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Cancer-associated fibroblasts (CAFs) have been shown to enhance squamous cell
carcinoma (SCC) growth, but it is unclear whether they promote SCC lung metastasis.
We generated CAFs from K15.KrasG12D.Smad4−/− mouse SCCs. RNA expression
analyses demonstrated that CAFs had enriched transforming growth factor-beta
(TGFβ) signaling compared to normal tissue-associated fibroblasts (NAFs), therefore
we assessed how TGFβ-enriched CAFs impact SCC metastasis. We co-injected SCC
cells with CAFs to the skin, tail vein, or the lung to mimic sequential steps of lung
metastasis. CAFs increased SCC volume only in lung co-transplantations, characterized
with increased proliferation and angiogenesis and decreased apoptosis compared
to NAF co-transplanted SCCs. These CAF effects were attenuated by a clinically
relevant TGFβ receptor inhibitor, suggesting that CAFs facilitated TGFβ-dependent SCC
cell seeding and survival in the lung. CAFs also increased tumor volume when co-
transplanted to the lung with limiting numbers of SCC cancer stem cells (CSCs). In vitro,
CSC sphere formation and invasion were increased either with co-cultured CAFs or with
CAF conditioned media (which contains the highest TGFβ1 concentration) and these
CAF effects were blocked by TGFβ inhibition. Further, TGFβ activation was higher in
primary human oral SCCs with lung metastasis than SCCs without lung metastasis.
Similarly, TGFβ activation was detected in the lungs of mice with micrometastasis. Our
data suggest that TGFβ-enriched CAFs play a causal role in CSC seeding and expansion
in the lung during SCC metastasis, providing a prognostic marker and therapeutic target
for SCC lung metastasis.

Keywords: squamous cell carcinoma, transforming growth factor-beta, cancer associated fibroblast, lung
metastasis, cancer stem cell
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INTRODUCTION

Squamous cell carcinomas (SCCs) arise from stratified epithelia,
and the most relevant organ sites are the skin and oral cavity
where high UV irradiation, tobacco carcinogens, or human
papillomavirus (HPV) infection are initiating events. The worst
outcome of SCC is death caused by distant metastasis, most
commonly to the lung (Bohnenberger et al., 2018; Alfieri et al.,
2020). Lung metastasis is the process of cancer cells disseminating
from a primary SCC, entering into blood vessels or lymphatic
vessels (intravasation), survival and traveling, and moving out of
vessels (extravasation) into the lung, and survival and expansion
in the lung thereafter (Chaffer and Weinberg, 2011).

The major challenge for studying mechanisms of SCC
lung metastasis is the shortage of spontaneous SCC lung
metastasis models mimicking the entire metastatic process. We
previously generated an aggressive SCC mouse model driven
by KrasG12D mutation and Smad4 deletion (Smad4−/−) in
keratin 15 (K15)-positive stem cells of stratified epithelial tissues,
i.e., hair follicle bulge or tongue papillae (White et al., 2013).
K15.KrasG12D.Smad4−/− mice develop spontaneous SCCs, some
of which metastasized to the lung (White et al., 2013). In
that study, we identified that cancer stem cells (CSCs) derived
from mutant stem cells in these SCCs have a higher invasive
ability than non-CSCs (White et al., 2013). Taken together,
CSCs are expected to have a higher chance than non-CSCs to
invade from the primary site, survive through trafficking and
engraft at the metastatic site. CSCs have self-renewal ability and
the capacity to generate the progeny cells that constitute the
tumor and are resistant to cell death (Chaffer and Weinberg,
2011; Malanchi et al., 2011). However, how CSCs as SCC
metastasis “seeds” interact with their “soil” during metastasis,
remains to be assessed.

