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Abstract

Tumor-associated macrophages (TAM) in the tumor microenvironment (TME) cooperate with 

cancer stem cells (CSC) to maintain stemness. We recently identified CD44 as a surface marker 

defining head and neck squamous cell carcinoma (HNSCC) CSC. PI3K-4EBP1-SOX2 activation 

and signaling regulate CSC properties, yet the upstream molecular control of this pathway and the 

mechanisms underlying crosstalk between TAM and CSC in HNSCC remain largely unknown. 

Because CD44 is a molecular mediator in the TME, we propose here that TAM-influenced CD44 

signaling could mediate stemness via the PI3K-4EBP1-SOX2 pathway, possibly by modulating 

availability of hyaluronic acid (HA), the main CD44 ligand. HNSCC IHC was used to identify 

TAM/CSC relationships, and in vitro co-culture spheroid models and in vivo mouse models were 

used to identify the influence of TAM on CSC function via CD44. Patient HNSCC-derived TAM 

were positively and negatively associated with CSC marker expression at non-invasive and 

invasive edge regions, respectively. TAM increased availability of HA and increased cancer cell 

invasion. HA binding to CD44 increased PI3K-4EBP1-SOX2 signaling and the CSC fraction, 
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whereas CD44-VCAM-1 binding promoted invasive signaling by Ezrin/PI3K. In vivo, targeting 

CD44 decreased PI3K-4EBP1-SOX2 signaling, tumor growth, and CSC. TAM depletion in 

syngeneic and humanized mouse models also diminished growth and CSC numbers. Lastly, a 

CD44 isoform switch regulated epithelial-to-mesenchymal plasticity as CD44s and CD44v8-10 

determined invasive and tumorigenic phenotypes, respectively. We have established a mechanistic 

link between TAM and CSC in HNSCC that is mediated by CD44 intracellular signaling in 

response to extracellular signals.

Keywords

Head and neck squamous cell cancer; cancer stem cells; CD44; TAMs; macrophage; monocytes; 
VCAM-1; PI3K; SOX2; stemness; invasion; HAS2; ZEB1; ESRP1

INTRODUCTION

U.S. head and neck squamous cell carcinoma (HNSCC) incidence increased from 35,310 in 

2008 to 51,540 in 2018, due to rising human papillomavirus (HPV) positive cases and stable 

HPV-negative incidence (1–4). Cancer stem cells (CSCs) have pro-tumorigenic abilities 

including self-renewal, resistance to therapy, and maintenance of tumor heterogeneity (5–7). 

Recent reports have increased our understanding of HNSCC CSC biology (8,9), and 

regulation by both intrinsic and extrinsic mechanisms via the tumor microenvironment 

(TME) (10).

The cluster of differentiation 44 receptor (CD44), a CSC marker conserved across cancer 

types, drives pro-tumorigenic signaling and regulates CSC ‘stemness’ (11,12). We identified 

CD44 (together with Aldefluor activity) as a HNSCC CSC marker (9). Its structure and 

ligand-binding functions allow CD44 to serve as an extracellular sensor and link between 

TME cues and intrinsic cancer cell signaling (13). Human CD44 has 19 exons, 10 of which 

are constant, or present, in all variants and make up the standard form of CD44 (CD44s). 

The variants of CD44 (CD44v) are encoded by alternative splicing and consist of the 10 

constant exons in any combination with the remaining 9 variant exons (14). CD44 isoforms 

have both overlapping and unique roles, however all include extracellular matrix (ECM) 

binding motifs that promote interaction with the microenvironment and facilitate activation 

of various signaling pathways (14) to grant cancer cells adaptive plasticity in response to 

microenvironment changes (15). Hyaluronic acid (HA), a major component of the ECM, is 

expressed by tumor and stromal cells via hyaluronan synthases (HASes) and is the most 

specific ligand for CD44 activation; the HA binding domain is found on all CD44 isoforms 

(11).

Tumor-associated macrophages (TAMs) are critical for tumor progression; they promote 

angiogenesis, immune suppression, metastasis, and chemotherapy resistance, in addition to 

their influence on CSC stemness (16). Studies in renal, breast, and colon cancers have 

demonstrated TAM involvement in promoting CD44 expression and signaling (17–19). In 

addition, several reports demonstrate the ability of TAMs to directly modulate CSCs and 

expression of their markers (20,21), including regulation of SOX2 (sex determining region Y 

box 2), a transcription factor strongly associated with stemness (22–24). Although clinical 
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correlation studies have suggested an association between TAM presence and SOX2 

expression in HNSCC (25), the cellular and molecular mechanisms underlying TAM 

regulation of CSCs remain largely unknown.

We recently reported that phosphoinositide 3 kinase/mammalian target of rapamycin/

eukaryotic translation initiation factor 4E-binding protein (PI3K/mTOR/4EBP1) signaling 

regulates fundamental CSC genes. Specifically, activated PI3K/mTOR phosphorylates 

4EBP1, a step confirmed with PI3K inhibitors, and phosphorylated 4EBP1 promoted release 

of eIF4E which increased SOX2 translation. SOX2 was found to directly upregulate 

aldehyde dehydrogenase 1A1 (ALDH1A1) transcription, thus regulating and maintaining 

CSC stemness in HNSCCs (9). However, the upstream regulation of PI3K in relation to 

downstream SOX2 signaling is not known. Although a complex interplay between TAMs 

and cancer cells is known to exist in the field of cancer research, we limited our study to the 

scope of our previously published pathway for feasibility and cohesiveness. Here we sought 

to build upon this work and determine 1) the upstream involvement of the CD44 receptor in 

PI3K-4EBP1-SOX2 regulation, and 2) how TAMs modulate stemness using CD44 as a 

mediator. We identified two distinct relationships between TAMs and tumor cells related to 

1) stemness/growth promotion and 2) invasion using HNSCC patient tumor samples. We 

further verified these relationships using in vitro co-culture spheroid systems and in vivo 
models.

We report that the presence of TAMs can promote both stemness and invasive properties of 

cancer cells. For promotion of stemness, macrophages increase cancer cell HA production 

which upregulates stemness markers SOX2 and ALDH1A1 through PI3K-4EBP1 activation. 

Conversely, monocyte interaction with cancer cell VCAM-1 promotes CD44-VCAM-1 co-

binding, inducing Ezrin/PI3K activation, and results in augmented cancer cell invasion. This 

is the first report to mechanistically describe a CD44-driven signaling switch from tumor 

initiation/growth to tumor invasion with TAM involvement in HNSCC.

