1-A cells at 

0.03% of the b-actin (ACTB) 

mRNA levels.  The cell line 

expressing the second highest 

level of MUC4 mRNA was 

HEC-50 at only 10% of the level 

found in HEC-1-A cells.  RL-95-

2, Ishikawa, and KLE cells 

 Table 2. Relative MUC4 mRNA expression 
in human uterine epithelial cell lines.  
 

 
Cell Line Normalized to HEC1A* 

 Ishikawa 0.015 
HEC-1A 1.000 
RL-95 0.010 

AN3CA 0.001 
HEC50 0.109 

KLE 0.033 
 
* MUC4 mRNA levels were normalized to ACTB mRNA by 
qRT-PCR as described in Materials and Methods.  The value 
obtained for HEC-1A cells was the highest in the group and 
was set to 1.0 for comparison.  The values shown are 
calculated from average values of triplicate independent 
determinations in each case where the standard deviations 
were 5% or less.  The arrow to the left of the table indicates 
the relative levels of differentiation of each cell line (Nishida, 
2002; Kuramoto, 1972; Way et al., 1983; Dawe et al. 1964; 
Kuramoto et al., 1991; Richardson et al., 1984). 

	

Table 2.2. Relative MUC4 mRNA expression in human uterine 
epithelial cell lines 
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* Values represent Muc4 mRNA as a percent of cytokeratin 18 (Krt18) 
mRNA values determined by qPCR as described in Materials and 
Methods. Uteri were taken from 2 proestrus females.  For testes, 1 
male was used.  All other samples are the mean values +/- SEM for 
separated determinations from 3 different animals.  ND, not detectable.

Table 2.1 Relative Muc4 levels in mouse tissues

Tissue Muc4 mRNA relative to Krt18*
Heart ND

Kidney 0.4% + 0.02%
Liver ND

Lungs 111% + 20%
Pancreas ND

Small Intestine 93% + 26%
Spleen ND
Testis 0.4%
Uterus 3190% + 1571%
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produced MUC4 at 1-3% the quantity as HEC-1-A.  MUC4 mRNA levels in AN-3CA cells 

were near background levels. 

 

Ovarian steroid hormones do not alter steady-state levels of MUC4 mRNA.   

MCF-7 cells produce functional estrogen receptor as well as progesterone 

receptor, the latter of which is mostly PRA (Figure 2-1a).  Functionality was determined 

by luciferase assay driven by promoters containing the appropriate steroid hormone 

Figure 2.1 

 

	

Figure 2.1. MUC4 mRNA levels do not change in response to ovarian steroid hormone treatments.  
A. Progesterone receptor (PR) expression in different cell lines. Western blotting shows the 
presence of both PR isoforms in the three indicated cell lines. B. MCF7 cells express functional 
progesterone receptor (PR).  Luciferase assays with a consensus response element for PR (PRE) 
showed increased activity after 24 h of treatment with 400 nM progesterone versus vehicle (Veh).  
C. MUC4 mRNA levels in steroid hormone-treated cells.  MCF7 cells were incubated with vehicle 
control, 10 nM estradiol (Estrogen), 400 nM progesterone or a combination of both steroids for 48 
hr and MUC4 mRNA levels determined relative to that of ACTB by qRT-PCR as described in 
Materials and Methods. D. MCF7 cells express functional estrogen receptor (ER).  Luciferase 
assays with a consensus response element for ER (ERE) showed increased activity after 24 hr of 
treatment with 10 nM 17-β-estradiol (estrogen) versus vehicle (Veh).   Values shown are the means 
+/- SD of triplicate determinations for three independent samples in all cases.   
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response elements (figure 2-1b, d).  MUC4 levels did not change when MCF-7 cells were 

treated with estradiol or progesterone alone or in combination (Figure 2-1c).   

Therefore, I concluded that ovarian steroid hormones do not regulate transcription of 

MUC4 in human endometrial cells. 

 

MUC4 mRNA levels in human endometrium during the normal menstrual cycle.   

I examined MUC4 mRNA levels relative to KRT18 (a control for epithelial content of the 

samples) in staged human endometrial samples using qPCR (Figure 2.2a).  MUC4 levels 

were barely above baseline for all stages of the menstrual cycle, with no statistically 

significant differences.  Therefore, I concluded MUC4 is not present in normal human 

endometrium.	 

 

MUC4 mRNA expression is similar in stage-matched eutopic endometriotic tissue.   

Mucins serve as biomarkers for various diseases (Wittel et al., 2001).  Since I 

determined that MUC4 was not present in healthy endometrium, I compared levels of 
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Figure 2.2.  The relative abundance of MUC4 compared to KRT18 in endometrial tissue.  
A. MUC4 is weakly detected in endometrium, independent of phase of menstrual cycle, proliferative 
(P), or secretory (S).  While endometrial tissue samples from endometriosis patients (E) had greater 
variation of MUC4, the median value for the sample was actually lower than the median of the 
proliferative phase samples.  B. Six menstrual stage-matched samples (from either proliferative or 
secretory phase) were compared to corresponding ectopic endometrial tissue, either stage II (5 
samples) or III (1 sample) endometriosis.  While greater variation was observed for MUC4 in ectopic 
tissue, the difference between the median values of the groups was not statistically significant.
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MUC4 mRNA in both normal and eutopic endometrium of endometriosis patients.  In both 

groups, MUC4 levels again were very low (Figure 2.2a).  In endometriosis, endometrial 

tissue is found outside the uterus, typically in the peritoneum.  Therefore, I also compared 

levels of MUC4 mRNA in both eutopic and ectopic endometriotic tissue in individual 

patients (Figure 2.2b).  While I found greater variation in MUC4 in the ectopic tissue, the 

results were not statistically significant.  Therefore, I concluded that MUC4 is not present 

in the endometrial tissue of endometriosis patients. 

 

Pro-inflammatory cytokines increase MUC4 expression. 

After multiple studies have shown MUC1 increases in the presence of pro-

inflammatory cytokines, and a greater variation of MUC4 in ectopic tissue, I determined 

whether TNFa and IFNg have similar effects on MUC4 mRNA levels in three model cell 

lines: the endometrial cancer cell line, HEC-50, the cervical cancer cell line HeLa, and the 

breast cancer cell line, MCF-7 (Figure 2.3).  In all three, there was a significant increase 

in MUC4 transcripts with the combined treatment of TNFa and IFNg, ranging from a 10-

fold increase in HEC-50 cells to a 1000-fold increase in HeLa cells.  While the fold 

stimulation over basal production of MUC4 varied from cell line to cell line, the cytokine-

elevated levels relative to ACTB were similar in all cases.  Therefore, the seemingly large 

differences in MUC4 stimulation in response to pro-inflammatory cytokines appears to 

reflect the starting basal levels of the cell lines. 
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Figure 2.3. MUC4 mRNA increases in response to IFNγ and TNFα.  A. MUC4 mRNA relative to ACTB was determined in MCF7 

cells after 24-hour treatment with either IFNγ (200 IU/mL), or TNFα (25 ng/mL) alone or in combination as indicated.  B. MUC4 

transcripts relative to ACTB in HEC50 cells 24-hour treatment with cytokines as indicated. C. MUC4 transcripts relative to ACTB 

in HeLa cells after 24-hour treatment with cytokines as indicated.  The bars represent the means +/- SD of triplicate 

determinations of independent samples in each cell line.  * p<0.05, ** p<0.01, *** p<0.001.
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Because the HEC-50 cell line made the most MUC4 basally, I was able to detect 

MUC4 protein in the unstimulated cells by western blotting.  This made HEC-50 a better 

option to evaluate if the increase in MUC4 mRNA production was paralleled by an 

increase in MUC4 protein.  After 48 hours of treatment with IFNg and TNFa, HEC50 cells 

displayed a 10-fold increase of MUC4 protein compared to vehicle control (Figure 2.4), 

similar to the increase observed in MUC4 mRNA.  Therefore, I concluded pro-

inflammatory cytokines stimulate MUC4 production at both the mRNA and protein levels. 

 

MUC4 is present in endometrial cancers.   

MUC4 mRNA expression showed no correlation to cancer grade, recurrence, 

patient age, the presence of IFNg, nor the presence of TNFa (Figure 2.5).  However, some 

endometrial cancer patients exhibited considerably higher MUC4 mRNA levels than 

normal endometrium.  Therefore, I sorted the endometrial cancer patient data into 2 

groups, higher expressers (>2 S.D. from the mean value obtained for normal 

endometrium) and low expressers (≤ 2 S.D. from the mean value obtained for normal 

Figure 2.4 

 
Figure 2.4. MUC4 protein increases in response to cytokines.  Treatment of HEC50 cells with pro-
inflammatory cytokines (200 IU IFN�, 25 ng/mL TNF�) for 48 hr increased the quantity of cell-
associated MUC4. Densitometry was performed using Image J software.  MUC4 protein was 
compared to that of the �-actin load control. Values shown below the figure are the average of the 
three samples +/- SD. * P<0.001. 
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endometrium) and determined that neither the presence of IFNg nor the presence of TNFa 

correlated to either group.  This suggests mechanisms beyond the two pro-inflammatory 

cytokines studied here regulate MUC4 production in endometrial cancer patients. 

When I looked for MUC4 protein in endometrial tumor sections, I observed 

heterogeneity within the endometrial tumors.  In Figure 2.6, a tissue section from the 

endometrium of a healthy donor, and tumor  sections from 2 different grade 3, stage 3A 

endometrial cancer patients were stained for MUC4. Low expressers ranged from 

undetected MUC4 to intermittent MUC4 signal (Figure 2.6b).  High expressers exhibited 

Figure 2.5 

 
Figure 2.5.  MUC4 mRNA relative to KRT18 was determined in RNA samples isolated from healthy 
human endometrium (Normal; n=11) and endometrial adenocarcinoma tissues (grades 1-3).  Each 
circle represents the value obtained for an individual patient sample.  The median values are marked 
with a horizontal line.  Although individual patients with endometrial cancers displayed highly elevated 
MUC4 levels, there was no difference in MUC4 levels between grades.  Therefore, cancer tissues 
were grouped as follows, independent of grade: Low MUC4, cancer samples with MUC4 mRNA levels 
< 2 SD greater than the median of normal (n=21); High MUC4, cancer samples with MUC4 mRNA 
values > 2 SD greater than the median of normal (n=10). 
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much stronger signal.  However, both tumors displayed heterogeneity; there are many 

cells positive for cytokeratin (a marker for the tumor cells) that are not positive for MUC4. 

 
Discussion 

Endometrial luminal epithelia produce a thick mucin layer on their apical surface 

(Schlafke and Enders, 1975).  This layer functions to hydrate the luminal surface while 

simultaneously protecting the cell layer from microbial attack.  Previous studies in rats 

and pigs found Muc4 to be a component of this mucin layer and its presence varied over 

the course of the estrous cycle (McNeer et al., 1998; Ferrell et al., 2003).  By qPCR, I 

found that Muc4 mRNA was abundantly present in endometrial epithelia in mice as well. 

As for humans, reports on MUC4 expression in endometria have been conflicting 

(Gipson et al., 1997; Alameda et al., 2007).  In my studies I used both measurements of 

mRNA and protein to resolve this issue.  I did not detect MUC4 in healthy human 

endometrium at any phase of the menstrual cycle.  Furthermore,  I did not observe MUC4 

mRNA expression in either eutopic or ectopic endometrium from women with 

endometriosis.   Consequently, I concluded that MUC4 is not a component of normal 

Figure 2.6 

 
Figure 2.6. Frozen sections of human endometrial tissues were stained with MUC4 antibody (red), 
pan-cytokeratin antibody (green) to identify all epithelial cells within the section and DAPI (blue) as 
described in Materials and Methods. A) Normal endometrium during secretory phase; B) Low MUC4 
expressing tumor, Grade 3, Stage 3A; C) High MUC4 expressing tumor, Grade 3, Stage 3A.    Scale 
bar indicates 50 μm.  Arrows in panels B and C indicate cells that are positive for both cytokeratin and 
MUC4. Note that in cases where MUC4 is detected, there are many cytokeratin-positive cells that 
remain MUC4-negative. 
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endometrium, nor prevalent in endometriosis.  It is unclear why Muc4 is strongly 

expressed in rodent endometrium, but not in humans.  Perhaps the function Muc4 fulfills 

in the animal models has been superseded by another transmembrane mucin in humans.  

Rodents and humans highly express Muc1 (Hoffman et al., 1998; Aplin, 1997) and Muc16 

(Gipson et al., 2008; Wang et al., 2008).  Other, transmembrane mucins also may be 

expressed in human uteri to replace MUC4 function, e.g. MUC21 (Itoh et al., 2008), but 

have not been studied. 

 While MUC4 was not present in human endometrium nor regulated by ovarian 

steroid hormones, I determined that the pro-inflammatory cytokines IFNg and TNFa 

increased steady-state levels of MUC4 mRNA in multiple female reproductive tissue cell 

lines.  Furthermore, as I examined endometrial tissues from pathological inflammatory 

conditions, such as endometriosis and certain individuals with endometrial cancer, I 

detected higher levels of MUC4 mRNA, although these were still fairly low. I was unable 

to make a direct correlation between cytokine and MUC4 expression.  Consequently, the 

cause for the increase in expression of MUC4 in some individuals with endometrial cancer 

remains unclear.   

Other transmembrane mucins also respond to an increase in pro-inflammatory 

cytokines suggesting a common response to insult or injury.  This is particularly true in 

pathological conditions with chronic inflammation, such as cancer. Frequently mucins are 

upregulated in tumors, conveying protection to the cell mass (Zaretsky et al., 2006; 

Andrianifahanana et al., 2006).  As the cells begin epithelial-mesenchymal-transition 

(EMT), cell polarity is lost and mucins begin to interact with and stabilize growth factor 

receptors like epidermal growth factor receptor (ErbB1) or epidermal growth factor 

receptor 2 (ErbB2) giving the mucins additional functionality to the tumor as a whole (Xu 

et al., 2012; Bitler et al., 2010; Ramsauer et al., 2003). 

The lack of detectable MUC4 in healthy endometrium and the detection of MUC4 

in pathological endometrial tissues are not unique to endometrium.  In pancreatic tissue, 

MUC4 is not detected in healthy tissue, nor in pancreatitis, but is present in pancreatic 

cancer (Chakraborty et al., 2008).  MUC4 provides support to tumor cells through its ability 

to stabilize ErbB2 (Ramsauer et al., 2006). With the small patient sample size available, 
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I only detected elevated MUC4 expression in a few individuals.  It is unclear why this 

subset of individuals displayed MUC4 expression.   In this regard, MUC4 may serve as a 

biomarker for the detection of abnormal mucin production in endometrial tissue if patients 

can be better stratified to identify which ones are candidates for MUC4 expression 

screening.    

 

Future Directions 

It would be helpful to understand the abnormal regulation of MUC4 occurring in 

cancer tumors.  Previous studies have demonstrated a concerted response to pro-

inflammatory cytokines that includes an up-regulation of mucins (Lagow and Carson, 

2002; Dharmaraj et al., 2010).  However, with the absence of MUC4 in endometrial and 

pancreatic tissue during other inflammatory responses, other regulatory mechanisms 

must be compromised before MUC4 is present (Andrianifahanana et al., 2001; Dharmaraj 

et al, 2014).  One possible mechanism is the loss of polarity.  One of the members of the 

microRNA miR200 family, miR200c, suppresses the translation of MUC4 (Radhakrishnan 

et al., 2013).  This microRNA is downregulated during transformation as cells begin 

epithelial to mesenchymal transition (EMT) (Castilla et al., 2011).  The reduced 

expression of miR200c in endometrial cancer could explain the increase in MUC4. 

