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Abstract

Intratumoral collagen cross-links heighten stromal stiffness and stimulate tumor cell invasion, but 

it is unclear how collagen cross-linking is regulated in epithelial tumors. To address this question, 
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we used KrasLA1 mice, which develop lung adenocarcinomas from somatic activation of a 

KrasG12D allele. The lung tumors in KrasLA1 mice were highly fibrotic and contained cancer-

associated fibroblasts (CAFs) that produced collagen and generated stiffness in collagen gels. In 

xenograft tumors generated by injection of wild-type mice with lung adenocarcinoma cells alone 

or in combination with CAFs, the total concentration of collagen cross-links was the same in 

tumors generated with or without CAFs, but co-injected tumors had higher hydroxylysine 

aldehyde-derived collagen cross-links (HLCCs) and lower lysine-aldehyde-derived collagen cross-

links (LCCs). Therefore, we postulated that an LCC-to-HLCC switch induced by CAFs promotes 

the migratory and invasive properties of lung adenocarcinoma cells. To test this hypothesis, we 

created co-culture models in which CAFs are positioned interstitially or peripherally in tumor cell 

aggregates, mimicking distinct spatial orientations of CAFs in human lung cancer. In both 

contexts, CAFs enhanced the invasive properties of tumor cells in 3-dimensional (3D) collagen 

gels. Tumor cell aggregates that attached to CAF networks on a Matrigel surface dissociated and 

migrated on the networks. Lysyl hydroxylase 2 (PLOD2/LH2), which drives HLCC formation, 

was expressed in CAFs, and LH2 depletion abrogated the ability of CAFs to promote tumor cell 

invasion and migration.
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Introduction

Cancer-associated fibroblasts (CAFs) are a morphologically and functionally heterogeneous 

group of mesenchymal cells with diverse origins and play critical roles in the regulation of 

tumor fibrosis, immunosuppression, angiogenesis, and metastasis (1). CAFs exhibit 

migratory and contractile properties of myofibroblasts and secrete collagen, cytokines, and 

chemokines into tumor stroma (1). In experimental tumor models, CAFs function as ‘leader 

cells’ for sheets or groups of invading tumor cells by displaying unique behaviors to 

maintain the group’s organization and directionality. Positioned at the forefront, CAFs lead 

collectively migrating tumor cells by realigning impeding collagen fibers through 

proteolytic and force-mediated matrix remodeling, creating tracks through which invading 

tumor cells can move; these tracks remain patent after decellularization (2), implying that 

the realigned collagen fibers within the track walls have acquired a certain degree of 

stability through collagen cross-linking. However, it is unclear whether CAFs regulate 

collagen cross-linking.

Cross-link formation is preceded by a series of modifications of telopeptidyl and helical 

lysine (Lys) residues on collagen that determine the fate and biophysical properties of cross-

links (3). For instance, specific Lys residues on procollagen α chains undergo hydroxylation 

in cells by lysyl hydroxylases (LH1, LH2, and LH3) encoded by distinct procollagen-lysine, 

2-oxoglutarate 5-dioxygenase (PLOD) genes (4–9). Lys and hydroxylysine (Hyl) residues in 

both N- and C-terminal telopeptides are then oxidatively deaminated into aldehydes (Lysald 

and Hylald, respectively) by lysyl oxidase (LOX) in the extracellular space (10). Hylald 

forms aldimine cross-links that spontaneously rearrange into stable ketoamines, which 
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further mature into stable Hylald–derived trivalent cross-links (HLCCs) (10). In contrast, 

Lysald residues form a labile aldimine or an aldol condensation product that further matures 

into less stable Lysald–derived collagen cross-links (LCCs) (10). Implicating a potential role 

for HLCCs in tumor progression, high LH2 levels predict a poor prognosis in epithelial and 

other tumor types, and ectopic LH2 expression in tumor cells induces a LCC-to-HLCC 

switch in tumor stroma and stimulates tumor cell migration, invasion, and metastasis (11–

14).