MATERIALS AND METHODS

Patient tissue IHC analysis and quantification

Stained patient tissue slides were scanned and uploaded into Aperio eSlide Manager (Leica 

Biosystems, Wetzlar, Germany). Quantification of CD68/SOX2/ALDH1A1 brown/red 

relationship was performed using the Aperio ImageScope v12.3 program. Individual patient 

cases were opened in the software and zoomed all the way out (0.5x magnification) at which 

point only red staining could be detected by eye. For all 34 cases, 4–6 regions were selected; 

2–3 areas with “high” red staining and 2–3 areas with “low” red staining (SOX2/

ALDH1A1). The regions were then zoomed to 20x magnification to detect brown (CD68) 

staining. Percent positive red was calculated for tumor tissue only, using an exclusion tool to 

remove any stroma or CD68 staining within the tumor. Likewise, percent positive brown 

staining was calculated for TAMs only, excluding any tumor tissue. Per patient case, mean 

SOX2/ALDH1A1 percentage staining was calculated for all selected regions. Values that fell 

above the mean were labeled “high” expression regions and values that fell below were 

labeled “low” expression regions. Corresponding percent CD68 values were plotted in 

GraphPad Prism 8.0 and t-test analyses performed. For quantifying “fade” at invasive tip, 2–
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4 representative invasive edges were selected per patient case. Approximately equal areas 

(μm2) were selected at the projecting invasive leading edge and at the root from where the 

invasive projection had stemmed and percent positive red was calculated. Root and leading 

edge values were normalized across cases. Values were plotted and compared using 

GraphPad Prism 8.0.

Cell lines

013C and 049C cell lines were established from patient-derived PDX tissue using RMK 

media [DMEM:F12 (3:1) with 10% FBS, Insulin (5μg/ml), EGF (10ng/ml), hydrocortisone 

(0.4 μg/ml), transferrin (5 μg/ml), penicillin (200units/mL), and streptomycin (200 ug/mL)] 

as previously described (9). Cell lines are routinely authenticated using DNA fingerprinting 

(STR analysis) and tested for Mycoplasma by the CU Molecular Biology Core Facility. STR 

analysis is confirmed with originating patient blood results. In general, cells used/passaged 

≤30 times before fresh vial is thawed from authenticated batch for further use.

Sphere formation assays

Cells were plated in ultra-low attachment plates at a concentration of 2×105/well (6 well 

plate) or 1.0×104/well (96 well plate). Cells were allowed to form spheres for 8 days. For 

cell treatment and sphere formation assays, cells were treated with HA or anti-CD44 mAb 

on the day of seeding and again on day 3. Spheres were imaged, counted and measured 

using a Zeiss Axio Observer Z1 inverted microscope (Zeiss software Rel. 4.8). Experimental 

conditions were run in triplicate and experiments were repeated three times.

Isolation of primary human monocytes

Peripheral adult human blood was obtained from the University of Colorado Hospital 

Anschutz Medical Campus and peripheral blood mononuclear cells (PBMCs) isolated using 

density gradient centrifugation. The monocyte population was further isolated using the 

EasySep™ Human Monocyte Isolation Kit (#19359 StemCell Technologies, Vancouver, 

Canada). Isolated monocytes were plated in complete RPMI with 50 ng/mL M-CSF 

(Peprotech, New Jersey) and allowed to pre-differentiate into macrophages for 96 hours for 

activation of cytokine function and secretion prior to co-culture.

Co-culture assays

For suspended spheres, 2×105 cells/well were plated in ultra-low attachment plates (6-well 

plate) in 1.5 mL CSC media (9). On day 3, human monocytes were added to wells in 1.5 mL 

CSC media + 4% FBS (total well volume = 3 mL). For Matrigel spheres, 5 × 104 cells/well 

were plated (24-well plate) in CSC media in wells containing 300 μL of Matrigel (#356231 

Corning, New York). On day 3, M-CSF exposed macrophages were added to wells in CSC 

media + 4% FBS. Experiments were repeated as needed (n ≥ 5) for flow cytometry and 

protein analysis via western blot (WB) and immunohistochemistry (IHC).

Proximity Ligation Assays (PLAs)

Spheroid slides were de-paraffinized, re-hydrated in graded alcohol concentrations, antigen 

retrieved by immersion in EDTA pH 9.0 [#S2367 Dako, (Agilent, Santa Clara, CA)], and 
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pressure cooked at 105 oC for 20 min. The Duolink® in situ kit (Sigma-Aldrich, St. Louis, 

MO) in mouse/rabbit (with red detection) was used per the manufacturer’s protocol 

(#DUO92002, 92004, 92008). Antibodies were 1:1,000 CD44 (#3570 Cell Signaling, 

Danvers, MA), 1:500 VCAM-1 (#ab134047 or #ab174279 (peptide-blockade treated 

spheres) (Abcam, Cambridge, United Kingdom), 1:200 Ezrin (#ab4069 Abcam), and 1:100 

PIK3CA (#PA5-77798 Thermo Fisher, Waltham, MA). Slides were coverslipped using 

Fluoroshield Mounting Medium (#ab104135 Abcam) and dried overnight. Stacked images 

were taken using Zeiss Axio Observer Z1 inverted microscope (Zeiss software Rel. 4.8) and 

quantified using CellProfiler 2.2.0 software. Quantification of PLAs using CellProfiler 

described in supplemental methods.

shRNA experiments

CD44 silencing was completed using small hairpin RNA (shRNA) lentiviral constructs 

(sh#1: TCRN0000308110 and sh#2: TRCN0000296191) cloned into the pLKO.1 backbone, 

with the help of CU Cancer Center Functional Genomics Core. HEK 293T cells were 

transfected with LT1 reagent (Mirus) with scramble or CD44 sequences plus packaging 

plasmids per the supplier’s instructions. Viral supernatant collected 48h post-transfection 

was applied to target cells for 24h. Infected cells were selected using puromycin (1.0μg/ml).

Mouse studies

Mouse SCC studies were previously described (26). Human CUHN013 xenograft tissue was 

harvested, chopped into 2–10mm3 pieces, coated in Matrigel, and implanted into flanks and 

left shoulder of immunodeficient NOD scid gamma (NSG) mice (control/humanized) (27). 