Furthermore, the decrease of MUC4 in grade three endometrial cancer patient 

samples has yet to be explained. In grade three cancer, defined morphologically as poorly 

differentiated cells, more cells within the tumor appear abnormal as they complete EMT.  

It would be helpful to know where in the epithelial to mesenchymal transition process 

mucin expression is lost, particularly as more drugs target mucin expression of cancer 

cells (Savla et al., 2011; Torres et al., 2012). 
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Chapter 3 – Polarity in Salivary Epithelial Cells  

 

Introduction  

Salivary Structure and Function 

Salivary glands are a vital part of the digestive system and necessary to oral health. 

There are three major sets of paired salivary glands, parotid, submandibular, and 

sublingual, and hundreds of minor glands (Figure 3.1). Salivary glands are composed 

primarily of glandular epithelial tissue with sympathetic and parasympathetic nerves and 

blood vessels intertwined.  The glandular epithelial structure consists of serous acinar 

cells, mucinous acinar cells, ductal cells, and myoepithelial cells (Figure 3.2) (Berne et 

al., 2008).  Most components of saliva are produced and released by the acinar cells, and 

then pass through the ducts and into the oral cavity.  In humans, the parotid gland has 

only serous acini and produces salivary components for release when demand occurs, 

like when eating, or approximately 30% of the total saliva released in a day at a rate of 

0.5 – 0.7 mL/min 

(Percival et al., 

1994).  The 

submandibular and 

sublingual glands 

contain primarily 

mucinous acini that 

continuously 

secrete saliva to 

help lubricate the 

oral cavity 

accounting for the 

other 70%, which is 

up to 1 L/day for 

men, or 800 

 
 
Figure 3.1 Locations of the three major salivary glands.  The parotid salivary gland is primarily 
composed of secretory acini.  The submandibular and sublingual salivary glands contain primarily 
mucinous acini with a small portion serous acini. Image for the National Cancer Institute © 2013 
Terese Winslow LLC, U.S. Govt. has certain rights. 
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mL/day for women (Percival et al., 1994).  Saliva is a complex biofluid made up of more 

than 1000 proteins, amino acids, and buffering ions including bicarbonate and phosphate 

(Denny et al., 2008). It aids in digestion through the enzymatic action of amylase and 

lipases and by hydrating the food bolus.  Saliva protects the oral cavity from dangerous 

microflora using mucins that support attachment of commensal organisms.  Lysozyme, 

lactoperoxidase, and many other enzymes further limit growth through their anti-microbial 

actions, while histatins accelerate wound healing (Almståhl et al., 2001; Roger et al., 

1994; Oudhoff et al, 2009).  Furthermore, saliva hydrates and lubricates the oral cavity 

Figure 3.2 Structure of  a salivary gland.  Most of the components found in saliva are produced 
and secreted by acinar cells, the pyramidal epithelial cells located at the ends of the ducts.  
Salivary components are released into the acinar lumen where they move into the ducts.  The 
ducts are made of columnar epithelial cells, tightly packed together, with a centrally located 
nucleus.  In the ducts, the final ion exchanges occur and proteins are secreted to complete saliva, 
which is then secreted into the mouth (Berne et al., 2008).
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and replenishes the oral mucosa through the actions of multiple glycoproteins, primarily 

mucins, and other minor components (Wu et al., 1993). During normal salivary function, 

the majority of salivary components and practically all the fluid volume originate in a 

polarized population of acinar cells that directionally secrete salivary components into a 

complex ductal system that empties into the mouth (Martinez, 1987).  Acinar cells produce 

and store the saliva precursor in zymogen granules that move to the apical region in the 

cell.  Stimulated release begins with a neurotransmitter signal received at the basal 

membrane triggering the zymogen granules binding to the apical membrane releasing 

their contents into the lumen of the acinus.  As the saliva moves through the ducts, ion 

exchange with the ductal epithelial cells creates a hypotonic product by the time the saliva 

reaches the oral cavity (Martinez, 1987).   

Xerostomia, associated with a decrease in saliva production and flow, reduces the 

quality of life for approximately half a million people worldwide, and leads to difficulty in 

eating, swallowing, and speaking (Dirix et al., 2006). Additionally, patients with xerostomia 

can suffer increased rates of dental caries if the condition persists (Deng et al., 2015).  In 

the absence of autoimmune salivary destruction such as occurs with Sjögren’s Syndrome 

(Jensen and Vissink, 2014), xerostomia also occurs as one of the consequences of 

radiation therapy subsequent to treatment of head and neck cancers (Schubert and 

Izutsu, 1987). Despite advances in the use of techniques designed to protect the normal 

tissue of the salivary glands during radiation treatment, compromised salivary secretion 

of both protein and water components still occurs (Lin et al., 2015).  Interestingly, localized 

radiation leads to a significant and selective loss of the salivary acinar cell population with 

relative protection of the hardier salivary ductal cells (Figure 3.3) (Sullivan et al., 2005). 

One possible reason for this selectivity is that the salivary proteins present in the zymogen 

granules in the acinar cells make them more vulnerable (Redman, 2008). The metals 

present in the secretory vesicles become free radicals during radiation therapy and the 

membranes of the granules are disrupted.  The disruption in membranes could explain 

the initial drop in saliva output, not only because the granules are broken, but also 
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because the transmembrane signaling could be damaged.  The long term loss of acinar 

cells may occur because of DNA damage caused by interactions with the free radicals 

created by radiation. The stem/progenitor cells within the gland, after having been 

impaired by the radiation, are unable to replace the damaged acinar cells. 

Current prevention and treatments are insufficient for restoring saliva flow (Pinna 

et al., 2015), hence new treatments designed to restore functional acinar cells to acinar-

depleted salivary tissues post-radiation are sorely needed.  Current research for 

treatments focuses on prevention of xerostomia by modulating the radiation exposure, 

protecting the cells from radiation during treatment, reducing inflammation immediately 

following treatment, or surgically relocating the salivary gland outside the field of radiation 

(Nutting et al., 2011; Wasserman et al., 2005; Xu et al., 2016). Research for treatments 

after radiation include stimulation of salivation, through activation of neurotransmitter 

receptors and gene therapy introducing water channels to increase the volume of 

secretion (Fox et al.; Hamlar et al., 1996; Wang et al., 2015).  To mitigate the difficulties 

associated with the loss of salivary acinar cells post-radiation, our team is working to 

develop a biologically-based, implantable salivary gland replacement tissue. 

To restore full production of saliva and direct its flow into the mouth, it is critical to 

understand the mechanisms by which salivary acinar epithelial cells polarize for 

directional secretion. Further, it is critical to establish a polarized ductal cell population 

 
	

Figure 3.3. Tissue sections of submandibular salivary gland pre-radiation (left) and post-
radiation (right).  Both serous and mucinous acini are absent post-radiation.  Present in the 
damaged gland are hyperplasia of the ductal cells and lymphoplasmosidic infiltrates.  Image 
is reprinted with permission (Sullivan et al., 2005).  
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that is able both to direct the flow of saliva unidirectionally to the oral cavity and to provide 

the ion exchange necessary to produce a proper ionic composition and pH that maintain 

activity of the secreted salivary proteins.  Without the proper flow in a grafted model, the 

secreted fluid may remain in the tissue bed and cause cysts. 

The extracellular matrix (ECM) refers to the acellular component of tissues that 

gives physical support and biochemical cues to cells. The basement membrane is a 

specialized ECM that underlies and supports the epithelial cell layer and promotes cellular 

differentiation, and aids in the establishment of polarity primarily through interaction 

between integrins and the basement membrane components (Weaver et al., 1997; Menko 

et al., 2001).  When b1-integrin binds to basement membrane, it activates the internal 

actin network through focal adhesion kinase (FAK) and the microtubule network through 

integrin-linked kinase (Bryant et al., 2014; Akhtar and Streuli, 2013). Proteins found in 

basement membrane such as laminin and collagen VI form large, flexible networks.  

Others such as perlecan/HSPG2 and nidogen link the meshwork together. In salivary 

glands, as in other glandular tissues, the basement membrane is composed of laminin, 

collagen VI, and perlecan/HSPG2 (Schittny and Yurchenco, 1989). In multiple systems, 

the interaction of laminin with b1-integrin is necessary to stimulate and maintain polarity 

(Rizzolo, 1991; Salas et al., 1992; Menko et al., 2001; Tanimizu et al., 2012). Fibronectin, 

a protein found in ECM and on the connective tissue side of basement membrane of other 

tissues, also forms a large interconnected network.  In multiple systems where it has been 

studied, integrin binding to ECM and acting through downstream signaling activates 

various transcription factors. As a consequence, a different set of genes becomes active 

when integrins recognize and bind laminin versus fibronectin (Lafrenie and Yamada, 

1998; Seta et al., 2012; Chen et al., 2013).   

Current understanding of epithelial polarity, much from invertebrate models, 

proposes that the establishment and internal maintenance of apicobasal polarity requires 

three protein complexes: apical, partition, and basolateral (Figure 3.4) (Rodriguez-Boulan 

and Macara, 2014).  The apical complex, localized to the apical membrane, is made up 

of crumbs 3 (CRB3), protein associated with Lin 7 1 (PALS1), and PALS1 associated tight 

junction protein (PATJ/INADL).  CRB3 is a transmembrane protein bound to PALS1 and 
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PATJ through its cytoplasmic 

domain. The extracellular domain of 

CRB3 keeps this complex localized 

to the apical membrane.   

The partition complex is 

composed of partition-3 (PAR3), 

partition-6 (PAR6) and aPKC 

proteins and resides in the subapical 

region of the cell at the tight 

junctions. When PAR6 binds to 

aPKC, it inhibits the phosphorylation 

capability of aPKC (Yamanaka et al., 

2001).  PAR3, which aids in the 

assembly of tight junctions, binds the 

PAR6/aPKC complex.  It is by 

binding to PAR3 that some activity 

for aPKC returns. In Drosophila 

melanogaster, aPKC 

phosphorylates LGL which disrupts 

binding between members of the basolateral complex (Hutterer et al., 2004). Therefore, 

when PAR6/aPKC binds to PAR3, the increase in aPKC activity reinforces the signals 

needed for maintenance of cellular polarity. 

The scribble complex, composed of scribble (SCRIB), disks large 1 (DLG1), lethal 

giant larvae 1 (LLGL1), and lethal giant larvae 2 (LLGL2), is localized to the basal region 

of the cell.  The basolateral complex is restricted to the basolateral membrane by the 

phosphorylation activity of aPKC.  PAR6/aPKC may associate with either PAR3 to form 

the partition complex or CRB3 or PALS1, proteins in the apical complex (Hurd et al., 

2003).  When in the presence of the basolateral complex, aPKC phosphorylates LLGL 

causing the complex to dissociate (Plant et al., 2003).       

Nucleus

INADL
PALS1

DLG

SCRIB
LLGL

aPKC
PAR6

PAR3

Figure 3.4.  There are three complexes involved in 

maintaining cellular polarity.  The apical complex 

(CRB3/INADL/PALS1) is localized to the apical 

membrane and may associate with tight junctions.  

The partition complex (PAR3/PAR6/aPKC) assists in 

the assembly of tight junctions and remains localized 

in the sub-apical region of the cell.  The basolateral 

complex (SCRIB/LLGL1,2/DLG1) associates with the 

adherens junctions.  The partition and basolateral 

complexes mutually inhibit each other to aid in proper 

localization of the complexes.  Modified from Iden and 

Collard. (2008) Nat Rev Mol Cell Biol. 9:846-859.
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Two of these protein complexes can be disrupted by activation of a single 

transcription factor, ZEB1, that controls the production of a number of key regulators of 

cell polarity (Figure 3.5).  When active, ZEB1 suppresses production of CRB3 and PATJ 

needed to form the apical complex and of LLGL2 needed to maintain the basolateral 

complex (Aigner et al., 2007; Spaderna et al., 2008). Therefore, to establish and maintain 

polarity in epithelial cells relying on this classical mode of polarization, ZEB1 production 

must be limited.	 The primary inhibitors of ZEB1 production are a collection of microRNAs 

known as the miR200 family.  In this family in humans, miR200b, miR200a, and miR429 

encoding genes are located on chromosome 1 regulated by a common promoter, while 

genes encoding miR200c and miR141 are located on chromosome 12, again regulated 

by a common promoter (Figure 3.6) (Pieraccioli et al., 2013).  When present, these five 

microRNAs work together to establish polarity in an epithelial cell by blocking the 

translation of ZEB1 (Gregory et al., 2008).   

Like other ductal cells 

studied to date (Yu et al., 

2015; Klinkert et al., 2016; 

Godde et al., 2014), polarized 

salivary epithelial cells might 

have been expected to follow 

this canonical understanding 

of polarity.  Both salivary 

ZEB1miR200’s
Translation

Transcription

Figure 3.5. The ZEB1 transcription factor inhibits 
transcription of multiple proteins involved in 
maintaining apicobasal polarity.  ZEB1 inhibits the 
transcription of INADL and CRB3 in the apical 
complex, LLGL in the basolateral complex, and E-
cadherin (CDH1) in the epithelial adherens 
junction.  The microRNA 200 family represses 
translation of the ZEB1 transcript which in turn 
promotes cellular polarity.  Modified from Iden and 
Collard. (2008) Nat Rev Mol Cell Biol. 9:846-859.

miR200	family	includes:

miR200b miR200a miR429

miR200c miR141

Chromosome 1

Chromosome 12

Figure 3.6. The miRNA family of microRNAs include five members 
encoded on two chromosomes.  Each cassette of genes is regulated 
together.  miR200b, miR429, and miR200c target the same sequence 
in the 3’ UTR of the ZEB1 transcript.  miR200a and miR141 both 
target an alternate sequence in the 3’ UTR of ZEB1.
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acinar cells and ductal cells maintain basal alignment along a basement membrane, 

establish tight junctions and preserve apical and basal sides. It is important to note, 

however, that salivary acinar cells differ from ductal cells in two substantial ways: first, 

they are highly secretory and produce large amounts of fluid and protein released during 

stimulation, and second, they have a pyramidal morphology that differs considerably from 

the more cylindrical ductal cells.  The pyramidal morphology provides a greater apical 

surface for secretion along the intercellular secretory canaliculi in the acinar lumen 

(Bundgaard et al., 1977, Matsuzaki et al., 2006; Masedunskas et al., 2011). In acinar 

cells, tight junctions keep the apical membrane in the canaliculi from intermingling with 

the basal membrane (Matsuzaki et al., 2006). In ductal cells, which have a much less 

apical membrane, tight junctions perform the same function, but in a smaller region.  The 

primary contribution of ductal cells to the final saliva product is the secretion of water, 

lysozyme, and lactoferrin and exchange of ions through transmembrane channels (Mitani 

et al., 1989; Lee et al., 2012).   