Cancer stem cells depend upon the stromal niche to maintain
their stem-like properties (Malanchi et al., 2011; Plaks et al.,
2015). Among the most abundant cells in the stromal niche,
cancer-associated fibroblasts (CAFs) communicate with cancer
cells via cell–cell contacts and production of chemokines,
cytokines, and factors that contribute to SCC progression
(Markwell and Weed, 2015; Hogervorst et al., 2018; Peltanova
et al., 2019). CAFs have been shown to enhance SCC cell
proliferation, migration, and invasion in vitro (Li et al., 2015;
Hogervorst et al., 2018). In an in vivo model, CAFs from skin SCC
possess a proinflammatory gene signature that promotes tumor
growth (Erez et al., 2010). In addition, we have previously shown
that CAFs facilitate oral SCC (OSCC) tumor growth in vivo
(Meng et al., 2014). Data from in vitro experiments have shown
that CAFs enhance the self-renewal of CSCs in different cancers
including HNSCCs (Chen et al., 2014; Álvarez-Teijeiro et al.,
2018; Su et al., 2018; Le et al., 2019). However, it remains to be
determined whether CAFs promote CSC invasion and whether
enhancement of CSC properties (self-renewal and invasion) is
sufficient to impact SCC metastasis in vivo, and if so, at what stage
of metastasis and via what mechanisms.

In the current study, we transplanted metastatic SCC
cells derived from K15.KrasG12D.Smad4−/− mice and CAFs
derived from the stroma of these SCCs into C57BL/6J or

athymic mice. Using SCC-CAF co-transplantation, we sought to
determine: whether CAFs enhance SCC lung metastasis; and if
so, at which stage of lung metastasis; whether CAFs promote
CSC self-renewal and invasion resulting in more lung metastasis;
and, what signaling pathways drive CAF-influenced SCC lung
metastasis. Our study revealed that CAF’s primarily influence the
distant metastatic site for CSCs to be seeded and expanded in
the lung in a transforming growth factor-beta (TGFβ)-dependent
manner. Use of a clinically relevant TGFβ inhibitor to inhibit
CAF-promoted lung engraftment provides preclinical evidence of
this critically important event and suggests that TGFβ from CAFs
is a major contributor to metastasis. And, therapeutic targeting
of SCC metastasis with TGFβ inhibitors is feasible and worthy of
further research.

MATERIALS AND METHODS

Establishment of Cell Lines and Cell
Culture
SP Flow Cytometry Sorting and Culture
Mouse SCC cell lines A223, B931 are derived from
K15.KrasG12D.Smad4−/− C57BL/6J mice as previously described
(White et al., 2013). All cell lines were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS). Efflux of Hoechst 33342 dye to isolate the Hoechst-
negative SP cells, a subpopulation of metastasis associated CSCs
(White et al., 2013), was performed at the University of Colorado
Cancer Center Flow Cytometry Shared Resource as previously
described (White et al., 2013).

CAFs/Normal Tissue-Associated Fibroblasts
Isolation, Culture, Purification
Cancer-associated fibroblasts were isolated from transplanted
tongue SCC tumors and normal tissue-associated fibroblast
(NAFs) were isolated from normal tongues of independent
mice using enzymatic digestion as described in Supplementary
Materials and Methods (Mazzocca et al., 2010; Yang et al., 2016).
Two independent CAF cell lines and two independent NAF cell
lines (from four different mice) were established and cultured in
DMEM containing 10% FBS.

RNA-seq and Analysis
Total RNAs were extracted using RNeasy Plus Mini Kit (Qiagen,
Germantown, MD, United States). Total RNA (100 ng) was
used as input to construct mRNA libraries using the NuGEN
Universal Plus mRNA-Seq protocol part no. 9133 (NuGEN,
Redwood City, CA, United States). Sequencing was done on
an Illumina NovaSEQ 6000 instrument using an S4 flow cell
and 2 × 150 paired end sequencing (Illumina, San Diego, CA,
United States). A custom computational pipeline consisting of
the open-source gSNAP, Cufflinks, and R was used for alignment
and discovery of differential gene expression (Presby et al., 2019).
Briefly, each high-resolution sequencing read generated by each
sample was mapped to the mouse genome (GMAPDBv2) using
gSNAP, Cufflinks calculated the prevalence of transcripts from
each known gene, and each gene was expressed as transcript
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levels in fragments per kilobase of exon per million mapped reads
(FPKM). From this, significant differentially expressed mRNA
profiles were identified using ANOVA in R with an FDR of
P < 0.05. These expression data were evaluated by GSEA against
the Hallmark Gene Sets and Canonical Pathways KEGG Gene
Sets using GSEA 4.0.3 software downloaded from gsea-msigdb.
org. Raw sequencing files are available in the Sequence Read
Archive (SRA1). Accession SRR13996315 and SRR13996316.