To gain insight into how collagen cross-linking is regulated during epithelial tumorigenesis, 

we used KrasLA1 mice, which develop lung adenocarcinomas from somatic activation of a 

latent K-rasG12D allele (15). Lung tumors in KrasLA1 mice contain a population of CAFs 

that express Thy-1 (CD90), which marks a subset of lung fibroblasts in humans and mice 

(16–19), have myofibroblastic properties, and secrete diverse regulators of angiogenesis and 

inflammation (16).

Materials and Methods

Animal husbandry and syngeneic tumor cell injections

Before their initiation, all mouse experiments were submitted to and approved by the 

Institutional Animal Care and Use Committee at the University of Texas MD Anderson 

Cancer Center. KrasLA1/+ mice and wild-type littermates received standards of care and 

were euthanized according to the standards set forth by the IACUC. As described previously 

(20), wild-type immunocompetent mice (n=10 per cohort, 30 total mice) were injected in the 

flank with 106 344SQ cells alone or co-injected with 5×105 344SQ cells and 5×105 CAFs. 

Cells and mice had syngeneic genetic backgrounds. Mice were necropsied 3 weeks after 

injection to measure weights of primary subcutaneous tumors and count the numbers of 

metastases on the lung pleural surfaces.

Isolation of CAFs

As described previously (16), murine CAFs were isolated from lung tissues at necropsy by 

immediately perfusing tissues with 2% fetal bovine serum in Hank’s buffered salt solution 

(FBS-HBSS) and dispersing them into single cell suspension by immersion in 3 mg/mL of 

collagenase and Dispase®II (Roche) on a gentleMACS™ Dissociator (Miltenyi Biotec, 

Bergisch Gladbach, Germany) using the lung tissue dissociation programs (Lung_01 and 

Lung_02). Dispersed cells were centrifuged, washed with FBS-HBSS, and subjected to red 

blood cell lysis by adding RBC Buffer (BioLegend). The remaining cells were centrifuged, 

washed, filtered (70 µm and 40 µm), counted (Countess™, Invitrogen), and mixed twice 

with antibody-conjugated magnetic beads (Dynal-Magnetic beads, Invitrogen) on a rotator, 

each time for 45 min at 4°C, to first deplete leukocytes (anti-CD45 and anti-CD68, Abcam), 

endothelial cells (anti-CD31, BD Pharmingen), and epithelial cells (anti-EPCAM, 

Pharmingen) and then to isolate fibroblasts (anti-Thy-1, BD Pharmingen) from the 

supernatants. Fibroblasts were eluted off the anti-Thy-1-conjugated beads by incubation in 

FBS-HBSS, 0.5% BSA, and 2mM EDTA, centrifuged, washed, and cultured in RPMI1640 

containing 10% FBS and 100 mg/100U penicillin-streptomycin (GIBCO).
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Cell culture

CAFs were cultured in a-modified essential medium (MEM) (Cellgro) supplemented with 

20% fetal bovine serum, penicillin/streptomycin, L-glutamine, and sodium pyruvate. 

Primary cells used in experiments had been passaged fewer than 6 times and were not tested 

for identity. The 344SQ cell line was cultured at 37°C and 5% CO2 humidified atmosphere 

in RPMI 1640 (Mediatech) supplemented with 10% fetal bovine serum (Sigma), penicillin 

(100 U/ml) and streptomycin (100 µg/ml) (Sigma). Cells were treated with 20 µM GM6001 

(EMD Millipore), 100 nM latrunculin (Sigma), or 25 µM blebbistatin (Sigma). 344SQ 

identity was confirmed by PCR analysis of known somatic mutations three month prior to 

performing experiments.

Creation of lung scaffolds

Lungs from adult KrasLA1 mice were de-cellularized using methods previously described 

(21). In brief, lung tissue was harvested and native cells were removed using 1% sodium 

dodecyl sulfate and 1% Triton X-100 diluted in H2O in a de-cellularization chamber.

Transmission electron microscopy

Transmission electron microscopy was performed on glutaraldehyde-fixed, plastic 

embedded subcutaneous tumor tissue or lung scaffolds as described previously (22).