These significant functional and morphological differences between salivary acinar 

and ductal epithelial cells suggest that distinct polarization mechanisms might be required 

to establish and maintain the two populations. Previous work has demonstrated cultured 

primary cell populations from salivary explants retain stem cell markers (Srinivasan et al., 

2016).  Therefore, the isolated primary cells 

were designated human stem/progenitor 

cells (hS/PC).  In order to distinguish 

differentiating ductal cells from 

differentiating acinar cells, unique 

biomarkers can be used (Figure 3.7).  

Ductal cells produce cytokeratin 19 (K19), 

an intermediate filament that acinar cells do 

not express.  Also, transcription factors are 

useful to distinguish the two cell types.  

Ductal cells produce transcription factor 

CP2-like 1 (TFCP2L1) while acinar cells 

 
 

Ductal Acinar 
K19 AQP5 

TFCP2L1 AMY1 
 MIST1(BHLHA15) 

 
 
	

Figure 3.7. These proteins are currently used as 
biomarkers to differentiate salivary ductal cells 
from salivary acinar cells. 
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produce basic helix-loop-helix transcription factor A15 (BHLHA15) also known as MIST1.  

To distinguish acinar cells, two proteins are particularly useful.  First, amylase 1 (AMY1) 

is a vital component of saliva produced by acinar cells.  The second protein, aquaporin 5 

(AQP5), is a water channel unique to acinar cells.  When cultured hS/PCs are treated 

with carbachol, a neurotransmitter receptor agonist, these cells differentiate into an 

acinar-like phenotype (Srinivasan et al., 2016). In this study, I examined both normal 

resected human salivary tissue from male and female patients, and primary human 

salivary cells grown and expanded ex vivo from explants, to confirm the presence of 

classical polarization complexes in cuboidal, ductal cells, and to determine if these same 

complexes are required to preserve polarity in the pyramidal, acinar population. 

 

Materials and Methods 

Collection of human tissues. 

 Human salivary tissue samples were collected from properly consented head and 

neck cancer patients undergoing surgery at the Helen F. Graham Cancer Center at the 

Christiana Hospital (Newark, DE) as described previously (Pradhan et al., 2009). Freshly 

dissected parotid or submandibular salivary glands from six male and seven female 

patients between the ages of 22 to 81 were processed at the University of Delaware 

Center for Translational Cancer Research, then shipped overnight to Rice University 

where they were further processed. All procedures exactly followed approved guidelines 

of the cooperating Institutional Review Boards at the Christiana Care Health System, the 

University of Delaware and Rice University. 

 

Tissue preparation for immunohistochemistry or laser capture microdissection.  

 Upon arrival, tissue was cut into 5 mm3 cubes, flash frozen in liquid N2, then 

embedded in Optimal Cutting Temperature (OCT) embedding compound (Sakura 

Finetek, Torrence, CA).  Samples were stored at -80 °C until sectioned.  Tissue was 

warmed to -20 °C for 30 minutes prior to sectioning using a Leica CM1850 UV cryostat.  
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Laser capture microdissection.  

For laser capture microdissection (LCM), tissue was sectioned at 6-8 µm 

thickness.  Frozen tissue sections were fixed in 100% ethanol for one minute, then dried 

in xylene for 5 minutes.  Samples were stored in xylene prior to microdissection.  Sections 

were allowed to air dry for 5 minutes prior to LCM.  LCM was performed using an 

ArcturusXT LCM (ThermoFisher Scientific, Wilmington, DE) housed at the Baylor College 

of Medicine.  For microdissection, the tissue was examined under a light microscope.  

Cell types were marked based on morphology and a CapSure LCM cap was placed over 

the tissue sample.  Acinar cells were identified by light microscopy by their flat, circular 

structures with basally localized nuclei then grouped together for dissection, after which 

the same was performed with ductal cells, raised, narrowly packed cells with centrally 

located nuclei. After they were collected, cells were placed in TRIzol reagent (Life 

Technologies, Carlsbad, CA) and stored at -80 °C for RNA extraction.  Dissection of tissue 

was done at the Baylor College of Medicine in the Human Tissue Acquisition and 

Pathology core (https://www.bcm.edu/centers/cancer-center/research/shared-

resources/human-tissue-acquisition-pathology). 

 

In situ hybridization 

 Frozen parotid and submandibular salivary tissue samples were cryosectioned into 

6µm slices. The sections were packed on dry ice and delivered to The University of Texas 

MD Anderson Cancer Center Sequencing and Non-Coding RNA Core Facility 

(https://www.mdanderson.org/research/research-resources/core-facilities/ncrnaprogram 

.html). At the core facility, the sections were probed for U6, miR200b, miR200c 

microRNAs using digoxygen-labeled (dig-labeled) probes from Exiqon as previously 

described (Santarpia et al., 2013).  A dig-labeld scrambled miRNA was used as the 

negative control.   

 

Extraction of RNA.  

RNA was extracted using 0.5 ml TRIzol reagent (Life Technologies) following the 

manufacturer’s directions.  RNA pellets were resuspended in 12 μl of nuclease-free water 
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and incubated at 55 °C.  Remaining genomic DNA was degraded by DNaseI digest using 

DNA-free kit (Ambion, Austin, TX) in accordance with manufacturers’ directions.  Final 

RNA concentration was determined by UV absorbance using a NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific). 

 

Quantitative RT-PCR of RNA.  

For microRNA analysis, cDNA was made from 2 µg of isolated RNA using miScript 

II RT kit (Qiagen, Hilden, Germany). Reactions were diluted by adding 50 µL RNase-free 

water prior to qPCR reaction.  For each 20 µL qPCR reaction, 6 µL cDNA was used.  All 

microRNA primers were purchased from Qiagen.  For mRNA, one µg RNA was reverse-

transcribed using cDNA Supermix (Quanta Biosciences, Gaithersburg, MD) as per the 

manufacturer’s protocol and amplified using a BioRad CFX96 Real Time System.  For 

qPCR, SYBR Green Supermix (Quanta Biosciences) was used for the reactions.  In total, 

ten patient samples were analyzed, five from parotid glands and five from submandibular 

glands. All samples were normalized to levels of the small nucleolar RNA housekeeping 

gene, SNORD61 (cat# MS00033705) and analyzed as technical triplicates (Sperveslage 

et al., 2014). Primers to recognize transcripts encoding aquaporin-5 (AQP5) (cat# 

PPH16382A), a water channel present only in acinar cells, basic helix-loop-helix A15 

(BHLHA15) (cat# PPH08411A), a transcription factor present only in acinar cells, and 

crumbs-3 (CRB3) (cat# PPH12778B), a component of the apical polarity complex in most 

epithelial cells, were purchased from Qiagen. All other primer pairs and annealing 

temperatures used for RT-PCR are listed in Appendix A. 

 

Immunostaining.   

Salivary tissue samples were fixed in 4% (v/v) paraformaldehyde (PFA), 

permeabilized in 0.02% (v/v) Triton X-100, and blocked in filtered 3% (w/v) bovine serum 

albumin (BSA) in phosphate buffered saline (PBS), after which they were incubated with 

primary antibody overnight in blocking solution at 4 °C.  Primary antibodies were used for 

the following proteins: amylase (AMY1) (Sigma Aldrich, St. Louis, MO, Cat #A8273), 

SCRIB (Santa Cruz Technologies, Dallas, TX, Cat # sc-28737), LLGL1 (ThermoFisher 
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Scientific, cat #89015833), LLGL2 (ThermoFisher Scientific, cat #89014141), ZO-1 (Life 

Technologies, cat #339100), E-cadherin (Cell Signaling Technology, Danvers, MA, cat 

#3195S), DLG1 (ThermoFisher Scientific, cat # NB6001229), PAR3 (Millipore, Billerica, 

MA, cat# 07-330), AQP5 (Novus Biologicals, Littleton, CO, cat #NBP1-19755), and b1 

integrin (Novus Biologicals, cat# NB100-63255). Detailed information on antibody clones, 

host species, item numbers, and dilutions are provided in Appendix A. Samples were 

rinsed in PBS three times for five minutes each at room temperature, followed by 

incubation with Alexa Fluor 488 goat anti-rabbit IgG and/or Alexa Fluor 647 goat anti-

mouse at a 1:400 (v/v) dilution (Life Technologies) overnight at 4 °C.  Samples then were 

washed three times in PBS.  The final wash included 1 µg/mL 4’,6-diamidino-2-

phenylindole (DAPI) (Biotium, Fremont, CA, cat #40011) to stain the nuclei. Samples 

were sealed in ProLong® Gold antifade reagent (ThermoFisher Scientific, cat# P36930) 

and covered.   

For imaging cells in hydrogels, gels were fixed in 4% (v/v) paraformaldehyde (PFA) 

for 30 minutes, permeabilized in 0.02% (v/v) Triton X-100 for 10 minutes, and blocked in 

filtered 3% (w/v) bovine serum albumin (BSA) in phosphate buffered saline (PBS) for 2 

hours, after which they were incubated with primary antibody overnight in blocking 

solution at 4 °C.  Samples were rinsed in PBS three times for 15 minutes each at room 

temperature, followed by incubation with Alexa Fluor 488 goat anti-mouse IgG and/or 

Alexa Fluor 568 goat anti-rabbit at a 1:400 (v/v) dilution (Life Technologies) overnight at 

4 °C.  Samples then were washed for 15 minutes, three times in PBS.  The final wash 

included 1 µg/mL DAPI (Biotium) to stain the nuclei. Samples were imaged using a Nikon 

A1-Rsi confocal microscope and analyzed using Nikon NIS Elements software. 

 

Explants and 2D cell culture.   

Human parotid salivary tissue was rinsed for five minutes in a wash buffer 

composed of ice-cold DMEM/F12 (Life Technologies) supplemented with 100 U/mL 

penicillin + 100 µg/mL streptomycin, and 0.25 µg/mL Amphotericin B (Life Technologies) 

with 1% (v/v) betadine solution added in for the first round.  After the wash buffer plus 

betadine, the tissue was washed for 5 minutes two more times in wash buffer alone.  
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Tissue was then cut into 1 mm3 pieces.  Six to seven 1 mm3 pieces were grouped 

together, minced with a scalpel and scissors and plated into a single well of a 6-well plate.  

Hepatocyte culture medium (Corning) was added to the well and the tissue was incubated 

at 37 °C with 5% (v/v) CO2 for 5 days without disturbing the plate.  If after five days tissue 

had attached to the plate, the culture medium and residual floating tissue were aspirated 

and 2 mL fresh medium was added gently over the explant culture.  If no tissue had 

attached, half of the remaining culture medium, was aspirated, 0.5 mL fresh medium was 

added, and the plate was returned to the incubator for another 5 days until the tissue 

attached. 

After the cell sheet growing from explant covered 60% of the surface area in the 

well, I washed the cell layer with Ca2+ Mg2+-free PBS for two minutes, then removed cells 

by treatment with 1 ml 0.05% (w/v) trypsin (Life Technologies) for five minutes.  After five 

minutes, 0.5 mL fetal bovine serum (FBS) was added to quench the reaction.  The 

suspension containing cells was placed in a centrifuge tube and centrifuged at 180 x g 

for three minutes.  The cells were resuspended in culture medium prewarned to 37o and 

plated in a T-25 flask. 

The human pancreatic ductal epithelial (HPDE) cell line was obtained from the 

Changyi Chen lab at the Baylor College of Medicine (Houston, TX) and cultured in 

Keratinocyte-SFM media (Life Technologies) supplemented with 100 U/mL penicillin + 

100 µg/mL streptomycin (Ouyang et al., 2000).  This immortalized cell line served as a 

positive control for an epithelial phenotype.   

hS/PCs and HPDE cells were cultured on tissue culture inserts (Greiner Bio-One, 

cat #665640) coated with human basement membrane extract that contains laminin, 

collagen VI, and perlecan/HSPG2 (Trevigen, cat #3434-001-02) to evaluate polarity of 

the cells.  Cells were imaged after 7 days in culture. 

 

 

3D cell culture.   

HyStemÒ hyaluronic acid (HA) gels (ESIBio, Alameda, CA) were formed according 

to manufacturer’s directions. Briefly, thiolated HA was dissolved at 1% (w/v) in degassed 
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water for 30 min with light rocking at 37°C. The HA solution was mixed with 0.5% (w/v) 

poly(ethylene glycol)diacrylate (PEGDA) at a ratio of 4:1 (v/v).  The Michael addition 

reaction was allowed to proceed at room temperature for 10 minutes prior to the addition 

of 150,000 cells per 50 µL of HA/PEGDA solution.  HA/cell mixture was dispensed into 6 

mm diameter molds and allowed to crosslink at 37° for 1 hour.  After 1 hour, gels were 

removed from the molds, transferred to individual wells of a 48-well plate, and incubated 

with 0.5 mL Williams’s E media (Sigma, cat #W4128-500ML) supplemented with 1% (v/v) 

ITS (Sigma, cat #I3146-5ML), 1 mg/mL (w/v) human serum albumin (Sigma, cat #A1887-

1G), 1% (v/v) GlutaMax™ (Life Technologies, cat #35050061), 100 U/mL penicillin + 100 

µg/mL  streptomycin (Life Technologies, cat #15140122), 10 µM dexamethasone (Sigma, 

cat #D4902-25MG) and 10 ng/mL EGF (Gibco, cat #PHG0311L) 

To incorporate extracellular membrane proteins into the gels, exogenous protein, 

100 µg/mL laminin (Trevigen, cat# 3400-010-01), 100 µg/mL fibronectin (Trevigen, cat 

#3420-001-01), or 100 µg/mL basement membrane extract (Trevigen, cat #3434-001-02), 

was added to the 50 µL gel during crosslinking.  For laminin and basement membrane 

extract, gels were allowed to begin crosslinking for 10 minutes prior to the addition of 

150,000 cells and then pipetted into 50 µL cylindrical molds.  For fibronectin, all 

components were combined including cells and immediately plated into the 50 µL 

cylindrical molds because crosslinking occurred more quickly. 

 

Lentiviral transduction 

MISSION Lenti microRNA hsa-miR200b-5p and MISSION Lenti microRNA hsa-

miR200c-5p (Sigma Aldrich, St. Louis, MO) were used to transfect miRs into primary 

salivary cells. Primary salivary cells at time of infection were between culture passages 

2-4.  MISSION Lenti microRNA ath-miR416 was used as a negative control because it 

introduces a miRNA found in Arabidopsis thaliana with no homologs found in humans.  

All Lenti vectors contain a puromycin resistance gene to allow for selection after 

transduction.  Primary salivary cells were treated with puromycin at a concentration 

between 0.5 – 10 µg/mL to determine the concentration of puromycin necessary to kill 
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unmodified cells and evaluated after two days.  Based on the results, 0.5 µg/mL 

puromycin was used for all lentiviral experiments to select the cells transduced by the 

Lenti virus.  Primary cells were cultured in T-25 flasks until 60% confluent as judged by 

visual inspection.  Cells were treated with 8 µg/mL (w/v) hexadimethrine bromide (Sigma 

Aldrich, St. Louis, MO) and incubated overnight with lentiviral particles. Media was 

replaced with fresh, pre-warmed media and cells were allowed to recover.  After 24 hours, 

0.5 µg/mL (w/v) puromycin was added to the media to begin selection for transfected 

cells.  After two days of selection, cells were encapsulated in HA gels and treated with 5 

µM carbachol every day for nine days.  After nine days, cells were fixed for confocal 

imaging or lysed in TriZol for RNA and protein extraction. 