Tumor Transplantation and Treatment
Animal studies were reviewed and approved by the Institutional
Animal Care and Use Committee of the University of Colorado
Anschutz Medical Campus. C57BL/6J mice (Jackson Laboratory)
or athymic nude (Charles River Laboratories) at 8- to 10-week of
age were used as tumor and fibroblast transplantation recipients.
A223 SCC cells were transplanted with or without fibroblasts
to female C57BL/6J mice. SCC cells or their sorted CSCs
from B931 were transplanted into athymic nude mice because
they are incapable of tumor formation in immunocompetent
C57BL/6J mice. A total of 1,000 total B931 were transplanted
subcutaneously to the right flank of anesthetized mice. For
SCC cell-fibroblasts tail vein co-injection and SCC cell-fibroblast
subcutaneous co-transplantation, see Supplementary Materials
and Methods. For SCC or CSC (SP) co-transplantation with
fibroblasts to the lung, a total of 1,000 SCC cells or 100 SP
cells with or without 5,000 CAFs/NAFs was injected into the
mouse left lung (unless otherwise indicated). One lung tumor
was initiated on the left side after cells were transplanted to the
left lung, volume was calculated using the following formula:
Volume (mm3) = (length × width × depth)/2. Metastasis to the
right lung was assessed by counting the number of metastases in
H&E stained sections of the right lung. Complete methods are
described in the Supplementary Materials and Methods.

For TGFβ inhibitor treatment, mice were treated with TGFβ

inhibitor (LY2109761 or LY2157299, 150 mg/kg/day) by oral
gavage or an equal volume of vehicle (Tran et al., 2017)
(1% carboxymethylcellulose, 0.5% sodium lauryl sulfate, 0.085%
povidone, and 0.05% antifoam) daily for 19–25 days before being
sacrificed and lungs harvested. LY2109761 was used in early
experiments and we later switched to the clinical drug version
LY2157299 (galunisertib) to assure translational relevance. For
more information, see Supplementary Materials and Methods.

Histology
Primary tumors and lungs harvested at the endpoint of the
study were embedded in paraffin, sectioned, and stained with
Hematoxylin and eosin staining (H&E). Histopathology of
primary tumors, lung tissue, micrometastasis, and metastasis
were evaluated on H&E sections.

Conditioned Media Collection
CAF/NAF CM Collection for CSC Sphere Formation
Cancer-associated fibroblasts/NAFs seeded at the same
density (about 90%) were incubated in serum-free media
and conditioned media (CM) were harvested after 36 h. CM

1https://www.ncbi.nlm.nih.gov/sra

were collected, centrifuged to remove cellular debris, and used
immediately for CSC sphere formation assays (described below).

CM Collection and TGFβ1 ELISA
1 × 104 CSCs or SCCs with or without 5 × 104 CAFs or
NAFs were cultured in the CSC media (serum-free media) for
36 h. CM were collected, centrifuged to remove the cells and
debris, and used for TGFβ1 ELISA (R&D Systems, Minneapolis,
MN, United States) following the manufacturer’s instructions
as reported previously (Li et al., 2004). The optical density
(OD) of each well was detected using a microplate reader set
to 450 nm. Tumor lysates were normalized to the same protein
concentration prior to TGFβ1 ELISA.

CSC Sphere Assay
Squamous cell carcinoma cells were transduced with green
fluorescence protein (GFP)-expressing lentivirus and selected by
flow cytometry sorting as previously described (White et al.,
2013). CAFs or NAFs were transduced with NucLight Red
Lentivirus (Essen Biosciences, Ann Arbor, MI, United States)
followed by selection with 2.5 µg/mL bleomycin to obtain cells
stably expressing nuclear red fluorescence protein (RFP) (RFP+
CAF/NAF). Cells were plated in ultra-low attachment (ULA)
plates (Corning) to assess sphere-forming capacity. For direct co-
culture, 100 GFP+ CSCs with or without 500 RFP+ CAFs/NAFs
were seeded in each well of a 24-well ULA plate. To assess
whether CM of CAFs/NAFs induced sphere formation, 100 µL
CM of CAFs/NAFs were mixed with 50 GFP+ CSCs (in 50 µL
CSC media) in each well of a 96-well ULA plate. TGFβ inhibitor
(LY2157299) was applied at a final concentration of 5 µmol/L or
an equal volume of DMSO was added as a negative control. After
culturing for 7–10 days, whole well imaging was performed using
an IncuCyte Zoom live cell imaging instrument at the University
of Colorado Cell Technologies Shared Resource. Spheres with
diameter>100 mm were counted.