When tumors reached 30–50mm3, we performed intraperitoneal injections twice weekly for 

4 weeks. Each experiment contained 2–6 mice per group, males and females were used in 

each study, mice were an average age of 6 months. Humanized mice used were humanized at 

an average age of 6–8 weeks. Treatment arms: 1) 200μL clodronate liposomes (5mg/mL) or 

control liposomes (Thermo Fisher), and 2) 1mg/kg anti-CD44 mAb or IgG isotype control 

(Creative Biolabs, Shirley, NY and Sigma-Aldrich).

Animal anesthesia and pain management

All procedures were approved by the University of Colorado IACUC. For cell injection and 

PDX tumor implantation animals were anesthetized with isoflurane (induction at 5%, 

maintained at 1–2%). In preparation for surgical tumor implantation/removal, and for 48h 

following the procedure, animals received buprenorphine injections (1mg/kg) every 12 h.

Study approval

Studies involving human subjects were approved by the Colorado Multiple Institutional 

Review Board (COMIRB-08-0552). Informed written consent was obtained from all patients 

whose tissues were used for this study. The University of Colorado Institutional Animal 

Care and Use Committee approved all mouse experiments.
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Statistical analysis

In vitro and in vivo experiments were compared with two-group t-tests. Calculations were 

done using GraphPad Prism version 8.0. Data are represented graphically as mean ±SD 

unless noted. P < 0.05 were statistically significant. All statistical tests were two-sided.

Data and materials availability

Materials will be shared per the University of Colorado’s Office for Technology Transfer 

policies and Institutional Review Board.

RESULTS

TAM distribution in the TME in HNSCC and link to CSC expression

CD44 is highly expressed across HNSCC tumors (Supplemental Fig. 1, top). Previously, we 

have shown regional variations in CSC distribution within HNSCCs, and how CSCs from 

different regions have distinct characteristics in terms of proliferative vs invasive potential, 

suggesting the importance of stromal influence on CSC function (28). Because TAMs are 

critical in HNSCC growth (26), we assessed their prevalence in HPV-positive and HPV-

negative HNSCC patient samples and found TAM infiltration (measured by CD163 and 

CD68 staining), varied between regions of the same tumor (Supplemental Fig. 1, bottom). 

We used dual IHC staining to assess the relationship between TAM presence (CD68) with 

SOX2 and the Aldefluor surrogate ALDH1A1 expression (29). Out of 34 cases with 

detectable SOX2/ALDH1A1 expression, 28 demonstrated a TAM/CSC relationship, defined 

by a significant association between high TAM frequency and high SOX2/ALDH1A1 

expression in non-invasive, rounded tumor edge regions (Fig. 1A–C, Supplemental Table 1). 

However, an opposing trend was observed with diminished SOX2/ALDH1A1 expression in 

the leading cells at projecting invasive edges with TAMs in close proximity (Fig. 1D, E).

Stemness and invasion are differentially promoted by PI3K signaling

To investigate TAM/cancer cell interactions, we developed two spheroid models by co-

culturing early passage patient-derived HNSCC cells and human monocytes/macrophages. 

To model non-invasive tumor regions, we combined adherent Matrigel spheroids with 

differentiated human macrophages for cytokine secretion, mimicking a static or established 

TME (Fig. 2A left). A second spheroid model studied the invasive leading edge by 

combining non-adherent suspension spheroids with naïve human monocytes, mimicking a 

dynamic state actively recruiting TME components (Fig. 2A right). Because these 

relationships are more visually apparent in patient tumors with high SOX2 and ALDH1A1 

expression, we used the CUHN013 cell line (013C) for model optimization. This cell line 

was derived from a patient tumor with high SOX2/ALDH1A1 expression resulting from the 

PI3K-4EBP1-SOX2 pathway (9).

In the static model of non-invasive areas, macrophages increased PI3K-4EBP1 

phosphorylation in cancer cells, resulting in higher SOX2 (2-fold) and ALDH1A1 (3-fold) 

when compared to cancer cells cultured alone (Fig. 2B left, Fig. 2C left). Macrophage co-

culture also increased the CSC population (ALDH+CD44high) and capacity for sphere 

formation compared to cancer alone (Fig. 2D, E). Given these findings and the prior 
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demonstration that PI3K-4EBP1-SOX2 signaling fosters CSC growth, we termed this the 

cancer growth and proliferation (GP) co-culture model (co-cultureGP).

Conversely, in the invasive/suspension model, co-culture with monocytes resulted in reduced 

SOX2 (1.8-fold) and ALDH1A1 (1.5-fold) protein levels and decreased downstream 

PI3K-4EBP1 activation (Fig. 2B right, Fig. 2C right). This led to a diminished CSC fraction 

compared to cancer cells cultured without monocytes (aloneInv) (Fig. 2F). Notably, Zeb1, a 

known and reliable marker of invasive and mesenchymal HNSCC cells (Fig. 2G) (30), was 

increased by 4-fold in cancer cells in the co-cultureInv setting compared to aloneInv (Fig. 2H, 

Supplemental Fig. 2A). An additional marker of invasion, Vimentin, was further used to 

confirm this observation in patient tissue and the co-culture spheroid models (Supplemental 

Fig. 2B,C). Again, only the co-cultureInv spheres displayed significantly upregulated 

Vimentin compared to aloneInv (Supplemental Fig. 2C). Using a trans-well invasion assay, 

we observed increased invasion only when cancer cells were cultured in contact with 

monocytes, but not when monocytes were used as chemoattractant (Fig. 2I, Supplemental 

Fig. 2D). Thus, with this functional readout, we termed the spheroid model the invasion co-
culture model (co-cultureInv).

HA-CD44 enriches the CSC population by regulating PI3K-4EBP1-SOX2 signaling

After establishing macrophage/monocyte influence on CSC expression and the 

PI3K-4EBP1-SOX2 pathway, we sought to determine the involvement of CD44. 

Interestingly, the flow data in Figure 2D demonstrated a change in CD44high expressing 

cells. Elevated CD44 expression is known to be a marker of tumorigenic functions, 

particularly via ligand-binding with HA (11–15). Thus, we wanted to confirm the ligand 

binding role of CD44 in modulating the stemness pathway and whether HA binding to 

CD44 mediates the interactions between TAMs and cancer cells/CSCs. Addition of 

exogenous HA ligand increased the 013C CSC population, and inhibition of HA-binding 

(anti-CD44 mAb) reduced CSC numbers (Fig. 3A, B). Sphere formation increased with 

addition of HA in a dose-dependent manner, and was inhibited with addition of anti-CD44 

mAb (Fig. 3C, D). HA-CD44 binding increased PI3K-4EBP1 activation, resulting in higher 

SOX2 expression (Fig. 3E, G). Conversely, anti-CD44 mAb ablated these effects and 

resulted in significantly reduced SOX2 (Fig. 3F, H).