 

Statistics 

 All statistics were calculated using two-tailed student’s t-test to compare patient 

groups and to determine statistical significance using Prism software.  For tissue samples 

and primary cell culture, each patient was considered a biological replicate.  For cell line 

experiments, each culture well or hydrogel was considered a biological replicate.  

Technical triplicates were prepared and analyzed for all samples for qPCR. 

 

Results 

Cultured hS/PCs do not form an epithelial sheet.  

A common way to measure the development of polarity in cultured cells is to 

measure the transepithelial electrical resistance (TEER) across the layer of cells grown 

in tissue culture inserts (Straight et al., 2006). A basic feature of polarized epithelial cells 

is their ability to form a complete, electrically-resistant, monolayer sheet when plated on 

a thin layer of basement membrane. When hS/PCs were plated on tissue culture inserts 

coated with human basement membrane extract, the cells spread out across the insert 

with some high density regions (Figure 3.8 A).  Specifically, the cells grew in small piles 
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of cells, some containing as few as 12 cells, similar in shape to an acinus in a salivary 

gland. The cells not incorporated into the clusters still did not completely cover the 

membrane; therefore, it was not possible to measure the TEER for the cultured primary 

salivary cells.  In contrast, the positive control cell line (HPDE) filled the tissue culture 

insert to form a tight monolayer.  This contrasting behavior is recognized when cell 

membranes between adjacent HPDE cells are visualized by light microscope as white 

lines between the cells (Figure 3.8 B)  

 

Acinar epithelial cells do not produce the same polarity proteins as do ductal epithelial 

cells.   

Because primary tissue-derived hS/PCs did not form an epithelial sheet and rather 

formed round acini-like clusters, I suspected that these primary epithelial cells retained 

their native pyramidal morphology. With the acknowledgement of the difference in shape 

compared to the columnar ductal cells, the question arose about where the polarity 

complexes would localize in a pyramidal cell.  Parotid and submandibular tissue sections 

 

	

Figure 3.8. A. Cultured salivary cells form clumps when grown on tissue culture inserts 
instead of forming a monolayer across the membrane.  B. Pancreatic ductal cells (HPDE), 
used as a positive control for a human polarized epithelial cell, form a monolayer when grown 
on tissue culture inserts. 

A	 B	
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containing both acini and 

ducts were assessed by 

immunofluorescence to 

determine the presence and 

localization of classical 

polarity complexes, mucin 

and junctional proteins 

(Figure 3.9).  Both E-cadherin (CDH1) and partition-3 (PAR3) proteins were detected in 

both acinar and ductal cells.  CDH1 was found along the basolateral plasma membrane 

and PAR3 staining was strong along the membrane, especially along the apical 

membrane, with weak cytosolic staining.  The tight junction protein, ZO1, had a much 

Figure 3.9. Tissue sections of 
human parotid and 
submandibular salivary 
glands. Some obvious ducts 
are marked with an asterisk. 
Immunofluorescence shows 
cell membrane of adherens 
junctions (E-cadherin/CDH1) 
and tight junctions (ZO1) in 
both acinar and ductal 
epithelial cells. CDH1 is 
present in the lateral 
membranes between the 
cells, while ZO1 is restricted 
to the apical surface of the 
acinar cells and limited to the 
subapical region in ductal 
cells. MUC1 and SCRIB are 
readily visible in ductal cells, 
but not well detected in the 
acini. There is strong 
membrane staining and weak 
cytoplasmic staining for 
PAR3, a protein found in the 
partition complex, for both 
ductal and acinar epithelial 
cells. All images were 
captured using Nikon A1.  
Scale bar is 50 µm. 
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different staining pattern in acini than in ducts.  Rather than being localized as a band 

around the apical end of the cell as it is in ductal cells, clearly visible at the upper right 

asterisk in the parotid ZO1 panel, ZO1 was observed along the entire apical surface of 

the acinar cells.  The staining was localized to the intercellular canaliculi and along the 

acinar lumen.  Interestingly, MUC1 and SCRIB only were detected in ductal cells.  These 

results were consistent between parotid and submandibular tissue sections.  Because of 

these results, the other proteins in the Scribble complex (LLGL1, LLGL2, and DLG1) were 

evaluated by immunostaining in submandibular salivary tissue sections (Figure 3.10).  

DLG1 was observed in the cytoplasm of acinar and ductal cells; however, for ductal cells, 

DLG1 was also detected in the plasma membrane with the brightest staining in the apical 

membrane.  LLGL1 was not detected in any cells in the salivary sections.  LLGL2 showed 

cytoplasmic staining in the ductal cells and apical staining in both the ductal and acinar 

cells.   

 

Both acinar and ductal epithelial cells produce miR200b and miR200c microRNAs 

 To determine if the differences observed in the presence of polarization complex 

members within the salivary glands could be attributed to a difference in presence of 

microRNA 200 family members, tissue sections were separated by LCM into 

acinar/myoepithelial and ductal fractions and prepared for qPCR assessment of 

microRNA expression. In order to evaluate the purity of the isolated cell types, transcripts 

 
 
Figure 3.10 Immunostaining of submandibular tissue section for proteins in the Scribble 
complex. DLG1 was observed in both ductal and acinar cells.  LLGL1 was not detected 
in either cell type, and LLGL2 was weakly detected in ductal cells, but no signal was 
observed in acinar cells. Scale bar is 50 µm. 
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encoding biomarkers for each, AQP5 for acinar cells and MUC1 for ductal cells, were 

amplified in each isolation.  The parotid tissue isolation, M71, showed more contamination 

of each cell type, ductal cells in the acinar/myoepithelial isolation and acinar cells in the 

ductal isolation, than did the submandibular gland tissue, F81 (Figure 3.11 A).  This 

finding was not surprising given the frozen submandibular tissues in general retained 

much better structural integrity than did the frozen parotid tissues.  However, it should be 

noted that the signal for the submandibular tissue was 1/3 of that of the signal for the 

parotid tissue.  It is likely the acinar/myoepithelial cell isolation had less ductal cell 

contamination than found in the parotid separation because no MUC1 was detected in 

the acinar/myoepithelial isolation; however, the ductal isolation from the submandibular 

    Parotid         Submandibular        B         INADL mRNA by cell type 

	 
 
 
  Parotid     Submandibular 

	   
 
Figure 3.11. A. The purity of the isolations was evaluated by amplifying acinar and 
ductal markers in each isolation to determine the presence of cell types.  B. INADL 
transcripts were amplified in the acinar and ductal isolations.  C. microRNA detection in 
ductal and acinar/myoepithelial populations captured by LCM from salivary parotid (n=3) 
or submandibular (n=2) glands. The mean values for miR200b and miR200c transcripts 
relative to SNORD61 were greater than 0.5 in both cell types and in both glands.  The 
mean for each sample is noted by a short horizontal line.    
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gland tissue may have had some acinar cell contamination that wasn’t amplified above 

the noise of the instrument.   

 After evaluating the purity of the isolations, I amplified INADL transcripts (Figure 

3.11 B).  For the one parotid patient sample and the two submandibular patient samples, 

INADL was enriched in the ductal isolation, particularly for the submandibular samples.  

While it was not detected at all in the acinar isolation from the F76 patient sample, it was 

detected in the acinar isolation from the F81 patient sample.  For the F81 patient sample, 

the INADL transcript levels were 26 times higher in the ductal isolation than those in the 

acinar isolation.   

microRNA levels were normalized to SNORD61, as described in Methods. 

miR200c and miR200b each were detected in both the acinar/myoepithelial and ductal 

fractions, in both parotid and submandibular glands. (Figure 3.11 C).  The submandibular 

fractions had an 8 to 10-fold higher steady-state level of these two microRNAs than did 

the parotid fractions.  Additionally, miR429 was detected in the parotid sections at levels 

similar to miR200c; however, it was not detected in the submandibular tissue in either 

acinar or ductal cells.  miR200a was detected in five of the ten samples analyzed, while 

miR141 was only detected in one of the ten tissue samples amplified.  While the few 

patient samples and low experimental power meant that there were no statistical 

differences among patient samples, and similarly, large standard deviations of the few 

data sets that were evaluated, I nonetheless focused on miR200b and miR200c in future 

work.  Each of these was consistently amplified in both parotid and submandibular 

tissues, and thus judged to be a potentially valuable candidate for future analysis. 

In order to corroborate the results under conditions where little or no cross-

contamination of cell types would occur, microRNA in situ hybridization (ISH) was 

performed for miR200b and miR200c on both submandibular (Figure 3.12) and parotid 

(Figure 3.13) sections.  The signal was much stronger for both microRNAs in the 

submandibular sections than in the parotid, perhaps due to the superior condition of the 

frozen submandibular tissue.  While staining intensity varied from patient to patient, when 

staining was present, staining was detected in both ductal and acinar cells.  For the 

parotid sections, signal was extremely weak, if present at all, in both acinar and ductal 
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cells.  Therefore, it is unlikely that the differences in expression of polarity protein complex 

members between acinar and ductal cells are due to differences in expression or activity 

of members of the miR200 family.		 

 

Cultured hS/PCs express polarity genes in various 3D matrices 

hS/PC-derived cells cultured in HA gels augmented with 100 µg/mL of either 

laminin, basement membrane extract, or fibronectin exhibited similar steady state levels 

of mRNA encoding polarity proteins across all matrix combinations (Figure 3.14).  A 
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ISH of submandibular gland
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Figure 3.12. In situ hybridization of microRNAs in submandibular tissue.  Tissue sections from five different patients were 
used. Color precipitation can be seen for both miR200b and miR200c in most sections.  For the sections with color 
precipitation, both acinar and ductal cells show staining.  While ducts may appear darker in color, this may be due to the 
structure of the ducts where the ductal cells are smaller and packed tighter.  The positive control targets U6 and scrambled 
RNA probe was used as the negative control. 10X magnification.
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western blot of the three patient  samples showed one of the primary cell isolates   

produced E-cadherin, while the other two did not.  Typically, cultured salivary cells do not 

produce E-cadherin making this isolate unique.  INADL and CRB3 transcripts were 

detected in the cultured cells, both with and without E-cadherin; however, since only three 

patients could be evaluated, no significant differences were observed at any time point 

for any matrix.   

When the E-cadherin negative cultured cells were evaluated by 

immunofluorescence, SCRIB, LLGL1, LLGL2 and DLG1 were detected in cells grown 

nine days in all matrix combinations (Figure 3.15).  LLGL1 and LLGL2 were localized to 	

the plasma membrane at the cell-to-matrix interface in all matrices, independent spheroid 
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Figure 3.13. In situ hybridization of microRNAs in parotid tissue.  Tissue sections from five different patients were used.  
Very little color precipitation is observed for either miR200b and miR200c.  The positive control targets U6 and scrambled 
RNA probe was used as the negative control. 10X magnification.
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size.  DLG1 was detected and the cell-to-matrix interface in hS/PCs cultured in all matrix 

combinations.  DLG1 signal was stronger in HA and HA+fibronectin combinations than in 

HA+laminin or HA+BME.  In the HA only matrix, DLG1 signal was more visible in single 

cells than in the multicellular clusters.  While SCRIB was detected in all cells, including 

single cells, the brightest signal was localized to the plasma membrane at the cell-to-cell 

interface in all matrices. When compared to tissue sections, the cultured cells resembled 

the ductal phenotype more closely than the acinar phenotype due to the increasing 

quantity of INADL transcripts and the presence of SCRIB.  With the localization of different  
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Figure 3.14. mRNA of cultured salivary cells in 3D matrix study.  The cultured hS/PCs were evaluated separately as individual
patients.  Patient F22 cells produced very little CRB3mRNA.  For patients F57 and M50, CRB3mRNA levels increased when 
fibronectin was added to the matrix.  For INADL mRNA, patient F22 again produced the lowest quantity of transcript.  For patients 
F57 and M50, INADL transcripts were increasing in the HA only matrix and the HA matrix supplemented with fibronectin.  Both 
patients made similar quantities of INADL mRNA in all matrix combinations at each time point except for day 9 in HA matrix 
supplemented with fibronectin.  On day 9, M50 cells produced approximately 50% more transcript than the F57 cells.
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Figure 3.15. Polarity proteins were identified by immunofluorescence in hS/PCs grown in 3D culture with 
various ECM proteins added to the matrix at multiple time points.  LLGL1, DLG1, LLGL2, and SCRIB were 
observed at Day 9 in the various matrix combinations.   LLGL1 and LLGL2 were present in the hS/PCs in all 
matrix combinations, independent of spheroid size, and was localized to the cell-matrix interface on day 9. 
DLG1 (on next page) was observed at the cell-matrix interface in all matrix combinations at day 9. In the HA-
only cultures, DLG1 signal was stronger in single cells than in the multicellular clusters.  On day 9, SCRIB 
was strongly detected at the cell-to-cell interface in multicellular clusters and weakly detected, if at all, in the 
single cells present in all matrix combinations. Scale bar is 50 µm. 	
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proteins to different membranes, it appears 

the cultured hS/PCs have begun to 

polarize; however, the polarization of these 

cells was not complete.	 

 

Cultured hS/PC’s transduced with lentiviral 

vectors displayed ductal markers.   

 The lack of E-cadherin in most 

primary cell cultures, while present in the 

originating tissue, suggested ZEB1 may be 

active which in turn would mean miR200b 

and miR200c were suppressed.  Therefore, 

the presence of miR200 family members 

was evaluated in hS/PCs cultured for 21 days in HA gel and found to be much lower than 

in tissue (Figure 3.16).  When compared to parotid tissue, miR200b was 6000 times 

higher and miR200c was 1250 times higher in tissue than in the cultured hS/PCs.  To 

determine if an increase in miR200b or miR200c would stimulate the levels of polarity 

markers, transduction by Lentivirus was employed.  After transduction with Lentivirus 

containing miR200b, miR200c, or an empty vector, changes in steady-state levels of 

miR200b and miR200c were detected by qPCR in E-cadherin negative cultured cells 

(Figure 3.17).  For E-cadherin negative cells transfected with miR200b, steady-state 

levels of miR200c were significantly increased.  For E-cadherin negative cells transfected 

with miR200c, steady-state levels of both miR200b and miR200c appeared to increase, 

but this was only significant for miR200b.  The E-cadherin positive cells did not show any 

increase in either microRNA after transfection; however, levels of miR200b and miR200c 

were much higher in E-cadherin positive cells than in either of the E-cadherin negative 

patient samples.  Steady-state levels of INADL and CRB3 mRNA were not significantly 

different from the empty vector control (Figure 3.18).  Among the E-cadherin negative 

cells, CRB3 increased in one biological sample and not for the other.   

	
	
	
	

Figure 3.16. The microRNAs miR200b and miR200c, 
present in salivary tissue, are not present at similar 
levels in hS/PCs cultured in HA matrix for 21 days.  
The level of miR200b present in parotid tissue is 
6000 times higher than in cultured hS/PCs; for 
miR200c, the levels are 1250 times higher in parotid 
tissue than in the cultured hS/PCs. All samples were 
pooled from 3 gels and run as technical triplicates. 
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Interestingly, when evaluated by western blotting, the two previously E-cadherin 

negative cultures that had been transduced produced E-cadherin for all experimental 

conditions including the empty vector control.  Furthermore, all cultures produced MUC1, 

a ductal cell marker.	 