Stiffness measurement

Cell-containing collagen gels and cell-free gels were mechanically tested by micropipette 

aspiration, as described previously (23). Briefly, glass micropipettes with an internal 

diameter of 90–110 µm were positioned at the surface of the samples. Vacuum pressure was 

applied by adjusting the height of a reservoir to aspirate the sample. At each pressure step, 

the reservoir height was recorded and an image was captured with an AxioCam MRm 

camera (Zeiss), which was later analyzed using ImageJ software (NIH) to measure the 

aspiration length and pipette diameter. Data analysis was performed via a MATLAB code to 

find the linear portion of the stress-strain curve and fit a line to this portion of the data by 

linear regression. To calculate the Young’s modulus from the slope of the linear region, a 

half-space punch model was applied, assuming a value of 2.2 for the wall function (23).

Collagen cross-link analysis

Tissues were pulverized in liquid nitrogen using a Spex Freezer Mill (Spex, Inc.), washed 

with cold phosphate-buffered saline and cold distilled water, lyophilized and weighed. 

Aliquots were reduced with standardized NaB3H4 and hydrolyzed with 6N HCl. The 

hydrolysates were then subjected to amino acid and cross-link analyses (11, 24). The 

collagen content was determined as hydroxyproline/total amino acids based on the value of 

100 residues of hydroxyproline per 1,000 amino acids in collagen. The reducible cross-links, 

dehydro [deH]-hydroxylysinonorleucine and its ketoamine (HLNL), deH-

dihydroxylysinonorleucine and its ketoamine (DHLNL), and dehydro-

histidinohydroxymerodesmosine (HHMD) were identified and measured as their reduced 

forms. The mature trivalent cross-links, pyridinoline (Pyr) and deoxypyridinoline (d-Pyr), 

were simultaneously analyzed by their fluorescence. All cross-links were quantified as 
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mol/mol of collagen based on the value of 300 residues of hydroxyproline per collagen 

molecule.

Generation of shRNA transfectants

We used shRNAs against human LH2 (SHC [V2LHS_131378] and SHD [V3LHS_306074) 

in pGIPZ system (shRNA and ORFeome Core, MD Anderson Cancer Center). pGIPZ-FF2 

control, which targets the Firefly luciferase gene, was a gift from Kenneth Scott (Baylor 

College of Medicine). Cells were infected with lentiviruses carrying target-specific or 

control shRNA packaged in 293T cell using pMD2.G, and psPAX2 plasmids for 48 hours 

then selected with puromycin (10 µg/ml) for two weeks.

Co-culture assays

Multicellular aggregates were generated by using the hanging-drop method (25). In brief, 

344SQ cells were detached with 2 mM EDTA, re-suspended in MEM supplemented with 

methylcellulose (20%) (Sigma) and growth factor-reduced Matrigel (1%) (BD Biosciences), 

and incubated as droplets (25 µl) containing 1,000 cells for 48 h to ensure multicellular 

aggregation. To generate mixed cell aggregates, equal numbers of 344SQ cells and CAFs 

were mixed (1,000 cells per droplet).

For collagen invasion assays, aggregates were washed with medium, mixed with rat-tail 

collagen solution (Serva) (2.0 mg/ml) containing 120,000 CAFs, pipetted as a drop-matrix, 

polymerized at 37°C, and replaced with medium. Aggregate invasion was analyzed 24 hours 

after seeding. An aggregate was scored as invasive if it had 2 or more protrusions that were 

at least ½ as long as the diameter of the aggregate. At least 200 aggregates were counted per 

condition. For leader-follower type of migration, hybrid aggregates were plated on top of 

Matrigel and cultured for 6 days when CAF and tumor cell migration were apparent as 

projections from the aggregate. For interactions with CAF networks, tumor aggregates were 

washed and plated on top of Matrigel. Afterwards, CAFs were stained for 30 minutes with 

CellTracker™ (Molecular Probes, Invitrogen), and 40,000 CAFs were added as single cell 

suspensions on top of aggregates. Network formation and collective tumor cell migration 

were evident at 24 hours. Images were captured by using Olympus U-LH100HG with 

Olympus 10x/0.30 Ph1 objectives.

Time-lapse microscopy

CAFs seeded with tumor aggregates on matrigel were monitored at 37°C using a motorized 

inverted Nikon Ti microscope (10 ×/0.30 NA air and 20×/1.0 NA objective lens; Leica) 

connected to EMCCD camera for up to 24 h.