We subsequently translated these observations to an in vivo model, using NSG mice bearing 

CUHN013 PDX tumors. Treatment with an anti-CD44 mAb resulted in significantly 

reduced tumor growth (Fig. 3I), in addition to suppression of the CSC population (Fig. 3J). 

To determine involvement of the PI3K-4EBP1-SOX2 pathway, IHC analysis was performed 

on control and treatment tumors. We found reduced PI3K-4EBP1-SOX2 expression in 

treated tumors compared to control (Fig. 3K, L), aligning with our in vitro studies. Overall, 

these results demonstrate that the HA-binding function of CD44 is critical in PI3K-4EBP1-

SOX2 signaling and CSC maintenance (Fig. 3M).

TAMs mediate cancer cell HA production via CD44/HAS2 feedback loop

Cancer cells are known to be major contributors of HA in the TME (31). The CD44s 

(constant) isoform is associated with stem-like properties (32), and PI3K/Akt activation 
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resulting in upregulated HAS2 (33). HAS2 is the most important isoform in regulating tumor 

progression due to its HA synthesis function (34). Recently, CD44s-driven HAS2 

upregulation has been shown to increase cancer cell HA production and promote HA-CD44 

binding, establishing a HAS2/HA/CD44 positive feedback loop (33,34). Having observed 

HAS2 expression across HNSCC patient cases (Fig. 4A), we examined the HNSCC 

relevance of this established pathway in vitro. Knockdown of CD44 with shRNA 

significantly decreased HAS2 expression resulting in reduced HA production by cancer 

cells, as measured by HA ELISA (Fig. 4B, C). Reciprocally, when CD44s was over-

expressed (OE), HAS2 expression significantly increased in spheres and enhanced HA 

production (Fig. 4D, E). To test the positive feedback of the HAS2/HA/CD44 loop, spheres 

treated with exogenous HA showed CD44s and HAS2 upregulation (Fig. 4F, G). Treatment 

of tumors in vivo with anti-CD44 mAb downregulated HAS2 expression (Fig. 4H). Further, 

increased cancer cell HA production by CD44s expression in turn led to upregulated 

PI3K-4EBP1-SOX2 activation (Fig. 4I).

To determine HA-CD44 involvement in macrophage-driven PI3K-4EBP1-SOX2 regulation, 

we tested if macrophages modulated cancer cell HA ligand availability through the above 

elucidated HAS2/HA/CD44 model (33). IHC of co-cultureGP spheres showed higher CD44s 

and HAS2 compared to cancer alone spheres (Fig. 4J,K). Further, co-cultureGP cancer cells 

had increased HA production versus cancer cells alone (Fig. 4L), suggesting macrophages 

promote stemness by increasing cancer cell HA availability via HAS2/HA/CD44 feedback. 

Overall, these findings support a HAS2/HA/CD44 positive feedback loop that modulates the 

PI3K-4EBP1-SOX2 pathway, and that macrophage-driven PI3K-4EBP1-SOX2 upregulation 

is aided by HA-CD44 (Fig. 4M).

TAMs influence CD44 expression and CSC regulation in vivo

We next sought to determine TAM influence on cancer cell CD44. To investigate TAM-

driven changes in CD44 expression via TAM-secreted cytokines, we assessed IL-6, known 

for its roles in CD44 expression and TAM-mediated promotion of stemness (35,36). 

Macrophages flow-sorted from co-cultureGP spheres had increased IL-6 production 

(Supplemental Fig. 3A). To ascertain if IL-6 exposure contributed to CD44s expression and 

signaling, cancer cells were exogenously treated with IL-6. This resulted in increased CD44s 

and HAS2 expression in addition to HA production (Supplemental Fig. 3B–D), suggesting 

macrophages may promote the HAS2/HA/CD44s feedback mechanism via IL-6. As we have 

shown that total CD44 is reduced in co-cultureInv setting (Fig. 2A, B right), we next showed 

that CD44 reduction decreased the CSC population as cell invasion increased (Supplemental 

Fig. 3E, F), supporting the observation that reduced CD44 expression promotes invasive 

signaling (37).

To test how TAM modulation influences tumor stemness in vivo, we depleted macrophages 

with liposomal clodronate in mice bearing murine SCC xenografts. Murine SCC models 

A223 and B931 are enriched in “side population” (SP) cells that efflux Hoechst dye, a 

defining characteristic of mouse SCC CSCs (26,38). These models were an ideal starting 

point due to their enriched CSC population; further, TAM ablation and tumor immune 

profiling for this model have been published (26). Clodronate reduced the SP population in 
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both models (Fig. 5A, B) and SP cells implanted into TAM-depleted mice exhibited 

diminished tumorigenicity (Fig. 5C). Finally, tumor SOX2 expression was suppressed in the 

treatment arm (Fig. 5D).

We conducted a TAM depletion study in a separate model with human HNSCC PDX tumors 

in NSG control and bone-marrow humanized mice (HM) to confirm TAM-aided CSC 

maintenance (27). We confirmed that clodronate reduced spleen and tumor mouse 

macrophage (NSG and HM) and human macrophage (HM) populations compared to control 

mice (Supplemental Fig. 4A–D). Interestingly, although both groups of mice had reduced 

mouse TAM populations, only the HM tumors demonstrated a significant decrease in CSCs 

(Fig. 5E). Human TAM depletion reduced tumor growth in clodronate treated HM by 25% 

and 42% when compared to control HM and clodronate-treated NSG mice, respectively 

(Fig. 5F). Further, only tumors from clodronate-treated HM had reduced SOX2 expression 

(Fig. 5G). These data suggest species-specificity in cancer cell-TME interactions. Both 

mouse and human HNSCC models supported TAM-mediated stemness and growth-

promoting effect.