 

Discussion  

In order to regenerate a salivary gland from isolated primary cells, the necessary 

growth conditions to sustain the different cell types in their native morphology must be 

identified. To determine the vital proteins required for the proper tissue organization, 

polarity of the cells was evaluated first.  A classic measurement of polarity, transepithelial 

electrical resistance, could not be measured for cultured salivary cells because of the 

types of structures formed by the cells as they grew in monolayers. This growth pattern 

seemed to be an inherent feature of the cells. The difference in growth pattern can be 

explained by differences in morphology that exist between salivary acinar cells and ductal 

F22 F57 M50 (E-cad+)

miR200b   miR200c miR200b   miR200c miR200b   miR200c
Figure 3.17. Lentiviral transduction of miR200b and miR200c in hS/PC cells.  The transduction of E-cadherin positive cells did not show 
an observable increase in either microRNA, miR200b or miR200c.  For the E-cadherin negative hS/PCs, transduction with miR200b
slightly increased miR200b and significantly increase miR200c (p<0.01).  An increase was observed for both miR200b and miR200c
when transduced with miR200c; miR200b levels increased significantly (p<0.01).  All samples are pooled from three different wells.
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cells in tissue.  In the native architecture of the round acinus, acinar cells are pyramidal.  

This pyramid shape is not conducive to forming a flat sheet of cells with tight junctions 

localized in a band around the top, and would rather form a ball, as was seen.  On the 

other hand, ductal cells have a columnar morphology. This shape easily and readily forms 

an epithelial sheet-type monolayer when cultured on a flat surface. 

Because of the different shape and function of the acinar cells compared to the 

ductal cells, the question arose if the cells form junctions or organized their internal 

features of polarity differently.  Multiple distinctive differences exist between acinar and 

ductal cells because of the difference in their functions.  The acinar cells are highly 

secretory cells that produce almost all the components of saliva, packed into zymogen 

granules, to be released upon demand.  The bulk of the internal volume of the cell holds 

these granules for release into the lumen.  During secretion, the granules bind to the cell 

membrane and release their contents.  Ductal cells on the other hand, form sealed tubes 

to transport saliva to the oral cavity.  They contribute some enzyme and ion exchange to 

the final product, but the primary function remains transport to the mouth.  Therefore, it 

stands to reason the junctions between the acinar cells would be different from the 

junctions between the ductal cells. 
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Figure	3.18.	The	increase	in	microRNA	did	not	translate	to	an	

increase	in	INADL	or	CRB3	mRNA.		A	western	blot	of	the	samples	

showed	all	cultured	hS/PCs	were	making	E-cadherin	(CDH1)	and	

MUC1	nine	days	after	encapsulation.
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While E-cadherin showed similar staining patterns in both cell types in parotid and 

submandibular tissues, ZO1 staining did not.  ZO1 was present in ductal cells as normally 

recognized. Tight junctions formed a band around the subapical cellular membrane to 

control both the paracellular space between the cells as well as to limit the movement of 

transmembrane proteins between the apical and lateral E-cadherin membranes.  This 

band is visible in immunofluorescence and appears as hexagonal outline shapes in the 

ducts.  However, acinar cells have different patterns of ZO1 staining.  In acinar cells, ZO1 

highlights the secretory canaliculi structures formed between the cells.  This arrangement 

allows for more surface area to be available for secretion of the zymogen granules into 

the expanding acinar lumen. 

Differences between acinar and ductal epithelial cells extend to include 

transcription factors and intermediate filaments that can be used as biomarkers to 

distinguish acinar from ductal cell.  Ductal cells are identified by production of the 

intermediate filament/cytokeratin K19 and the transcription factor TFCP2L1. Additionally, 

it has been shown here that the transmembrane protein MUC1 is unique to ductal cells in 

the salivary gland.  One of the basic functions of MUC1 is to protect the underlying cell 

layer from microbial attack.  The ducts open into the mouth making them the part of the 

salivary gland most likely to encounter a pathogen.  Therefore, MUC1 has an important 

function within the ducts. 

As for the apicobasal polarity proteins, ductal cells follow the classical program for 

maintaining cellular polarity and these active genes can be used to distinguish acinar from 

ductal cells as well.  Ductal and acinar cells each produce PAR3; however, based on 

qPCR of LCM separated epithelial cells, INADL was detected in ductal cells, but not acinar 

cells.  By immunofluorescence, SCRIB was readily detected in ductal cells, but weakly if 

at all, in acinar cells.  These two findings taken together suggest salivary ductal cells 

follow the canonical model for maintaining cellular polarity, and acinar cells may have 

different mechanism(s) in place.  Interestingly, SCRIB showed strong apical staining in 

addition to the expected basolateral staining.  The apical staining is similar to ZO1 staining 

suggesting that SCRIB may associate with tight junctions similarly to that observed in 

intestinal epithelia (Ivanov et al., 2010).    
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 In addition to the polarity complexes previously mentioned, the microRNA miR200 

family is essential for the maintenance of the complexes by interfering with the translation 

of the EMT-activating transcription factor, ZEB1.  Therefore, the presence of the miR200 

family members needed to be determined in the salivary gland acinar and ductal cells.  In 

this work, it was observed that both miR200b and miR200c are present in ductal and 

acinar epithelial cells in both the serous parotid gland and the more mucinous 

submandibular gland. Thus, the presence of these microRNAs is unlikely to explain the 

differences in expression of various polarity proteins in these two cell types.  However, 

both miR’s are present in the cultured cells at much lower quantities than was seen in 

tissue.  This may be explained by several possible factors.  First, in order to isolate the 

cells from the explant tissue, the cells must grow out into the culture plate from the mature 

tissue.  The microRNAs miR200b and miR200c suppress migration and invasion 

(Sossey-Alaoui et al., 2009; Tan et al., 2014).  It is possible this method stimulates EMT 

and selects for cells capable of repressing miR200b and miR200c.  It is possible that this 

culturing method may be stimulating the production of ZEB1 in the isolated salivary cells.  

With the production of ZEB1, the transcription of the miR200 family members is expected 

to be suppressed.  This suppression effectively blocks activation by c-Myb, the only 

known transcription factor to stimulate transcription of these genes (Pieraccioli et al., 

2013).  Another possibility is that the promoters for the miR200 family have become 

methylated such as occurs when cells are exposed to TGF-b, when repression of the 

expression of the microRNAs occurs even in the absence of ZEB1.  

When the hS/PCs were transduced to express miR200b or miR200c, the levels of 

miRNAs only increased maximally by 2-fold after 9 days in 3D culture, which was still 

more than 100 times lower than found in tissue.  Furthermore, transduction with one 

microRNA stimulated an increase in the other.  Previous work has shown the 

overexpression of miR200b disrupted the loss of miR200c after exposure to arsenic, 

demonstrating increasing one miR may support the other (Wang et al., 2011).  On a side 

note, our results demonstrated lentivirus was unable to transduce cells producing E-

cadherin.  This supports earlier work showing the ineffectiveness of lentivirus on E-

cadherin producing cells (Padmashali et al., 2013). 
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Surprisingly, the simple process of lentiviral transfection was found to be enough 

to stimulate the production of E-cadherin in cultures previously E-cadherin negative.  This 

may be due to activation of an inherent cellular defense mechanism causing “tightening” 

of cell junctions against a perceived invader. It has been observed that epithelial cells 

exposed to bacteria increase E-cadherin (Ishihata et al., 2013).  Alternatively, it could be 

a mechanism of cell survival.  Other work has demonstrated interaction of E-cadherin with 

KLRG1 receptor of immune cells inhibits their activation; therefore, the presence of E-

cadherin would reduce the cell’s likelihood of attack by immune cells (Grundemann et al., 

2006; Ito et al., 2006).  While it is possible the production of E-cadherin may coincide with 

differentiation of the hS/PC cells, when taken in conjunction with the observation that all 

cultured cells were also producing MUC1, this data suggests that transduction with 

lentivirus triggered a cellular defense mechanism.  E-cadherin is a common target for 

human pathogens, so upregulation would slow down the pathogen progress through the 

epithelial layer (Sears, 2000; Sousa et al, 2005; Gorbunova et al., 2010).  If this is the 

case, simply treating the hS/PCs with pro-inflammatory cytokines may start differentiating 

them into a ductal phenotype.  

 

Conclusions and Future Directions 

  Because of the progenitor nature of the isolated primary salivary cells our 

lab cultures, the establishment of apicobasal polarity may not occur until the cells have 

begun to differentiate into either ductal or acinar epithelial cells.  With the production and 

localization of SCRIB in the cultured hS/PCs, the cells appear to be beginning the process 

of polarization, and may be successful once the proper signals are in place.  In mice, it 

has been shown that the murine version of SCRIB, Scrib, is localized to both adherens 

and tight junctions and is required for proper lumen development and function of the 

airway epithelia (Yates et al., 2013).  Other work in human intestinal epithelia 

demonstrated SCRIB co-localized with ZO1 and is required for assembly of tight junctions 

(Ivanov et al., 2010).  Based on this previous work, the localization of SCRIB to the cell-

to-cell interface may indicate that the cultured cells are initiating to establish apicobasal 
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polarity.  More work is needed to elucidate the function SCRIB provided in the assembled 

tight junction.   

In addition to SCRIB, the cultured primary cells produce both LLGL1 and LLGL2, 

while LLGL2 is detected in the originating salivary gland and LLGL1 is not.  It is possible 

that both LLGL1 and LLGL2 are required to establish polarity, but not to maintain polarity.  

More work is needed to determine if LLGL1 is downregulated as the cells develop their 

apicobasal polarity.  The presence of LLGL2 in tight junctions has been noted previously, 

but its function related to tight junctions remains undetermined (Kohn et al., 2014). Further 

work here would help develop a fuller picture of a polarized epithelial cell, be it a pyramidal 

acinar one or a more typical cuboidal ductal one.   
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Chapter 4 – Animal-Free Salivary Culture Media Development 

 

Introduction 

 Radiation induced xerostomia affects thousands of people each year. (Dirix and 

Nuyts, 2010).  Many different methods are used to mitigate the damage caused by 

radiation, but so far success has been limited (van Dijk et al., 2016; Duarte et al., 2014).  

One potential therapy employs the tissue engineering paradigm, in which a region of 

healthy tissue is collected from the patient who is undergoing surgery to remove the tumor 

prior to radiation therapy.  This tissue provides a source of normal cells, which can be 

isolated and sorted as needed, expanded in culture, and reconstituted within a support 

matrix for later implantation in the patient. If properly optimized, the engineered structure 

should replicate the function, and may replicate the structure, of the native tissue.  

Despite their use of autologous sourced cells, tissue engineered systems face 

considerable regulatory hurdles, as they fall into the interface between FDA definitions 

for drugs and devices. FDA regulations deny the use of most animal-based products for 

human transplantation as Class III devices, to prevent an immune response against the 

implant. Exceptions, such as porcine-derived heart valves or decellularized extracellular 

matrices require extensive chemical crosslinking and/or extraction of residual cellular 

content from the xenograft host (Jamieson et al., 2011; Chang et al., 2016). Current cell 

culture methods commonly employ fetal bovine serum to enable cell attachment and 

expansion to tissue culture plates, and this presents a significant obstacle to device 

development.  Recently, Life Technologies Corporation (Carlsbad, CA) received FDA 

510(k) approval for serum free tissue culture media to be used in human ex vivo and 

tissue culturing applications.  Other companies have received FDA approval for human 

serum albumin to be used as an additive in cell culture media.  While serum albumin is 

not the same as serum, it has been demonstrated to be an effective substitute for protein 

source in culture media (Benadiva et al., 1989).  In order to initiate the approval process 

for a medium supportive of cultured salivary cells, an alternate medium without animal 

products was investigated. 
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Tran, Baum, and co-workers have published extensively on xerostomia causes 

and potential treatment strategies (Tran et al, 2011; Nagler and Baum, 2003; Vitolo and 

Baum, 2002; Baum and Tran, 2000). In a publication that described methods for culturing 

primary salivary cells from tissue, these researchers compiled a list of the common media 

components present in culture media capable of supporting culture of primary salivary 

cells (Tran et al., 2005). These authors identified the common minimal components and 

concentrations to be 10 ng/mL epidermal growth factor (EGF) to trigger the signaling 

cascade that results in the cell growth transcriptional program, 0.5-1.0 µg/mL insulin to 

stimulate the uptake of glucose and cell growth, and either 10 µM dexamethasone or 0.4 

µg/mL hydrocortisone to stimulate proliferation and inhibit apoptosis.  They noted that the 

base media used in Hepatocyte Culture Medium (previously named HepatoSTIM) 

(Corning #355056) (Corning, NY) was Williams’ E media with dexamethasone; insulin, 

transferrin, and selenium (Aigner et al.); and EGF. Although the complete composition of 

Hepatocyte Culture Medium (HCM), manufactured by BD Biosciences (San Jose, CA) 

and currently sold by Corning, is not publicly known, the composition of base media like 

Williams’ E is broadly known, and its original use was described for the long-term culture 

of epithelial cells (Williams and Gunn, 1974). HCM provides optimal culture of salivary-

derived epithelial cells and other epithelial cells in vitro, but its use in preparing tissue 

engineered constructs is ultimately limited, as it is known to contain multiple protein 

components (EGF, insulin, transferrin, and bovine serum albumin (BSA)) that are animal-

derived. 

The goal of the work in the present chapter was to devise a version of the above 

culture media, without animal-derived products, for culturing primary human salivary cells.  

Serum albumin is present in most mammalian cell culture media and has numerous 

extracellular and intercellular functions (reviewed in Francis, 2010).  A comparison of 

media designed for culturing hepatocytes made by Lonza (Basel, Switzerland), Gibco 

(Waltham, MA) and PromoCell (Heidelberg, Germany) with published media information 

documents, showed concentrations of bovine serum albumin (BSA) between 3.5 mg/mL 

and 5 mg/mL (Appendix C).  For two of the media recipes, the serum albumin included 

was specified as “essentially fatty acid free”. The concentration of BSA in HCM is not 
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published, and is a necessary parameter for deriving an animal-free culture medium.  

Because the concentrations of EGF and insulin were already known for HCM, finding a 

substitute was straightforward once human versions were identified. Ultimately for the 

development of an animal product-free culture media, the proteins and compounds 

necessary for hS/PC cell maintenance needed to be identified and source determined so 

substitutions could be made.  Once the formulation was developed, markers for epithelial 

characteristics and progenitor status, as well as cell proliferation and metabolic activity 

were evaluated in cultured hS/PCs and compared to HCM in order to determine the ability 

of the animal free salivary medium to support and sustain the cells. 

 

Materials & Methods 

Tissue procurement 

Human salivary tissue samples were collected from properly consented patients 

undergoing head and neck surgery at the Helen F. Graham Cancer Center at the 

Christiana Care Health System (Newark, DE) as described previously (Pradhan et al., 

2009). Freshly dissected parotid or submandibular salivary glands from six male and 

seven female patients between the ages of 22 to 81 were processed at the University of 

Delaware Center for Translational Cancer Research (Newark, DE), then shipped 

overnight to Rice University where they were further processed. All procedures exactly 

followed approved guidelines of the cooperating Institutional Review Boards at the 

Christiana Care Health System, the University of Delaware and Rice University. 

 

Primary human salivary gland-derived cell culture 

Primary human salivary cells were isolated as previously described in Chapter 3.  