Immunofluorescence microscopy

Cells were seeded and grown on coverslips and fixed after 24 hours in 4% 

paraformaldehyde (Electron Microscopy Sciences, PA,USA) for 15 minutes at room 

temperature and then permeabilized with 0.5% Triton X-100 (Sigma) in PBS for 10 minutes 

at room temperature. Non-specific binding was blocked with 3% bovine serum albumin 

(Sigma) in PBS for 30 minutes before incubation with a primary antibody against type I 

collagen (Md Bioproducts) for 2 hours at room temperature. Secondary antibody was 
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incubated for 1 hour at room temperature, after which DAPI was incubated for 15 minutes, 

with extensive washing between each step. Images were captured by using Olympus U-

LH100HG with Olympus 10×/0.30 Ph1 or 4×/0.10 objectives.

Second harmonic generation using two-photon microscopy

Second harmonic generation signal from collagen and the emission signal from 344SQ-RFP 

were detected upon simultaneous excitation with a 920 nm laser. The signal from collagen 

was collected using a BP 460/50 filter. The emission signal from RFP was collected using 

an LP 515 filter. The images were acquired using the LSM 7 MP microscope (Carl Zeiss, 

Jena, Germany) using the Zeiss W Plan-Apochromat 20×/1.0 NA objective lens.

Statistical analysis

All quantitative values represent the means of replicate samples and are representative of 

multiple experiments. Numerical values of cell culture and mouse cohort data were analyzed 

using student’s t-test for significance in GraphPad software. The difference was considered 

significant at P < 0.05 (two-tailed). All computations were carried out in SAS 9.2 and S-plus 

8.0.

Results

CAFs promote intratumoral fibrosis in KrasLA1 mice

To determine whether lung tumors in KrasLA1 mice are fibrotic, we decellularized whole 

lung tissues and inspected the stroma, which showed that tumor stroma was denser than that 

of adjacent normal lung and contained compact collagen bundles (Fig. 1A). In intact lung 

tissues, tumors contained abundant collagen surrounding tumor cells and fibroblastic cells 

(Fig. 1B, C). To determine whether CAFs regulate intratumoral fibrosis, we isolated Thy-1+ 

CAFs from KrasLA1 mice and examined their ability to produce collagen and to align 

collagen fibers and generate stiffness in collagen gels. In monolayer culture, CAFs secreted 

collagen into extracellular space (Fig. 1D). To determine whether CAFs regulate collagen 

fiber alignment, we performed second harmonic generation (SHG) analysis on collagen gels 

seeded with CAFs and 344SQ cells, a highly invasive and metastatic lung adenocarcinoma 

cell line derived from mice that co-express KrasLA1 and p53R172H alleles (20). Although 

minimal SHG signal was detected in gels seeded with 344SQ cells alone, those seeded with 

344SQ cells and CAFs produced an intense signal (Fig. 1E). The CAFs contracted and 

organized the collagen gel, generating an elastic modulus that was significantly greater than 

the collagen gel alone (Fig. 1F). Thus, lung tumors in KrasLA1 mice were fibrotic and 

contained CAFs that produced collagen and exhibited collagen remodeling activity.

CAFs regulate the type of collagen cross-link in tumor stroma

To determine whether CAFs regulate collagen cross-linking in tumors, we subcutaneously 

injected 344SQ cells alone (106) or in combination with CAFs (5×105) into syngeneic, 

immunocompetent mice to generate flank tumors, which were analyzed for total collagen 

cross-links, HLCCs (DHLNL, Pyr, and d-Pyr), LCCs (HHMD), and HLNL, which can be 

classified as HLCC or LCC depending on whether cross-links form between telopeptidyl 

Hylald and helical Lys or telopeptidyl Lysald and helical Hyl, respectively (3). Although total 
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collagen cross-links were not different between the two cohorts (Fig. 2A), tumors containing 

ectopic CAFs had lower levels of the LCC HHMD (Fig. 2B), higher levels of the HLCCs 

Pyr and DHLNL (Fig. 2C), and lower levels of HLNL (Fig. 2D). The HLCC-to-LCC ratio in 

tumors containing ectopic CAFs was higher than that of tumors generated by 344SQ cells 

alone (6.54 ± 4.12 versus 1.90 ± 1.07, respectively) (Fig. 2E), indicating that CAFs induced 

a LCC-to-HLCC switch in tumor stroma.