CD44-VCAM-1 drives monocyte-influenced HNSCC cell invasion

We next sought to understand the mechanism for TAM-mediated invasion. In breast cancer, 

monocyte binding to the CD44 partner VCAM-1 leads to activation of Ezrin, and subsequent 

promotion of PI3K/Akt invasive signaling (39,40). In co-cultureInv conditions, VCAM-1 was 

augmented in HNSCC cells (Fig. 6A, B) alongside Ezrin phosphorylation when compared to 

HNSCC aloneInv (Fig. 6C). To determine CD44 involvement in this invasive signaling and 

confirm this pathway is occurring in HNSCCs, we used proximity ligation assays (PLAs) to 

verify protein-protein interactions. CD44 interaction with VCAM-1, Ezrin association with 

VCAM-1, and Ezrin recruitment of PI3K all increased by PLA in co-cultureInv spheres (Fig. 

6D). Notably, increased CD44-VCAM-1 interactions do not occur in the co-cultureGP model 

(Fig. 6E). To verify these associations are responsible for the invasive phenotype, we 

blocked monocyte binding to VCAM-1 with a blocking peptide. This abolished increased 

cancer cell invasion (Fig. 6F), decreased the CD44-VCAM-1 associations by PLA (Fig. 6G), 

and rescued CSC enrichment in co-cultureInv conditions (Fig. 6H). Furthermore, we 

confirmed VCAM-1 associated with invasion across representative patient cases (Fig. 6I), 

supporting validity of the in vitro studies. We propose that CD44-VCAM-1 interaction leads 

to invasion due to a shift from the PI3K-4EBP1-SOX2 pathway and towards an Ezrin-PI3K 

pathway (Fig. 6J). These data suggest the two phenotypes (growth- and invasion-promoting) 

are supported by CD44-driven activation of PI3K/Akt (per Fig. 2A), but subsequently 

diverge in their downstream signaling to enable two outcomes.

HA serves as the link between growth- and invasion-promoting pathways

HA-CD44 binding can also promote cancer cell migration and invasion (14). Because we 

demonstrated that HA promotes stemness and growth via CD44-PI3K-4EBP1-SOX2 (Fig. 

3), we next examined the importance of HA in promoting invasion. We demonstrate that HA 

ligand increased cancer cell invasion in a dose-response manner and that inhibition of HA 

binding with anti-CD44 ablated this effect (Supplemental Fig. 5A,B). To test if HA 

promotes the expression of key co-cultureInv markers (Zeb1 and VCAM-1), we analyzed 
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spheres treated with exogenous HA; both have increased protein expression by HA 

(Supplemental Fig. 5C–E).

The growth and invasion data suggest that HA could serve as a functional link between the 

two models; first promoting epithelial-driven growth, yet also setting the stage for invasion. 

We hypothesized that the co-cultureGP model represents an early stage model. As tumor 

growth is aided by HA, a CD44 signaling change is triggered to subsequently promote an 

invasive phenotype (mimicked by the co-cultureInv model) (Supplemental Fig. 6A). 

Interestingly, transitional edges (with non-invasive and invasive features) were observed in 

patient tissue (Supplemental Fig. 6B). Given SOX2’s importance in HNSCC tumorigenicity 

(9), we tested its role in monocyte/macrophage recruitment to aid in further tumor 

progression (Supplemental Fig. 6C). SOX2 over-expressing 013C increased sphere 

interaction with monocytes and the number of monocytes recruited per sphere 

(Supplemental Fig. 6D–F). To test the two-stage hypothesis in vivo, we implanted 

CUHN013 PDX into NSG and HM mice and collected tumors at ‘small’ and ‘large’ stages 

of growth, (50–100mm3 and 150–250mm3, respectively) (Supplemental Fig. 6G). Small HM 

tumors had more CSCs versus small NSG tumors, mirroring the co-cultureGP CSC 

phenotype (Supplemental Fig. 6H, Fig. 2C), and that large HM tumors contained fewer 

CSCs compared to large NSG tumors, mirroring the co-cultureInv CSC phenotype 

(Supplemental Fig. 6H, Fig. 2F). SOX2 IHC expression correlated with CSC populations 

and sphere models only in HM tumors (Supplemental Fig. 6I).

We previously demonstrated the invasive potential of CUHN013 PDXs lies at the tumor 

edge (28). As seen in the co-cultureInv model, VCAM-1 had higher expression at the edge in 

both NSG and HM tumors (Supplemental Fig. 6J). Only HM tumors, however, displayed 

decreased SOX2 expression at the edges (Supplemental Fig. 6K), resembling the SOX2 

“fade” depicted in Fig. 1D. Overall, the HM platform mirrored TME heterogeneity seen in 

patient tumors and confirmed a phenotypic switch that hinges upon the presence of species-

specific macrophages/monocytes.

CD44 shift via Zeb1/ESRP1 feedback regulates the growth-to-invasion switch

We next sought to determine how such a switch in signaling could occur. Epithelial splicing 

regulatory protein 1 (ESRP1) and Zeb1 regulate epithelial-to-mesenchymal plasticity and 

CD44 isoform expression in HNSCC (14,41). Therefore, we analyzed expression of Zeb1, 

ESRP1, CD44v10, and CD44s to reveal striking differences between the two model systems 

(Fig. 7A). The spheresGP had higher ESRP1 and ESRP1-promoted CD44v8–10 expression 

suggesting an epithelial-like phenotype (41) (Fig. 7A, Supplemental Fig. 7A, D). 

Conversely, the spheresInv had diminished ESRP1/CD44v10 expression and elevated CD44s 

and Zeb1, suggesting a mesenchymal-like phenotype (Fig. 7A, Supplemental Fig. 7A–D). 

To determine functional CD44 isoform differences that could explain the opposing 

phenotypes in our models, we overexpressed CD44s and CD44v8-10 in HNSCC cells with 

opposite CD44 expression patterns (Supplemental Fig. 7E) and tested cancer cell sphere 

formation and invasion. CD44v8-10 expression dramatically increased sphere formation in 

both cell lines (Fig. 7B), while CD44s augmented cancer cell invasion (Fig. 7C).

Gomez et al. Page 10

Cancer Res. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Given ESRP1 loss increases cancer cell motility and occurs at the invasive edges of SCC 

patient tumors (41), we tested patient samples to verify the CD44 expression switch. Indeed, 

when comparing non-invasive to invasive edges, the leading edge of invasive projections 

displayed lowered ESRP1, increased Zeb1, maintained CD44s, and lowered CD44v10 

expression compared to non-invasive edges (Fig. 7D). Combined, these data suggest 

different functional phenotypes emerge due to prevailing CD44 isoform expression, that the 

growth- and invasion-promoting signaling mechanisms are regulated by a CD44 switch, and 

its regulation can be influenced by the TME and HA exposure (Fig. 7E).