The cells were cultured in five different media (Table 4.1).  The basic animal-free cell 

culture medium was William’s E media (Sigma, St. Louis, MO, cat #W4128) 

supplemented with 10 µg/mL insulin, 5.5 µg/mL transferrin, and 5 ng/mL sodium selenite 

(Sold as ITS Liquid, Sigma I3146), 1 mg/mL human serum albumin (Sigma), 1% (v/v) 
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GlutaMax™ (Life Technologies, cat #35050061) and 100 U/mL penicillin + 100 µg/mL 

streptomycin (Life Technologies, cat #15140122).  For complete media, 10 µM 

dexamethasone (Sigma, cat #D4902) and 10 ng/mL EGF (Gibco, cat #PHG0311L) were 

added.  To make the 10 µM solution, 0.02 g dexamethasone was dissolved in 0.5 mL 

DMSO, then diluted to 10.2 mL with PBS. For EGF, 100 µg was resuspended in 2 mL 

PBS and stored at 4°  until needed.  Other labs have shown that Keratinocyte SFM (Gibco, 

cat #10744019) is capable of sustaining salivary primary cells, so that media was used 

as well for comparison, as it is serum-free and likely also compatible with human use 

(Kamata et al., 1999; Wang et al., 2010). 

The human pancreatic ductal epithelial (HPDE) cell line was a gift from the Changyi 

Chen lab at Baylor College of Medicine (Houston,TX) and cultured in Keratinocyte SFM 

media supplemented with 1% (v/v) penicillin + streptomycin (Ouyang et al., 2000).  This 

immortalized cell line served as a positive control for an epithelial cellular phenotype.  For 

the negative polarity control, a human endometrial carcinoma cell line, HEC-50, was 

used.  These cells, first discussed in chapter 2, were a gift from Dr. Russell Broaddus at 

the University of Texas M.D. Anderson Cancer Center.  This cell line was selected as the 

negative control because they are poorly differentiated epithelial cells (Kuramoto et al., 

1991).  HEC-50 cells were cultured in phenol red-free DMEM/F12 (Gibco) supplemented 

with 10% (v/v) fetal bovine serum (FBS) (VWR, Radnor, PA), 100 U/mL penicillin, and 

100 μg/mL streptomycin (pen/strep) (Gibco).   

Table 4.1.  Cell culture media used to propagate primary salivary cells.  Animal free salivary 
media (AFSM) – basic contained only the basic ingredients including human serum albumin 
(HSA).  AFSM – complete is the closest to Hepatocyte Culture Media formula.  Keratinocyte 
SFM is an alternative used in previous work and to culture the positive control cell line (HPDE). 
DMEM/F12 was used to culture the poorly differentiated negative control cell line, HEC-50. 

 
	

Media Serum Albumin EGF Dex Other

AFSM-basic 1	mg/mL

AFSM-complete 1	mg/mL 10	ng/mL 10	mM

Heptocyte Culture	Medium 1.8	mg/mL 10	ng/mL 10	mM

Keratinocyte	SFM 10	ng/mL Bovine	pituitary	ext

DMEM/F12 10% FBS



	

	 67	

For quantitative PCR experiments, all cells were plated in three wells of a six-well 

plate for each experimental condition, with each well considered a biological replicate.  

hS/PCs were plated in 2 mL HCM, basic animal free salivary media (without EGF or 

dexamethasone), complete animal free salivary media (included dexamethasone and 

EGF), and Keratinocyte SFM.  HPDE cells were only cultured in 2 mL Keratinocyte SFM 

and HEC-50 cells were only cultured in 2 mL phenol red-free DMEM/F12 supplemented 

with 10% (v/v) FBS.  Cells were incubated at 37° in 5% CO2 until 90% confluent. 

For immunostaining experiments, cells were cultured in eight-chamber glass slides 

with four wells for each media.  Each well was considered a biological replicate.  Cells 

grown in four of the wells were cultured in HCM and in the other four wells, cells were 

grown in animal free salivary medium (AFSM) until the cells were 70% confluent.  

 

BCA Assay 

 In order to determine the quantity of protein present in HCM, a bicinchoninic acid 

(BCA) assay was used (ThermoFisher Scientific, cat #23227).  The manufacturer’s 

directions were followed, but in brief, standards were made using bovine serum albumin 

(BSA) included with the kit diluted with William’s E medium, at concentrations from 2000 

µg/mL to 0 µg/mL.  Then serial dilutions were made of the HCM, also diluted with William’s 

E medium.  Then 25 µL of sample was added to a well in a 96-well microplate followed 

by 200 µL working reagent, pipetted up and down to mix.  Then the plate was incubated 

at 37° for 30 minutes and allowed to cool to room temperature before reading the 

absorbance at 562 nm.  A standard curve was plotted using the known concentrations of 

the BSA standards, which allowed the concentration of protein in HCM to be calculated 

based on the absorbance data. 

 

Liquid Chromatography and Mass Spectrometry 

 In order to identify active proteins in HCM, the serum albumin needed to be 

removed first, or else it would overwhelm the analysis, in which then BSA would be the 

only protein identified.  To reduce the serum albumin in the media, a Pierce™ Albumin 

Depletion Kit (ThermoFisher Scientific, cat #85160) was used. The manufacturer’s 
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directions were followed, but in brief, a spin column was loaded with 400 µL Cibacron 

Blue dye agarose resin and centrifuged to remove excess liquid. Then the column was 

washed with the low salt binding/wash buffer and centrifuged.  Then 50 µL HCM was 

loaded on to the column and incubated at room temperature for two minutes. Next, the 

sample was centrifuged and reapplied to the column for another two-minute incubation, 

the centrifuged again.  Finally, 50 µL low salt binding/wash buffer was added to the 

column and centrifuged to release any unbound proteins.  The wash step was repeated 

two more times and then all collections were pooled and submitted to Dr. Chris 

Pennington, Research Scientist at the Shared Equipment Authority (SEA) Mass 

Spectrometry Facility at the BioScience Research Collaborative, Rice University, for 

isolation and identification of proteins by liquid chromatography and mass spectrometry 

(LC/MS). 

 

RNA extraction 

RNA was extracted using 0.5 ml TRIzol reagent (Life Technologies) following the 

manufacturer’s directions.  RNA pellets were resuspended in 12 μl of nuclease-free water 

and incubated at 55 °C.  Remaining genomic DNA was degraded by DNaseI digest using 

DNA-free kit (Ambion, Austin, TX) in accordance with manufacturers’ directions.  Final 

RNA concentration was determined by UV absorbance at 260 nm using a NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific). 

 

Quantitative PCR 

For microRNA analysis, cDNA was generated from 2 µg isolated RNA using 

miScript II RT kit (Qiagen, Hilden, Germany). Reactions were diluted by adding 50 µL 

RNase-free water prior to qPCR reaction.  For each 20 µL qPCR reaction, 6 µL cDNA 

was used.  All microRNA primers were purchased from Qiagen.  For mRNA, one µg RNA 

was reverse-transcribed using cDNA Supermix (Quanta Biosciences, Gaithersburg, MD) 

as per the manufacturer’s protocol and amplified using a BioRad CFX96 Real Time 

System.  For qPCR, SYBR Green Supermix (Quanta Biosciences) was used for the 
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reactions. All samples were analyzed as technical triplicates.  All primer pairs and 

annealing temperatures used for RT-PCR are listed in Appendix A. 

 

PicoGreen® assay 

 hS/PCs were plated at a seeding density of 10,000 cells per well in 96-well plates 

and grown in three different culture media, HCM, KSFM, and AFSM-complete. Media was 

changed every three days.  Cells were cultured up to 10 days, with measurements taken 

at 2, 6, and 10 days.  Quant-iT™ PicoGreen® assay kit (Invitrogen, Waltham, MA, cat 

#P7581) was used to determine the quantity of DNA.  The manufacturer’s protocol was 

followed, but in brief, a standard curve was made by diluting the 100 µg/mL bacteriophage 

lambda DNA stock solution into four concentrations, 1 µg/mL, 100 ng/mL, 10 ng/mL, and 

1 ng/mL, and a blank without DNA.  Then the PicoGreen® reagent was diluted 1:200 in 

the manufacturer’s TE buffer and 100 µL of this working solution was added to each well.  

All wells had a final volume of 200 µL.  To measure the quantity of DNA of the hS/PCs in 

culture, cells were lysed by the freeze-thaw method.  Briefly, cell culture media was 

removed and 100 µL TE was added.  The cells were then frozen at -80° for 30 minutes, 

followed by thawing at room temperature until the TE was completely liquid.  These two 

steps were repeated three times.  After the third thaw, 100 µL of the PicoGreen® working 

solution was added to each well and the plate was wrapped in aluminum foil to protect 

the samples from light.  Samples were excited at 480 nm and signal at 520 nm was 

detected on a Tecan Infinite® M1000 PRO microplate reader.  The mean signal from the 

blank wells was subtracted from the signal from each well.  Then the mean signal and 

standard deviation were found for three biological replicates.  

 

PrestoBlue™ metabolic assay 

 Again, ten thousand hS/PCs were plated per well in 96-well plates and grown in 

three different culture media, HCM, KSFM, and AFSM-complete.  Media was changed 

every three days.  Cells were cultured up to 10 days, with measurements taken at 2, 6, 

and 10 days.  PrestoBlue™ (Invitrogen, cat #A13261) reagent was used to determine the 
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metabolic activity of the cells.  The manufacturer’s directions were followed, but in brief, 

10 µL 10X PrestoBlue™ reagent was added directly to cells in 90 µL cell culture media.  

The experimental blank was a well containing only 90 µL of culture media without cells. 

Cells were incubated in at 37° PrestoBlue™ reagent for one hour.  After one hour, the 

absorbance was measured at 570 nm and 600 nm on a Tecan Infinite® M1000 PRO 

microplate reader.  The 570 nm reading was normalized to the 600 nm reading by dividing 

the 570 nm reading by the 600 nm reading.  The mean and standard deviation for the 

biological replicates for each sample were calculated and graphed in Prism software. 

 

Immunostaining 

For imaging cells in hydrogels, gels were fixed in 4% (v/v) paraformaldehyde (PFA) 

for 30 minutes, then permeabilized in 0.02% (v/v) Triton X-100 for 10 minutes. Cells were 

blocked in filtered 3% (w/v) bovine serum albumin (BSA) in phosphate buffered saline 

(PBS) for 2 hours, then incubated with primary antibody overnight in blocking solution at 

4°.  For cells cultured in chamber slides, the cells were fixed in 4% (v/v) paraformaldehyde 

(PFA) for ten minutes, permeabilized in 0.02% (v/v) Triton X-100 for two minutes, and 

blocked in filtered 3% (w/v) bovine serum albumin (BSA) in phosphate buffered saline 

(PBS) for one hour, after which they were incubated with primary antibody overnight in 

blocking solution at 4 °C.  Primary antibodies were used for the following proteins: 

amylase (AMY1) (Sigma Aldrich, Cat #A8273), ZO-1 (Life Technologies, cat #339100), 

keratin 5 (K5) (BioLegend, San Diego, CA, cat #905501), and alpha-smooth muscle actin 

(a-SMA) (Novus Biologicals, Littleton, CO, cat #NB600-531). Samples were rinsed in PBS 

three times for 15 minutes each at room temperature, followed by incubation with Alexa 

Fluor 488 goat anti-mouse IgG and/or Alexa Fluor 568 goat anti-rabbit at a 1:400 (v/v) 

dilution (Life Technologies) overnight at 4°.  Samples then were washed for 15 minutes, 

three times in PBS.  The final wash included 1 µg/mL 4′,6-diamidino-2-phenylindole 

(DAPI) (Biotium, Fremont, CA, cat #40011) to stain the nuclei. Samples were imaged 

using a Nikon A1-Rsi confocal microscope (SEA, BRC).  
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Statistical analysis 

 A student’s two tailed t-test was used to compare means of treatment groups to 

determine statistical significance.  Statistical analysis was performed using InStat/Prism.  

Each well for cell culture experiments was considered a biological replicate.  For qPCR, 

each sample was run as technical triplicates. 

 

Results 

 In order to formulate a possible alternate medium, the identity and quantity of 

proteins present in the currently used HCM needed to be determined.  Through the use 

of a BCA assay, the total protein concentration of HCM was determined to be 1.79 mg/mL.  

This was surprisingly low when compared to only the BSA concentration of other media 

used to culture hepatocytes.  Because the value was approximately half of the lowest 

known BSA concentration, the majority of the total protein in HCM was expected to be 

BSA. 

 Dr. Chris Pennington at the Mass Spectrometry Facility at Rice University was 

consulted for assistance with protein identification in HCM.  From his recommendation, 

an aliquot of this medium was processed through a BSA depletion kit, as described in 

Methods, to avoid overwhelming the mass spectrometer detector with albumin signal.  

Unfortunately, even with the depletion of the BSA, the only protein identified was albumin. 

Therefore, an animal free salivary media substitute was developed adding proteins 

previously identified.   Previous work has demonstrated that the addition of 1 mg/mL 

serum albumin to protein-free media was able to improve cell viability and proliferation 

(Hesse et al., 2003; Evecen et al., 2004). Furthermore, human serum albumin (HSA) is 

the most expensive component of the animal free salivary medium (AFSM).  At a 

concentration of 1 mg/mL, HSA accounts for 65% of the cost to make AFSM.  Therefore, 

based on previous studies and the high cost of material, AFSM with 1 mg/mL HSA was 

used in subsequent experiments. 

HPDE cells are known to polarize well and express very low ZEB1 transcript levels 

in culture. HDPE cells, cultured in KSFM media, expressed E-cadherin (CDH1) and 
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INADL, two genes suppressed by ZEB1 protein, and the CDH1 mRNA level was 1000 

times higher than that in all other cell types tested (Figure 4.1).  hS/PCs were cultured in 

HCM, KSFM, and AFSM variations, and ZEB1 transcripts were significantly higher in cells 

cultured in HCM. The hS/PCs grown in AFSM basic most closely resembled the HDPE 

positive control.  While ZEB1 was lower in hS/PCs grown in all media, the mRNA levels 

for INADL and CDH1 were highest for the cells cultured in AFSM-basic.  Cells cultured in 

the AFSM-complete had lower levels of ZEB1 than cells gown in HCM; however, in 

AFSM-complete, the cells also had lower levels of INADL and CDH1.  Based on this 

criteria, cells grown in the AFSM-basic most closely resembled the positive control. 

 The proliferation of hS/PCs grown in three different culture media, HCM, KSFM, 

and AFSM-complete, were compared (Figure 4.2).  Over the ten days of growth in the 

*
***
***

*
**
***

***

***

Figure 4.1.  Comparison of epithelial transcripts in cultured salivary cells in various media compared to control 
cell lines.  The transcription factor ZEB1 reduces epithelial characteristics by suppressing the transcription of 
polarity and junctional proteins, including INADL and E-cadherin (CDH1). Here is a comparison by media 
type of steady state levels of mRNA for the transcription factor ZEB1, the polarity protein INADL, and the 
adherens junctional protein, CDH1. The HPDE cell line (positive control cultured in KSFM) produced the 
lowest quantities of ZEB1mRNA, high INADL, and 1000X higher CDH1mRNA than all other cultures.  The 
poorly-differentiated cell line HEC50 (negative control) demonstrated inverse behavior for these markers, i.e. 
elevated ZEB1mRNA, lower INADLmRNA, and greatly reduced CDH1mRNA.  The hS/PCs were cultured in 
the following media types: animal free salivary media (AFSM)-basic, AFSM-complete, Hepatocyte Culture 
Media (HCM), and Keratinocyte SFM (KSFM).  In HCM, hS/PCs had two-fold higher levels of ZEB1mRNA, 
two-fold higher INADL transcripts, and similar levels of CDH1 mRNA when compared to cells grown in AFSM-
complete media.  Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001.
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different media, hS/PC 

proliferation, as measured by 

DNA content, was similar in 

the three media, with slight 

differences at each time point, 

but no overriding trend.  On a 

side note, cells grown in 

AFSM-basic were not used in 

this or future experiments 

because without either EGF or 

dexamethasone in the media, 

they were slow to reach 

confluence in culture.   