Models to study how tumor cells respond to CAFs in different spatial orientations

In human lung cancer, CAFs are present in the interstitium and around the periphery of the 

tumor, and it is unclear how CAFs in these locations regulate tumor cell behavior (26). To 

address this question, we created 3-dimensional co-culture models that mimic the interstitial 

and peripheral locations of CAFs. Mixed 1:1 in hanging drops, 344SQ cells and CAFs 

formed cellular aggregates with a relatively uniform distribution, which we used to represent 

an interstitial CAF pattern. Two days after seeding onto a Matrigel surface, there were 

protrusions of tumor cells that remained adherent to the aggregates, and CAFs were visible 

at the tips of the tumor cell protrusions and elsewhere on the Matrigel surface (Fig. 3). In 

comparison, aggregates containing 344SQ cells alone developed no protrusions (Fig. 3). We 

concluded that “interstitial” CAFs emerged from the aggregates and enhanced tumor cell 

motility, possibly by functioning as “leader cells” at the tips of tumor cell protrusions (2). To 

create a model that recapitulates the peripheral location of CAFs, we seeded 344SQ cells 

into hanging drops, forming aggregates of 344SQ cells, which were encapsulated into 

collagen gels that did or did not contain CAFs. After 24 hours, aggregates were scored for 

the presence or absence of invasive protrusions (Fig. 4A). In the absence of CAFs, 20% of 

the aggregates developed invasive protrusions, whereas 60% developed protrusions in 

collagen containing CAFs (Fig. 4B). Protrusion formation was sharply diminished by 

treatment with a protease inhibitor (GM6001) (Fig. 4A and 4B), indicating that the 

protrusions had proteolytic activity. We concluded that CAFs in a peripheral location 

enhance tumor cell invasive activity. Lastly, because human lung cancers are occasionally 

interspersed with band-like fibrotic structures containing CAFs (27), we asked whether 

structures formed by CAFs provide a favorable matrix for tumor cell attachment and 

migration. CAFs were seeded onto a Matrigel surface and allowed to spontaneously form 

network structures with contractile activity (Fig. 5A and Supplementary Movie 1). 

Treatment with latrunculin A or blebbistatin caused dispersal of the structures (Fig. 5B), 

supporting the conclusion that actomyosin contractility maintains the integrity of the 

structures. Seeded onto the Matrigel surface, aggregates of 344SQ cells attached to the 

networks, spontaneously dissociated, and migrated along the networks (Figs. 5C, D, and 

Supplementary Movie 2). Collectively, these findings show that CAFs in different spatial 

locations enhance the migratory and invasive activities of lung adenocarcinoma cells.

LH2 expression in CAFs promotes lung adenocarcinoma cell migration and invasion

While all 3 LH family members hydroxylate Lys residues in the helical sequence of 

collagen, LH2 is the only family member that is capable of hydroxylating telopeptidyl Lys 

residues and is indispensable for the formation of HLCCs (3). To determine whether the 

LCC-to-HLCC switch induced by CAFs influences the migratory and invasive behaviors of 

tumor cells, we generated two LH2-deficient CAF populations by stably transfecting distinct 
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LH2-specific short hairpin RNAs (shRNAs) (Fig. 6A). Relative to the control transfectants, 

the LH2-deficient CAFs generated less stiffness in collagen gels, although to different 

degrees (Fig. 6B). LH2 deficiency reduced the ability of CAFs to induce protrusion 

formation from the interstitium or periphery of tumor cell aggregates (Figs. 6C and 6D). 

Seeded on a Matrigel surface, LH2-deficient CAFs formed poorly defined networks that 

failed to promote the dissociation and migration of tumor cell aggregates (Fig. 6E).