DISCUSSION

In this study, we explored the mechanistic underpinnings of the associations between TAMs 

and CSCs that we originally observed in HNSCC patient tissues. Using in vitro co-culture 

spheroid and in vivo mouse models, we identified TAM influence on CSC function was 

dependent on HA-CD44 interaction, CD44 isoform expression, and PI3K-4EBP1-SOX2 

signaling activation. We revealed a two-stage sequence representing the continuum of tumor 

growth and invasion as it exists in patient tumors. In the first step, we demonstrate a tumor 

growth-promoting relationship where the presence of TAMs upregulates HA-CD44 

interaction via HAS2, resulting in increased stemness via PI3K-4EBP1-SOX2 signaling 

activation and increased epithelial CSC capabilities. In the second step, we demonstrate 

monocyte recruitment increased cancer cell invasive potential through monocyte-activated 

CD44-VCAM-1 binding, leading to diminished PI3K-4EBP1-SOX2 signaling, reduced 

SOX2 and ALDH1A1, and increased Zeb1. Blocking monocyte-cancer interaction reversed 

the invasive phenotype to the growth-promoting phenotype, linking both mechanisms. 

Finally, we note how CD44 expression changes and regulation via Zeb1/ESRP1 could 

explain TAM-influenced cancer cell plasticity.

Previous studies have demonstrated the importance of HA-CD44 interaction and associated 

signaling for promotion of stem-like abilities across tumor types (12,42,43). This interaction 

has been linked to overall disease progression and poor prognosis (14). We affirmed that this 

HA-CD44 relationship remains true in HNSCC models, and also established it as an 

upstream regulator of the PI3K-4EBP1-SOX2 pathway in CSCs, previously unknown. These 

data also link the HA-CD44 interaction with promotion of HAS2 expression and HA 

production, supporting a recently established positive feedback loop by Lie et al. (33). 

Notably, cancer cell HA production via HAS2 promotes tumor progression in a CD44-

dependent manner (44). Further, the importance of HA in the TME has expanded to reveal 

that HA serves a dual nature by promoting cancer initiation while also aiding in invasion and 

resistance (31,34). Our study expands on this idea by demonstrating that HA can influence 

both growth and invasion of HNSCCs, suggesting HA promotes one phenotype while also 

setting the stage for the emergence of others.

In addition to being a principal receptor for HA, CD44 can have many binding partners to 

serve its multifunctional purposes (14). VCAM-1 is an emerging target of cancer cell 

progression and invasion (45), and regulates CD44 expression (35). Monocyte binding to 

VCAM-1 promotes breast cancer invasion and CD44-VCAM-1 partnering induces 

malignant cancer cell signaling (39,40). However, the question remained as to whether these 
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two mechanisms were connected. We found monocyte presence increased VCAM-1 

expression, activated Ezrin-PI3K signaling, and increased HNSCC invasion. We also 

determined CD44-VCAM-1 association was exclusive to the invasive phenotype, connecting 

these two mechanisms in HNSCC. The signaling pathway downstream of Ezrin-PI3K that 

contributes to this invasive action, however, remains to be elucidated. Overall, given the role 

of PI3K signaling in both the growth and invasion phenotypes, the future investigations of 

how PI3K inhibitors modulate TAM interactions in vivo may provide insight into its 

therapeutic potential.

CD44 variant-switching has recently been shown to determine tumor progression (15,19,46), 

and impact clinical outcomes (32,47). The regulation of CD44 is complex (35), and CD44 

participates in a Zeb1/ESRP1/HAS2/CD44 regulatory feedback loop promoting progression 

and plasticity (48). ESRP1, highly expressed in cells with an epithelial phenotype, inhibits 

epithelial-to-mesenchymal transition (EMT) by promoting CD44v expression over CD44s. 

On the other hand, expression of Zeb1 transcriptionally represses ESRP1, promoting high 

CD44s expression and inducing EMT (14). Our data suggest a CD44-controlled switch 

between the stemness/growth-promoting and invasion-promoting phenotypes. Further 

delineation of specific contributions from each CD44v isoform is a focus of future studies.

Most critically, however, it has been shown that CD44 expression and function are 

influenced by reciprocal interactions between cancer cells, CSCs and TAMs (17–19). These 

findings confirm the role of CD44 as a mediator between TAMs and CSCs; we are the first 

to demonstrate this CD44/TAM interplay in HNSCC. These data not only demonstrate TAM 

influence on CD44 signaling directly via ligand binding, but also indicate that TAM 

presence can influence CD44 function indirectly playing a role in modulating regulators of 

CD44 expression, such as Zeb1 (49) and VCAM-1. Taken together, we propose a complete 

mechanistic model for how the phenotypic switch may occur (Fig. 7E).

We acknowledge that our study has limitations, and whereas the focus of this report is TAM 

modulation of the PI3K-4EBP1-SOX2 pathway via HA-CD44, we recognize that the 

phenotypic switch entails additional concurrent signaling changes and activity by 

transcriptional regulators not addressed here. Further, we note that TAM contribution to the 

TME and CSC stemness is multifaceted, with a multitude of secreted factors at play in 

addition to IL-6. Our current study provides an initial model of a likely more complex 

TAM/CSC network. Ongoing and future studies are aimed at dissecting this complex 

interplay, including how secreted factors, such as IL-6, influence CD44 expression and 

function in addition to how other cell-cell interactions could be involved.

In summary, TAMs are key in promoting cancer progression across tumor types, particularly 

by promoting stemness. How TAMs and CSCs communicate in order to fulfill these 

functions remains largely unknown in HNSCC and it is critical to define the molecular 

mechanisms underlying such crosstalk. Given that TAMs are also critical in therapy 

resistance and poor prognosis (25,50), understanding mechanistic links between these key 

players, intrinsically and extrinsically to the cancer cell, could be a vital area of focus for 

target and drug discovery.
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SIGNIFICANCE

Findings establish a mechanistic link between tumor cell CD44, TAM, and CSC 

properties at the tumor-stroma interface that can serve as a vital area of focus for target 

and drug discovery.
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Figure 1. TAM presence at non-invasive and invasive edges correlates with altered CSC marker 
expression.
(A) Representative images (20x) of high SOX2 and high ALDH1A1 (top) and low SOX2 

and low ALDH1A1 (bottom) regions (red) with associated TAM presence (CD68, brown). 