 The metabolic activity of 

the hS/PCs cultured in the 

three different media also was 

evaluated (Figure 4.2).  At 

each time point, the cells were 

similarly active in HCM, 

AFSM-complete, and KSFM.  

This suggests AFSM-

complete medium is able to 

support cellular function as 

well as HCM.  At this point, 

KSFM was eliminated as an 

alternate medium because its 

formulation is also unknown 

and AFSM-complete was 

comparable to HCM in the 

metrics evaluated to this point. 
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Figure 4.2. hS/PCs cultured in HCM, AFSM-complete, 
and KSFM had similar proliferation and metabolic 
activity.  Proliferation of cells cultured in the different 
media was evaluated by PicoGreen® assay after two, 
six, and ten days in culture.  Proliferation of the 
hS/PCs in each medium was similar over ten days of 
growth.  PrestoBlue™ reagent was used to evaluate 
the metabolic activity of hS/PCs grown in the different 
media.  There was no statistical difference in the 
metabolic activity of the culture in any media at any 
time point.  These data demonstrate the capability of 
AFSM-complete for supporting hS/PC growth and 
cellular activity in a manner similar to HCM.  Error 
bars represent the standard deviation.	
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Because hS/PCs are multipotent, the phenotype of these cells in each media was 

analyzed to confirm that cell differentiation was not influenced by the various media types.  

In order to determine if the different media stimulated differentiation of the hS/PCs, cells 

cultured in each media were immunostained for keratin 5 (K5), to confirm the retention of 

progenitor character, and the myoepithelial marker a-SMA, to verify that any K5 positive 

cells were not myoepithelial cells, which are also K5 positive.  In general, a majority of the 

cell population grown in each media retained its K5 expression with very little a-SMA 

detected (Figure 4.3).		  Another key feature of the cultured hS/PCs is their ability to retain 

a-amylase expression.  

Therefore, the ideal 

animal free salivary 

media would continue 

to support a-amylase 

production in cultured 

cells.  The cells were 

stained for a-amylase 

and ZO1 to show the 

production and if 

possible, localization 

of the proteins (Figure 

4.4).  The cells grown 

in AFSM-complete 

were able to produce 

both a-amylase and 

ZO1, and were able to 

localize ZO1 to cell-to-

cell interfaces in 2D 

culture, similar to cells 

grown in HCM.  

 

Figure 4.3. hS/PCs grown in AFSM-
complete were able to maintain 
expression K5 (red) similar to cells 
grown in HCM.  Nuclei (blue) were 
stained with DAPI.  There was no 
statistical difference in quantity of K5
transcripts in hS/PCs cells when 
grown in either medium as evaluated 
by qPCR.  Scale bar is 100 µm. Error 
bars are SD.

         Hepatocyte Culture Medium            Animal Free Salivary Medium - complete 
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Discussion 

In order to develop an animal free version of the HCM used to culture salivary cells, 

multiple issues needed to be addressed.  First, because the composition of HCM is not 

published, the presence and concentrations of key components in the medium needed to 

be determined.  Previous work identified various components typically found in culture 

media (Tran et al., 2011).  These authors stated that HCM was based on the formulation 

for William’s E medium, and contained 10 ng/mL EGF (sold as a supplement with the 

media), insulin, transferrin, and selenium (as ITS), and dexamethasone.  Another 

common media component, albumin, is a major part of serum that is typically added to 

serum-free media to help support cell growth by binding and transporting multiple ligands 

including growth factors, hormones, amino acids, lipids, and metal ions (Francis, 2010).   

It was found that HCM contains 1.8 mg/mL protein.  Because other formulations of 

hepatocyte supporting culture media contain 3.5 mg/mL to 5 mg/mL BSA, it was assumed 

the majority of the total protein in HCM was albumin.  In order to separate and identify 

individual proteins in HCM, the albumin was reduced through the use of an albumin 

Hepatocyte Culture Medium  Animal Free Salivary Medium 

 
 
Figure 4.4. hS/PCs produce a-amylase and ZO1 when cultured in AFSM-complete similar to 
cells grown in HCM.  The panels show cells grown in HCM and AFSM-complete are producing 
a-amylase (red) and ZO1 (green).  Boxes highlight regions where cells are clustering.  Nuclei 
are blue. Scale bar is 50 µm. 
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depletion kit.  After depletion, the media was analyzed by LC/MS.  Unfortunately, only 

BSA was identified, even after depletion, and EGF present in the media at a concentration 

of 10 ng/mL was not detected at all. Therefore, the presence of other proteins in HCM at 

low concentrations cannot be ruled out, but is highly unlikely, as most potent cytokines 

are unstable for extended storage under such conditions. 

Therefore, an animal-free version of HCM was developed by substituting human 

or recombinant human proteins for each known protein component.  There were two 

issues to consider when selecting the items to include: the stability of the proteins, EGF 

in particular, and the cost of components.  To address stability issues, quantities 

necessary to mix one liter of media at a time were selected when possible.  Human serum 

albumin was difficult to select because there is no United States Pharmacopeia (USP) 

designated item.  When reviewing the published details about BSA in hepatocyte 

supporting culture media, the BSA was designated “fatty-acid free”.  Therefore, the 

essentially fatty acid free HSA was selected for the animal free salivary media.  Previous 

work demonstrated that the addition of 1 mg/mL serum albumin improved cellular viability 

for cells grown in protein-free media (Hesse et al., 2003).  Other work demonstrated that 

an albumin concentration of 1 mg/mL was sufficient to stimulate cell proliferation of 

cultured embryonic stem cells (Evecen et al., 2004).   With the selection of fatty acid free 

HSA, the HSA was the most expensive component of AFSM-complete.  Therefore, based 

on previous work and the high cost, the quantity of albumin was reduced to 1 mg/mL. 

With the AFSM formulated, hS/PCs were cultured in the new formula with and 

without EGF and dexamethasone, and other previously used media, HCM and KSFM.  A 

summary of the results is in Table 4.2.  The first genes compared were ZEB1, a 

transcription factor that, when active, causes cells to lose their epithelial characteristics, 

and two genes regulated by ZEB1: INADL, a protein in the apical polarity complex, and 

E-cadherin (CDH1), a protein instrumental in adherens junctions in epithelial cells.  The 

hS/PCs cultured in HCM had the highest level of ZEB1 transcripts and the lowest level of 

CDH1 mRNA. This suggests the hS/PCs grown in HCM are the least epithelial in 

character.  The converse of this was the hS/PCs grown in AFSM-basic.  These cells had 

low ZEB1 transcripts, and the highest INADL and CDH1 mRNA levels of all the cultured 
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hS/PCs, suggesting that these cells cultured in AFSM-basic had the strongest epithelial 

characteristics; which suggests the cells may be differentiating.  Notably, hS/PCs cultured 

in AFSM-complete or KSFM had fewer ZEB1 transcripts than cells cultured in HCM, which 

suggests more epithelial character, but also produced fewer INADL transcripts.  

Therefore, the lower INADL transcripts in these cultures is not necessarily due to 

transcriptional repression by ZEB1.   Lastly, cells grown in KSFM had higher CDH1 

transcript level than cells in HCM, while cells grown in AFSM-complete made 

approximately the same amount. All of these results take together suggest AFSM-basic 

stimulate the greatest epithelial character; although, this may mean the hS/PCs are 

starting to differentiate.  The goal of the animal free culture medium is to develop a formula 

comparable to the currently used HCM.  Therefore, hS/PCs grown in AFSM-complete 

most closely resemble cells grown in HCM.   

An evaluation of proliferation of hS/PCs grown in different media showed similar 

increases in DNA content over a ten-day period.   This suggests growth of the hS/PCs in 

AFSM-complete is similar to cells grown in HCM.  When the metabolic activity was 

examined, there was no statistical difference between hS/PCs grown in HCM and grown 

Table 4.2.  Summary of results from Figure 4.2 through Figure 4.4 for media 
comparison.  Epithelial characteristics are highlighted in orange.   Results   
highlighted in green show similar results to cells grown in HCM. 

 
	

Hepatocyte	
Culture	Media

Animal	Free	Salivary	
Media	- basic

Animal	Free	Salivary	
Media	- complete Keratinocyte	SFM

ZEB1 Highest	 Less	than	HCM Less	than	HCM Less	than	HCM

INADL More	than	HCM Less	than	HCM Less	than	HCM

CDH1 More	than	HCM Similar	to	HCM More	than	HCM

K5 Similar	to	HCM

proliferation Similar	to	HCM Similar	to	HCM

metabolic	
activity Similar	to	HCM Similar	to	HCM

K5 Similar	to	HCM

SMA Similar	to	HCM

AMY1 Similar	to	HCM

ZO1 Similar	to	HCM
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in AFSM-complete.  These data together suggest the nutrients present in AFSM-complete 

medium supports comparable growth and cellular activity as HCM.  

To compare biomarkers of the hS/PCs by immunostaining, cells were grown in 

HCM and AFSM-complete.  In both types of media, hS/PCs produced K5, amylase, and 

ZO1.  This suggests both types of media are capable of supporting the hS/PCs in culture. 

While there are some differences between cells grown in HCM versus cells grown 

in AFSM-complete, the desired biomarkers are present in cells grown in either media.  

Furthermore, the AFSM-complete animal-free was able to maintain the primary salivary 

cells in culture and sustain relatively similar levels of the relevant, measured transcription 

levels to the same cells grown in HCM.  Therefore, by these measures, AFSM-complete 

is a viable alternative to HCM. 
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Chapter 5 – General Discussion 

 

 This project encompassed two different questions involving the phenotypes of 

various secretory epithelial cells in different types of tissues.  First, the regulation of mucin 

4 (MUC4) in human female reproductive tissues was examined.  Once the potential 

regulation by female steroid hormones on MUC4 expression in humans was eliminated, 

the focus turned to the effect of pro-inflammatory cytokines on the expression of MUC4.  

The observed response to cytokines suggested a potential role for MUC4 in inflammatory 

conditions in the uterus, which were subsequently evaluated in patient samples. 

  The second area of study focused on differences in polarity between secretory 

acinar and ductal cells in the salivary gland.  Starting with morphology and function, 

differences between the salivary epithelial cells were also observed for localization of tight 

junction and apical proteins in addition to the difference in expression of proteins involved 

in apicobasal polarity.  With the ultimate goal of culturing an engineered replacement 

salivary gland for autologous implantation in  xerostomia patients, determining the growth 

factors and basement membrane cues needed to support this tissue morphogenesis is 

fundamental to developing a properly organized and functioning salivary gland.   

 

MUC4 in human endometrium 

Muc4 mRNA is robustly found in the mouse uterus 

In the uterus, luminal epithelia produce a thick mucin layer that cells and protects 

them from microbial attack (Schlafke and Enders, 1975).  Previous work in sheep and 

rats discovered Muc4 is part of the endometrial mucin layer (McNeer et al., 1998; Ferrell 

et al., 2003).  Furthermore, the Carraway lab demonstrated that estrogen treatments 

increased Muc4 and progesterone was able to moderate the estrogen stimulation in rats 

(Idris and Carraway, 1999).  Through qPCR of multiple mouse tissues, I found Muc4 was 

present in low quantities relative to cytokeratin 18 (K18) in kidneys and testes, but was 

abundant in lung tissue, the small intestine, and the uterus during proestrus (Chapela et 

al., 2015).  This corresponded to previous work in other animal models in lung, intestine, 
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and endometrium (Kim et al., 2012; Rong et al., 2005; McNeer et al., 1998; Ferrell et al., 

2003). 

 

MUC4 mRNA is not regulated by female steroid hormones, nor present in healthy human 

endometrium or endometriotic tissue 

Despite consistent results between multiple animal studies, previous reports of 

MUC4 expression in human endometrium were not as uniform (Gipson et al., 1997; 

Alameda et al., 2007).  By quantifying the MUC4 transcripts in endometrial samples 

collected at different points in the menstrual cycle, I found MUC4 was not present in 

healthy endometrial tissue at any point in the cycle (Dharmaraj et al., 2014).  Furthermore, 

immunostaining of endometrial sections revealed MUC4 is not present in healthy tissue.   

Previous work in humans suggested MUC4 may play a role in endometriosis 

(Chang et al., 2011), a disease that affects 1 in 10 women in the US 

(http://www.endofound.org/endometriosis).  In order to evaluate a potential role of MUC4 

in endometriosis, matched eutopic and ectopic tissue samples from patients were 

evaluated by qPCR.  Again there was very little, if any, MUC4 detected in all samples.   

Other mucins, MUC1 and MUC16 are found in endometrium of mice and humans 

(Pemberton et al, 1992; Hey et al., 1994; Cheon et al., 2009, Gipson et al., 2008). It is 

unclear why Muc4 is present in rodent, but not human endometrium.  One possibility is 

the function provided by Muc4 in the rodent uterus has been fulfilled by an alternate 

protein.  For instance, the transmembrane mucin, MUC17, is found in the human uterus 

but not in the mouse (Yang et al., 2015).  Furthermore, new mucins continue to be 

identified, such as MUC21, that may have replaced the normal endometrial function of 

Muc4 in rodents (Itoh et al., 2008).  

 

MUC4 mRNA increases when cells are treated with pro-inflammatory cytokines. 

While MUC4 was not responsive to female steroid hormones in human cells or 

tissue, MUC4 increased in response to treatment with pro-inflammatory cytokines in 

multiple cell lines.  As this study demonstrated, MUC4 increases in the presence of IFNg 

and TNFa in cell lines originating from different female reproductive tissues including 
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endometrial (HEC-50), breast (MCF7), and cervical (HeLa) (Chapela et al. 2015).  This is 

consistent with the response of other transmembrane mucins (MUC1 and MUC16) to pro-

inflammatory cytokines, potentially as part of a coordinated response as seen indifferent 

tissues (Dharmaraj et al., 2010; Morgado et al., 2016; Patel and McCormick, 2014).  

Furthermore, this coordinated response is corrupted by tumor cells to protect themselves 

in a similar manner to the mucin protective layer employed by epithelia (Chauhan et al., 

2006; Bafna et al., 2010). 

 

MUC4 mRNA is present in some endometrial cancers – grade 1 and grade 2, but not 

grade 3. 

The observed stimulation in response to cytokine treatments suggests a possible 

role in chronic inflammatory conditions, such as cancer (Colotta et al., 2009).  While, 

MUC4 was detected in grade 1 (3 out of 7) and grade 2 (6 of out 12) endometrial 

carcinoma patient samples, it was not detected in grade 3 (1 out of 11) endometrial 

carcinoma patient samples (Chapela et al., 2015).  This can be partly explained by 

increased levels of IFNg and TNFa typically found in the tumor microenvironment. 

However, the decrease of MUC4 in grade 3 endometrial carcinoma has yet to be 

explained.   