Discussion

In squamous carcinomas with low cell-autonomous invasive activity, CAFs proteolytically 

degrade tumor stroma to create tracks through which tumor cells can collectively invade (2), 

which is the basis for the working hypothesis that CAFs compensate for deficiencies in 

tumor cell-autonomous invasive activity. Here we show that CAFs enhance the migration 

and invasion of tumor cells with high cell-autonomous invasive activity, implying that CAFs 

may exert pro-invasive activity in a broader tumor cell context than previously thought. By 

showing that CAFs regulate collagen cross-linking, the findings presented here build on 

evidence that CAFs induce proteolysis and force-mediated realignment of collagen fibers 

(2).

Pharmacologic and genetic approaches to inhibit LOX in tumors have shown that LOX is 

the primary driver of collagen cross-link formation and that the total amount of collagen 

cross-links is correlated with tumor stiffness (28). However, LH2 regulates tissue stiffness 

by determining the types, rather than the total amounts, of collagen cross-links. HLCCs are 

more stable than LCCs and are the primary type of cross-link in skeletal tissues like bone 

and cartilage, which require HLCCs to maintain tissue stiffness and integrity (3). 

Abnormally high HLCC levels are associated with arthritic conditions such as systemic 

sclerosis, whereas deficiencies are associated with severe soft-tissue and skeletal deformities 

such as those in patients with Bruck syndrome (29). Findings presented here add to a 

growing body of evidence that high HLCC levels contribute to the pathogenesis of cancer 

(11).

Using in vitro models that mimic epithelial tumor acini within a 3-dimensional matrix, here 

we showed that tumor cell aggregates respond to signals from CAFs. Of particular interest 

was the finding that CAFs formed contractile networks, tumor aggregates adherent to the 

networks disorganized and migrated, and depletion of LH2 expression in CAFs diminished 

network formation and tumor aggregate dissociation. Conversely, multicellular epithelial 

structures have been shown to exert contractile forces that mechanically reorganize collagen 

networks over long distances and in a highly directional manner, generating what are 

variously coined fibers, tracts, cables, straps, or lines (30–35). Moreover, regions of highly 

directional collagen alignment have been seen in tumor explants and clinical samples and 

are associated with poor clinical outcomes in patients with breast cancer (36). In conclusion, 

the model presented here may inform how epithelial tumor acini interact with surrounding 

stroma to generate mechanical and biochemical signals that regulate malignant tumor 

progression.
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We did not observe a difference in the number of metastases in mice injected with or 

without CAFs, but both cohorts had high numbers of metastases, which reduces our ability 

to detect subtle differences. Moreover, a central finding from our co-culture assays is that 

tumor cells with autonomous metastatic activity can also migrate and invade in response to 

CAFs, potentially gaining the capacity to metastasize through non-autonomous mechanisms. 

Although its clinical relevance is unclear, this finding demonstrates the versatility of 

metastatic tumor cells and raises the possibility that therapeutic approaches to prevent 

metastasis may have to address both mechanisms.
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Implications

CAFs induce a collagen cross-link switch in tumor stroma to influence the invasive 

properties of tumor cells.
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Figure 1. 
Lung tumors in KrasLA1 mice are fibrotic. A, tissue scaffold created by detergent-based 

decellularization of lungs from a KrasLA1 mouse with areas of hyperdense stroma in tumoral 

regions that contain dense collagen bundles by transmission electron microscopic analysis 

(inset). Bar size, 1 µm. B, masson’s trichrome staining (left panel) of collagen (blue) in lung 

tumor from a KrasLA1 mouse. Tumor (T). Normal lung (N). Bar size (200 µm). C, 

transmission electron microscopic analysis (right panel) of lung tumor from a KrasLA1 

mouse. Tumor cell (T). Fibroblastic cell (arrowhead). Collagen bundles (arrow). D, 

immunocytochemical analysis of type I collagen (red) in CAFs grown in monolayer culture 

on plastic. Bar size, 100 µm. E, second harmonic generation images of 344SQ cells seeded 

alone or with CAFs into collagen gels. Collagen (green). Bar size, 200 µm. F, Young’s 

modulus for cells entrapped in collagen gels. Gels containing CAFs (n=4) had significantly 

higher Young’s modulus as compared to cell-free collagen gels (n=5), p < 0.0001.
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Figure 2. 
Co-injection of CAFs induces a collagen cross-link switch in tumor stroma. A, 

quantification of collagen content (left bar graph) and total collagen cross-links (right bar 

graph) (mol/mol of collagen) in tumors generated by subcutaneous injection of 344SQ cells 

alone (344SQ) or in combination with CAFs (344SQ+CAF). B-D, tumors subjected to 

quantification of a LCC (HHMD) (B), HLCCs (DHLNL and Pyr) (C), and HLNL (D). Total 

cross-links in (A) were sum of cross-links in (B-D). E, HLCC-to-LCC ratio determined from 