Blue dashed lines indicate rounded, non-invasive tumor edge. (B) Regions with high SOX2 

(top) and high ALDH1A1 (bottom) expression contained significantly higher TAM presence 

(n = 28 patient cases). (C) No relationship between TAM presence and SOX2 (top) or 

ALDH1A1 (bottom) observed in remaining cases (n = 6 patient cases). (D) Invasive edge 

representative images of SOX2 (left) or ALDH1A1 (right) with associated TAM presence. 

Blue dashed lines indicate projecting tumor edge. White arrows point to faded leading edge 

and black arrows point to corresponding “root”. (E) Quantified drop in SOX2 (left) and 

ALDH1A1 (right) expression at leading edge compared to root (n = 20 patient cases). 

Quantification was done using Aperio ImageScope v12.3 software. ****P<0.0001, 2-tailed 

unpaired Student’s t test. (A, D) Scale bars: 100μm.
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Figure 2. Human macrophage/monocyte effects on PI3K-4EBP1-SOX2 signaling for promotion 
of growth or invasion.
(A) Left, the growth-promoting relationship between TAMs and cancer cells was modeled 

using spheroids grown in Matrigel to mimic the 3D tissue setting. For cytokine function/

secretion, pre-differentiated macrophages were added to spheres in their early days of 

culture. Right, the invasion-promoting relationship between TAMs and cancer cells was 

modeled using spheroids grown in suspension to mimic lowered cell adhesion. Isolated 

monocytes used were naïve monocytes for cancer cell recruitment for aid in intravasation 

and extravasation. WB below each model depicts CSC protein levels in co-culture setting are 
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representative of the relationship visualized in patient tissue. (B) Left, representative WB 

diagram of PI3K-4EBP1-SOX2 activation resulting in increased SOX2 and ALDH1A1 

protein expression. Right, representative WB diagram of decreased downstream 

PI3K-4EBP1-SOX2 activation, decreasing SOX2 and ALDH1A1 protein expression. GP = 

growth and proliferation model, Inv = invasion model, A = cancer cells alone, C = cancer 

cells co-cultured. Vinculin, pan-actin, and GAPDH used as loading controls. (C) Left, 

floating bar plot of normalized WB densitometry for GP model. Right, for Inv model. Line 

at y = 1 represents protein expression of cancer cells alone. (D) Macrophage presence 

increased percent CSCs. Left, representative flow diagrams. Right, paired line plot 

demonstrating increase across repeats (n=5). (E) Macrophages increased sphere formation of 

cancer cells. Three wells plated per repeat and 3 repeats performed. (F) Monocyte presence 

decreased percent CSCs. Left, representative flow diagrams. Right, paired line plot 

demonstrating decrease across repeats (n=5). (G) Representative patient tissue with Zeb1 

expression at non-invasive and invasive tumor edges indicated by blue dotted lines, 

respectively. (H) Floating bar plot of normalized WB densitometry for Zeb1 expression in 

both models. (I) Cancer cell invasion with monocyte co-culture or with monocytes used as 

lure (monos bottom). Two wells per repeat and 3 repeats performed. WB densitometry in C 
and H based on quantification of 3 separate repeats. Statistical significance in C, E, H, and I 
determined by 2-tailed unpaired Student’s t test. D and F statistics determined by 2-tailed 

paired Student’s t test *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3. HA-CD44 promotes stemness via PI3K-4EBP1-SOX2 pathway activation.
(A) HA treatment increased the percent CSC population as measured via flow cytometry. 

(B) HA binding blockade with anti-CD44 mAb decreased percent CSC population. (C) 

Cancer cell sphere formation increased with increasing doses of HA. (D) Cancer cell sphere 

formation decreased with ligand blockade. (E) WB of activated PI3K-4EBP1-SOX2 

pathway with HA treatment. (F) WB of lowered PI3K-4EBP1-SOX2 pathway activation 

with anti-CD44 mAb treatment. For E and F, vinculin and GAPDH were used as loading 

controls. (G) Floating bar plot of normalized WB densitometry of 3 repeats for 50μg/mL 
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HA. Line at y = 1 represents protein expression of 0μg/mL HA control. (H) Floating bar plot 

of normalized WB densitometry of 3 repeats. Line at y = 1 represents protein expression of 

treatment with Rat IgG isotype control. (I) In vivo treatment of NSG mice with anti-CD44 

mAb results in reduced tumor growth. Tumor growth curve (top) and final tumor size 

comparison (bottom) (IgG = 14 tumors, anti-CD44 = 12 tumors). (J) In vivo treatment of 

NSG mice with anti-CD44 mAb results in decreased percent CSC population. (K) In vivo 
treatment with anti-CD44 mAb decreases CD44-pPI3K-p4EBP1-SOX2 tumor expression 

(L) Normalized H score of anti-CD44 treated tumor IHC. Line at y = 1 represents average H 

score of control tumors (n = 6 tumors each). (M) Mechanistic overview of promotion of 

PI3K-4EBP1-SOX2 pathway signaling due to CD44 ligand binding. For C and D, 3 wells 

plated per repeat and 3 repeats performed. Statistical significance in C, D, G, H, I and J 
determined by 2-tailed unpaired Student’s t test *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. Scale bars: 100μm.
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Figure 4. CD44s drives HAS2/HA/CD44 pathway and promotes PI3K signaling.
(A) Representative images of HAS2 (brown) expression of tumor cells. For B, D, F, G, J, 

and K: left, representative sphere IHC images; right, mean H DAB staining intensity 

quantification of one representative repeat, n = # spheres quantified. (B) Knockdown of 

CD44 decreased HAS2 expression (shControl n = 30, shCD44 (#1 and #2 data combined, n 

= 27). (C) Reduced HAS2 expression by CD44 knockdown resulted in decreased HA 

production by cancer cells as measured by HA ELISA. (D) Overexpression of CD44s 

isoform increased HAS2 expression (empty n = 10, CD44s n = 12). (E) CD44s induced 
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HAS2 resulted in increased HA production by cancer cells. (F) HA-CD44 interaction further 

promoted HAS2 expression (control n = 17, HA n = 15). (G) HA-CD44 interaction 

increased CD44s isoform expression (control n = 22, HA n = 20). (H) Anti-CD44 mAb 

treatment in vivo decreased tumor HAS2 expression (n = 6 tumors each). (I) WB of 

increased PI3K-4EBP1-SOX2 pathway activation with CD44s OE. Vinculin and GAPDH 

served as loading controls. (J) Macrophage presence increased CD44s expression on cancer 

cells (alone n = 20, co-culture n = 20). (K) Macrophage presence increased cancer cell 