Likewise, the abnormal regulation of MUC4 in the tumor environment has yet to be 

elucidated.  In other chronic inflammatory conditions such as endometriosis or 

pancreatitis, MUC4 expression remains low (Andrianifahanana et al., 2001; Dharmaraj et 

al, 2014).  It suggests other regulatory mechanisms must be disrupted before MUC4 

expression increases.  One possible mechanism is through miR200 regulation of MUC4.  

As cells begin the transition through EMT, many of their polarized characteristics are lost, 

including miR200c expression (Castilla et al., 2011).  Mucins in cancer protect the cell 

mass similar to how they protect the healthy epithelial cell layer (Zaretsky et al., 2006; 

Andrianifahanana et al., 2006).  As polarity is lost and mucins are overexpressed, the 

cell-to-cell junctions are disrupted (Kufe, 2009).  Once the tight junctions are incapable of 

suppressing the movement of proteins in the plasma membrane, mucins may interact 

with proteins typically restricted to the basal membrane, such as growth receptors.  
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Previous work demonstrated the stabilizing effect of the interaction of MUC4 with the 

ERBB2 growth receptor in the cancer environment (Komatsu et al., 2001; Jonckheere et 

al., 2004; Ponnusamy et al., 2008).  Through the interaction with ERBB2 (HER2), MUC4 

has been shown to increase tumor cell motility as well (Ponnusamy et al., 2008).  

However, it is possible as cells within a tumor become metastatic, they lose their epithelial 

characteristics including mucin expression.  For instance, in endometrial cancer, MUC4 

mRNA was observed in only one patient sample from a high grade tumor, while for lower 

grade tumors, approximately half of the patient samples were identified as high MUC4 

expressers.  It would be helpful to know where in the epithelial to mesenchymal transition 

process in endometrial cancer MUC4 expression is lost.  Especially as more drugs target 

mucin expression of cancer cells, it would be helpful to know if they would be more 

therapeutic in lower grade endometrial cancer, and may not be as effective on high grade 

tumors. 

 

Polarity of salivary epithelial cells 

Ductal and acinar cells have distinct morphology, polarity proteins, and localization of 

junctional proteins 

In order to regenerate a salivary gland from cultured primary cells isolated from 

patient tissue, the growth conditions necessary to drive differentiation and sustain 

differentiated cells must be first identified.  The primary salivary cells isolated from tissue 

retained progenitor markers, which is necessary for the cells to be able to differentiate the 

multiple cell types present in a salivary gland.  However, as these cells grew in monolayer 

culture, they did not form a flat sheet of cells like ductal epithelial cells, suggesting at least 

some cells in culture are adopting an acinar-like pyramidal phenotype.   

In order to establish the polarity and junctional markers natively expressed by the 

different cell types, both parotid and submandibular salivary tissue sections were 

evaluated. MUC1 was readily detected on the apical surface of ductal cells and 

subsequently was used as a ductal marker in later experiments.  Both ductal and acinar 

epithelial cells produced PAR3, but in the case of SCRIB, ductal cells stained strongly 

positive but little, if any, was detected in acinar cells.  A close examination of the proteins 
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in the basolateral complex with SCRIB revealed some similarities between the two cell 

types.  Cytoplasmic staining for DLG1 was observed for both acinar and ductal cells, 

although in ductal cells, the strongest signal was localized to the apical membrane.  

LLGL2 staining localized to the apical membrane for both cell types with additional 

cytoplasmic staining in ductal cells.  LLGL1 was not detected in ether cell type.  These 

observations suggest ductal cells maintain polarity using different proteins than acinar 

cells.  

E-cadherin was detected in both acinar and ductal cells, indicating both cell types 

form similar adherens junctions.  However, ZO1, staining was different.  In ductal cells, 

the ZO1 band around the subapical region of columnar epithelial cells is readily visible.  

In acinar cells, ZO1 is localized into secretory canaliculi, which is observed as channels 

running along the apical region of the pyramidal cell, rather than a single band around the 

subapical boundary.  This is due largely to the differences in function between acinar and 

ductal cells, specifically the requirement to secrete a large quantity of material upon 

demand.  The longer apical surface greatly increases the area available for zymogen 

granules to bind to the membrane and release their contents. 

 

MIR200 family members are not the cause of the alternate expression of polarity proteins. 

 Few labs have studied the expression of the microRNA miR200 family members 

in healthy tissues.  Previous studies have not attempted to determine if the miR200 family 

members are differentially expressed in different epithelial cell types in healthy tissue.  By 

separating acinar/myoepithelial cells from ductal cells by LCM, I examined each group 

independently.  By using qPCR to amplify members of the miR200 family, I observed 

miR200b and miR200c we present in the greatest abundance in both acinar and ductal 

cells.  Subsequent in situ hybridization of salivary gland tissue revealed miR200b and 

miR200c were present in both acinar and ductal cells, as predicted by the LCM 

experiments.  Since both cell types produce miR200b and miR200c, there are unlikely 

candidates driving differences observed in polarity proteins between the epithelial cell 

types.  Although the microRNA miR200 family members do not play a role in the 

differential expression of polarity proteins between the different epithelial cells, they may 
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still be required to establish polarity in the first place.  Cultured salivary cells have very 

low quantities of miR200b and miR200c when compared to tissue.  This may be due in 

part to the method employed to isolate primary epithelial cells from patient tissue sections.  

By culturing the cells capable of growing out from the explant, it is possible we are 

preferentially selecting cells with higher ZEB1 and lower quantities of microRNA 200 

family members.  Therefore, finding a way to stimulate the miRs in the cultured cells may 

increase the number of polarized cells in culture. 

 

Cultured hS/PCs are beginning to polarize in all matrices tested. 

Immunostaining of hS/PCs cultured in HA gel with or without exogenous basement 

membrane and extracellular matrix proteins showed the cells initializing some level of 

polarity.  Even lower levels of miR200b and miR200c compared to that in tissue, the cells 

demonstrated control over the organization of their cell membranes.  DLG1, LLGL1, and 

LLGL2 were observed in multicellular clusters primarily at the cell-to-matrix interface, 

while SCRIB was localized to the interior cell-to-cell interfaces.  Therefore, while 

apicobasal polarity was not fully established within the nine-day culturing window, 

localized protein expression near or at the cell membrane indicated some form of polarity 

was already initiated. 

 

Transduction with lentivirus stimulates ductal biomarkers. 

 While significant differences were not observed between the cultures transduced 

with lentivirus, three interesting observations were made.  First, lentivirus was unable to 

transduce the salivary cells producing E-cadherin.  The literature was not clear on this 

subject.  Some labs were successful (Shai et al., 2005) while others were not (Hsu et al., 

2012).  Ultimately, the Andreadis lab linked the difficulty in transduction to the presence 

of E-cad (Padmashali et al., 2013).  In this project, my data shows salivary cells without 

E-cadherin were transduced, while salivary cells producing E-cadherin were not.  

Second, transduction of one miR induced transcription of the other miR. 

Transduction with miR200b stimulated miR200c to a statistically significant level, and this 

was conversely true for miR200c.  Again, very few studies have been done on miR200 
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family members in normal tissue.  One study was looking at the suppression of miR200s 

when cells were treated with arsenic (Wang et al., 2011).  They found overexpression of 

miR200b mitigated the loss of miR200c.  This situation is a little different in that the 

miR200b/c production is already low and the transduction of miR200b/c is having a 

stimulatory effect.  This may be an area to develop as work progresses to increase the 

endogenous levels of miR200b and miR200c in hS/PCs. 

Lastly, transducing the cells, even with an empty vector, was sufficient to drive the 

cells to begin making E-cadherin and MUC1.  The increase in both E-cadherin and MUC1 

suggests transduction with lentivirus may have triggered an intrinsic cellular defense 

mechanism, similar to that seen when epithelial cells are exposed to bacteria (Ishihata et 

al., 2013).  It is also possible transduced cells are releasing cytokines that are stimulating 

the production of MUC1 (Svanborg et al., 1999; Lagow and Carson, 2002).  This suggests 

an alternative method for driving differentiation of hS/PCs to a ductal phenotype since the 

presence of MUC1 in the salivary cells is a ductal marker. 

 

Animal free salivary media development 

Animal free salivary media supports growth hS/PCs similar to previously used media. 

 With a focus on regenerating a functional salivary gland from cells isolated from a 

patient tissue section with the intent of implanting back into the patient, a medium without 

any animal–derived products is necessary to limit the possibility of stimulating antigenic 

proteins while culturing the cells.  With the end goal in mind, an animal-free medium to 

culture salivary cells was developed. The formula for the Hepatocyte Culture Media 

(HCM), which we used for isolating and culturing primary salivary cells is not published.  

Manufacturer documents state HCM is William’s E media- based and includes EGF to be 

added immediately prior to use at a final concentration of 5 ng/mL.  Previous work 

identified a few of the components, dexamethasone and insulin, transferrin, and selenium 

(Tran et al., 2005).  Using BCA assays and LC/MS, I attempted to identify the protein 

components in HCM.  Unfortunately, the only protein detected was bovine serum albumin 

(BSA) even after depleting albumin from the sample.  The total protein in HCM was 

measured to be 1.8 mg/mL.  Other formulations of hepatocyte culturing media use 
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between 3.5 mg/mL and 5 mg/mL albumin; therefore, it is reasonable to assume the 

majority of the 1.8 mg/mL protein measured is albumin.  With all these components 

identified, an animal free salivary media (AFSM) was formulated substituting human 

serum albumin for BSA.  

 Various genes and biomarkers were compared in hS/PCs after growing to 80% 

confluence in HCM, AFSM-basic (media without dexamethasone or EGF), AFSM-

complete, or keratinocyte SFM (KSFM).  Cells grown in HCM were found to have higher 

levels of ZEB1, a transcription factor that represses epithelial characteristics, and higher 

levels of SCRIB, a protein involved in maintaining polarity, than cells grown in the other 

types of media.  While these results seem contradictory, an examination of biomarkers 

associated with hS/PCs, cells grown in HCM or AFSM-complete produced K5, a 

progenitor marker, and amylase (AMY1).  Furthermore, cells grown in AFSM-complete 

produced and localized ZO1 to the cell-to-cell interface in 2D cultures.  Because the 

biomarkers are present, this is currently a viable alternative to HCM.  Future work will 

need to focus on the behavior of cells in 3D cultures and other biomarkers as they are 

identified.  Furthermore, the ability of the cells to differentiate into ductal or acinar cells 

will need to be evaluated.  Should the hS/PCs perform equally well in AFSM-complete as 

they have in HCM, this media will help with 510k clearance of medical devices at the FDA, 

clearance required for human implants, as the project moves forward. 

 

Conclusions and Future Direction 

 The complete work detailed here gives insight into the function of two types of 

secretory epithelial cells in different contexts.  First, I demonstrated that MUC4 is 

regulated in multiple cell lines by pro-inflammatory cytokines.  Furthermore, MUC4 is not 

present in human endometrium, but is present in grade 1 and grade 2 endometrial 

adenocarcinomas.  Future work may focus on the development of MUC4 as a therapeutic 

target for the treatment of early stage endometrial cancer. 

 I also presented data regarding the development of polarity in primary human 

salivary epithelial cells.  I was able to demonstrate that pyramidal, acinar and cuboidal, 

ductal cells differently express polarity genes.  Furthermore, their apical membranes have 



	

	 87	

a different morphology, observed by the distinctive localization of their tight junction 

proteins.  Meanwhile, the differences observed are not due to an alternate expression of 

miR200 family members.  Acinar and ductal cells use the same miRs, miR200b and 

miR200c, to maintain polarity.  For cultured cells, the levels of miR200b and miR200c 

were very low compared to levels in native tissue.  Even after transduction with lentivirus, 

the levels only increased 2-fold.  The most interesting development from the lentivirus 

transduction was the stimulation of the endogenous expression of one miR with the 

transduction of the other.  It occurred with each miR and suggests they may regulate each 

other, either directly or indirectly.  There is very little work on the regulation and differential 

expression of miR200 family members in healthy human cells. 

These observations will be helpful in developing a salivary gland in 3D matrix.  

While the addition of extracellular matrix proteins to the 3D matrix did not make a 

significant difference in gene expression in the hS/PCs, the possible beginning stages of 

polarization were observed in cells in every culture, especially when fibronectin was 

present.  Future work will focus on longer culturing time with the addition of growth factors 

to help direct differentiation and morphology of the cultured cells. 

 Lastly, I developed a viable alternative to the Hepatocyte Culture Medium used to 

culture primary salivary cells.  I demonstrated hS/PCs grown in either medium retained 

similar characteristics and had similar proliferation and metabolic activity.  Future work 

will focus on differentiating the hS/PCs in the animal free salivary media (AFSM)-complete 

to verify each epithelial cell type can be derived. 
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Appendix A 

Oligonucleotide primer sequences and annealing temperature. 

 
 

 

 

  

Gene Primer Sequence Annealing 
temperature

Reference

F: 5′ AGAGAAGTTCAGTGCCCAGC  
R: 5′ TGACATCCTGTCCCTGAGTG
F: 5′ GCCCAAGCTACAGTGTGACTC   
R: 5′ ATGGTGCCGTTGTAATTTGTT
F: 5′ GACACCAATATCACACGACTG  
R: 5′ GGCTTGTAGGCCTTTTACTTC
F: 5' TGGCTGTGTCTGAGCTGCCTG   
R: 5' TTGGGATGTTCTGGTGCTGCT
F: 5' GGGCTTCATTTGCTGTCTGT
R: 5' TAGTCCCAGCATTGGGTAGC
F: 5' AGACAGTCCAGCAGGGAAGA
R: 5' TTTCTTGGGTGTCCTGGTTC
F: 5′ GATGAGATTGGCATGGCTTT 
R: 5′ CACCTTCACCGGTCCAGTTT
F: 5' GACACACCCCCTGTTGGTGT   
R: 5' CAGCCATCCTGTTTCTCTTTCAA
F: 5' CACTGGTGGTGGCCCATTAC   
R: 5' TGCACCATGCCCTGAGG

Ren et al., 2013

CDH1

ZEB1

Dharmaraj et al., 2010

Lange et al., 2003

Dharmaraj et al., 2014

Chapela et al., 2015

Brayman et al., 2006

Assemat et al., 2013

Dharmaraj et al., 2010

Ren et al., 2013

60

58

55

55

MUC4

KRT18

Muc4

Krt18

INADL

ACTB

MUC1 55

58

58

60

60
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Appendix B 

List of co-authored papers and contribution 

Chapela, P.J., Broaddus, R.R., Hawkins, S.M., Lessey, B.A., and Carson, D.D. (2015). 
Cytokine stimulation of MUC4 expression in human female reproductive tissue 
carcinoma cell lines and endometrial cancer. J Cell Biochem 116, 2649-2657. 
Contribution: 80% 

Dharmaraj, N., Chapela, P.J., Morgado, M., Hawkins, S.M., Lessey, B.A., Young, S.L., 
and Carson, D.D. (2014). Expression of the transmembrane mucins, MUC1, MUC4 and 
MUC16, in normal endometrium and in endometriosis. Hum Reprod 29, 1730-1738. 
Contribution 25% 
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Appendix C  

Hepatocyte culturing media information sheets 
The	hepatocyte	culturing	media	information	sheets	used	for	the	initial	BSA	concentration	
estimate	are	attached.	
 