(B) and (C).
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Figure 3. 
Interstitial CAF model. Bright field (top) and fluorescence (bottom) micrographs of 

aggregates that contain RFP-tagged 344SQ cells alone (344SQ) or with untagged CAFs 

(344SQ + CAF) imaged 2 days after seeding. CAFs had emerged from the aggregates 

(arrowhead), and aggregates had developed projections of tumor cells (arrow). Bar size, 100 

µm.
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Figure 4. 
Peripheral CAF model. A, bright field (top) and fluorescence (bottom) micrographs of 

aggregates that contain RFP-tagged 344SQ cells alone (344SQ) or with untagged CAFs 

(344SQ + CAF) in the presence or absence of GM6001. Projections of invasive tumor cells 

(arrows). Bar size, 100 µm. B, percentages of total aggregates (n=200 aggregates counted 

per condition) scored as invasive or non-invasive in the presence or absence of GM6001.
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Figure 5. 
Interaction of aggregates with CAF network structures. A, bright field micrographs of CAF 

structures alone (left panel), aggregates of 344SQ cells alone (middle panel), or 344SQ 

aggregates seeded on CAF structures (right panel). Bar size, 200 µm. B, bright field 

micrographs of 344SQ aggregates seeded on CAF structures in the presence of latrunculin A 

or blebbistatin. Bar size, 200 µm. C, bright field (top left panel) and fluorescence 

micrographs of a RFP-tagged tumor aggregate attached to CAF structures (green) imaged 2 

days after seeding. Arrow points to region of aggregate that is beginning to dissociate and 

migrate along CAF networks. F-actin (green). Bar size, 20 µm. immunofluorescence 

microscopic images of RFP-tagged tumor cell aggregates containing 344SQ cells alone 

(344SQ) or hybrid aggregates containing 344SQ cells and LFs (344SQ + LF) or CAFs 

(344SQ + CAF) photographed 2 days after seeding on a Matrigel surface. E, F, 

immunofluorescence microscopic images of 2 RFP-expressing tumor aggregates (red) that 

have disorganized, migrated toward each other, and coalesced (arrow) on CAFs. CAFs pre-

treated with cell tracker green. Photographed 2 days after seeding. Inset is Z-stack image of 

bracketed area. Bar size, 100 µm.
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Figure 6. 
LH2 is required for CAF-induced tumor aggregate migration and invasion. A, Western blot 

analysis of CAFs stably transfected with control (FFL) or LH2-specific (SHC, SHD) 

shRNAs. β-actin, loading control. B, Young’s modulus for cells entrapped in collagen gels. 

SHC had a significantly lower Young’s modulus as compared to control FFL) (p < 0.01) and 

tended to have a lower modulus than SHD, although not significant (p = 0.0788). C, 

percentages of total aggregates (n=200 aggregates counted per condition) scored as invasive 

or non-invasive in collagen gels containing no fibroblasts (−) or CAF transfectants. D, 

hybrid aggregates containing RFP-tagged tumor cells (344SQ) and GFP-tagged CAF 

transfectants and photographed under phase contrast (top panels) or fluorescence (bottom 

panels) microscopy 3 days after seeding on a Matrigel surface. Migratory tumor cells 

(arrow). Leading CAFs (arrowhead). Bar size, 100 µm. E, CAF transfectants and tumor 

aggregates (344SQ-RFP) were co-cultured on a Matrigel surface and photographed under 

phase contrast (top panels) and fluorescence (bottom panels) microscopy after 2 days. 

Dissociating tumor aggregates (arrows). Bar size, 200 µm.
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