HAS2 expression (alone n = 20, co-culture n = 20). (L) Cancer cells in co-culture produced 

significantly higher HA. (M) Mechanistic overview of HAS2/HA/CD44 pathway promoting 

a feedback loop which promoted PI3K-4EBP1-SOX2 signaling. HA dose depicted = 

50μg/mL. For HA ELISA data, two technical repeats were performed. Statistical 

significance in B, C, D, E, F, G, I, J and K determined by 2-tailed unpaired Student’s t test 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. For A and H, scale bars: 100μm. For B, D, 

F, G, J, and K, scale bars: 50μm.
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Figure 5. Macrophage depletion reduces CSC population, tumor size, and SOX2 in vivo.
(A) Representative flow diagrams for control and clodronate A223 treated tumors 

demonstrate decreased percentage of SP cells for primary and secondary tumors. Secondary 

tumors refer to SP cells isolated from primary tumors and transplanted into new recipient 

mice. (B) Reduced SP cell and Non-SP cell populations in clodronate treated mice. Two 

pairs analyzed per model group. (C) TAM depletion in mice decreased murine SCC tumor 

growth (mm3). (D) Mouse SCC tumor SOX2 expression decreased with macrophage 

depletion. Left, representative tumor regions in control and clodronate treated tumors. Right, 

quantification of SOX2+ cells per mm2 tumor for selected regions (control n = 3, clodronate 

n = 4). (E) Percent CSC population significantly reduced in HM clodronate treated tumors 

compared to control, but not in NSG clodronate treated tumors (NSG control n = 6, NSG 

clodronate n = 6, HM control n = 8, HM clodronate n = 8). (F) After 4 weeks clodronate 

treatment, HM treated tumors were 25% smaller than HM control tumors and 42% smaller 

than NSG treated tumors, negating null hypothesis (NSG control n = 6, NSG clodronate n = 

9, HM control n = 8, HM clodronate n = 8). (G) Human HNSCC PDX SOX2 expression 
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was reduced in HM clodronate treated mice, but not in NSG clodronate treated mice (n = 5 

for NSG groups, n = 8 for HM groups). N values represent number of tumors analyzed. For 

D and G, scale bars: 100μm. Statistical significance in C, D, and E determined by 2-tailed 

unpaired Student’s t test *P<0.05, ***P<0.001.
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Figure 6. CD44-VCAM-1 drives monocyte influenced HNSCC cancer cell invasion.
For D, E, and G: Plot of one representative PLA repeat shown. All PLAs repeated 2–3 

times, and n = # spheres quantified for each condition. (A) Co-cultureInv spheres 

demonstrated higher VCAM-1 expression via IHC. (B) Cancer cells co-cultured with 

monocytes expressed higher surface VCAM-1 than cancer cells cultured alone; 3 separate 

repeats shown. (C) WB of cancer cells co-cultured (CInv) or cultured alone (AInv). Co-

cultured cancer cells had higher activated (phosphorylated) Ezrin. GAPDH and pan-actin 

used as loading controls. (D) PLAs of invasion spheres demonstrate increased CD44-
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VCAM1 interaction, VCAM-1 recruitment of Ezrin, and Ezrin association with PIK3CA in 

co-culture conditions. Left, representative images of spheres containing magenta PLA dots. 

Right, quantification plots (n = 16–21 for all). (E) CD44-VCAM-1 interaction not abundant 

in co-cultureGP model (n = 36 each). (F) VCAM-1 blockade eliminated invasion advantage 

provided by monocytes. Two wells plated per repeat, and 3 repeats performed. (G) VCAM-1 

blockade of monocyte binding reduced CD44-VCAM1 interaction in co-culture spheres (n = 

24 for all). (H) VCAM-1 blockade reversed co-culture invasive phenotype and promoted 

increased percent CSC population. Left, representative flow diagrams of one repeat. Right, 

quantification of 3 repeats normalized to respective controls (y = 1 for alone (co-culture 

control) and y = 1 for alone + peptide (co-culture + peptide control)). (I) Representative 

patient cases CUHN004, CUHN013, CUHN026 and CUHN043 were assessed for VCAM-1 

expression at non-invasive and invasive tumor edges indicated by blue dotted lines, 

respectively. VCAM-1 was significantly higher at invasive edges. Scale bars: 100μm. (J) 

Mechanistic overview of CD44-VCAM1 interaction promoting recruitment and activation of 

Ezrin, which in turn activates (phosphorylates) PI3K and promotes invasive signaling. 

Statistical significance in B, D, F, G, H and I determined by 2-tailed unpaired Student’s t 
test *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7. CD44 shift via Zeb1/ESRP1 feedback allows stemness-to-invasion switch.
(A) Representative IHC images of CD44 isoform and associated regulators Zeb1 and ESRP1 

expression for spheroids of each model system. High ESRP1 and CD44v8-10 complex 

expression (measured by anti-CD44v10) represent a more epithelial phenotype. Low 

ESRP1, high Zeb1, and high CD44s expression represent a more mesenchymal phenotype. 

(B) CD44 isoform expression influences cancer cell sphere formation capability. CD44v8-10 

expression promoted the greatest sphere formation. Three wells plated per repeat and 2 

repeats performed. (C) CD44s expression promotes greater cancer cell invasion. Two wells 
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plated per repeat and 3 repeats performed. (D) Top: representative images (20x) of patient 

tissue depicting ESRP1, Zeb1, CD44s, and CD44v10 at non-invasive vs invasive edges. 

White arrows point to expression changes at respective edge. Bottom: quantification of 

ESRP1, Zeb1, CD44s, and CD44v10 expression at non-invasive and invasive edges 

supporting observed trend in representative patient cases CUHN004, CUHN013, CUHN026, 

and CUHN043. (E) Full mechanistic overview for proposed growth-to-invasion switch. 

Statistical significance in B, C, and D determined by 2-tailed unpaired Student’s t test 

*P<0.05, ***P<0.001, ****P<0.0001. Scale bars:100μm.
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