Invasion Assay
Invasion assay was performed as previously described
(White et al., 2013). Transwell Matrigel-coated invasion
chambers (BD Biosciences, 8 µm pore membranes) were
prepared according to the manufacturer’s instructions. A total of
50,000 RFP+ CAFs/NAFs were seeded in the bottom well 24 h
before 10,000 GFP+ CSCs were added in the top chamber. TGFβ

inhibitor (LY2109761) was applied at final concentration of
5 µmol/L or an equal volume of DMSO was added as a negative
control. After 48 h, uninvaded cells were removed from the
upper chamber with a moist cotton swab and invaded cells below
the top chamber were fixed in 10% formalin and stained with
hematoxylin. Three fields at 100× magnification were captured
and counted in each of three replicates.

RT-qPCR
Unconditioned media and CAF CM were prepared as
described above and applied to 100,000 recipient A223 cells
in sphere culture and incubated 24 h. RNA was harvested
as described above. RT-qPCR was performed using 40 ng
RNA, Brilliant II QRT-PCR 1-Step Master Mix (Agilent,
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Santa Clara, CA, United States) and TaqMan gene expression
assays for Junb (Mm04243546_s1), Spp1 (Mm00436767_m1),
Vegfa (Mm00437306_m1), and Gapdh (Mm99999915_g1)
(ThermoFisher, Rockford, IL, United States). The expression
of each gene relative to Gapdh was determined using the 21CT

method and normalized to the unconditioned media control.

IHC Staining
IHC of Mouse Tissues
IHC staining was performed as previously described
(Lu et al., 2006; Luo et al., 2019). The primary antibodies
used for mouse tissues were α-smooth muscle actin (αSMA,
1:500, CST), p-SMAD3 (1:250, Abcam, Cambridge, MA,
United States), cleaved-caspase 3 (1:200, CST), CD31 (1:200,
CST), Ki67 (1:400, Abcam), and TGFβ1 (1:300, Abcam). All
sections that contained tumor tissue in each group were stained
and quantified. For p-SMAD3, cleaved-caspase 3, CD31, and
Ki67, five 200× fields/lung tumor sample were captured, and
positive staining cell number or positive staining area for each
field was quantified by Image-Pro Plus 6.0 (Media Cybernetics,
Rockville, MD, United States). The positive staining fraction (%)
or positive staining cell number value of each field/sample was
averaged to obtain the positive staining fraction or cell number
for each sample.

IHC of Human OSCC Samples
West China Hospital of Stomatology, Sichuan University, China
approved the experiment as being human subject exempted.
De-identified human tissue paraffin sections were used in this
study. All tissues were from primary OSCC tumor biopsies
from patients without prior cancer therapy. A total of 6–7
non-lung metastatic OSCCs and 7–10 lung metastatic OSCCs
were used for IHC staining using primary antibodies against
TGFβ1 (1:100, Abcam), p-SMAD2 (1:100, Invitrogen), or
p-SMAD3 (1:100, Abcam). A total of 5–10 fields at 200×
magnification were captured per OSCC sample. Quantification
of area stained and the integrated optical density (IOD) of
indicated markers in each image were measured by Image-Pro
Plus 6.0 (Media Cybernetics). Average optical density (Hu et al.,
2014) (AOD = IOD/Area) was used in this study for statistical
analysis. The mean AOD of 5–10 fields was the AOD value for
one OSCC sample.

Statistical Analyses
Statistical analyses for comparisons between two groups were
performed using SPSS version 24.0 for Windows (IBM,
New York, NY, United States). Normality test for group data
sets was determined by Shapiro–Wilk normality test. Statistical
differences between two groups were performed by unpaired
parametric Student’s t-test or non-parametric Mann–Whitney
exact test, as appropriate. Statistical differences between more
than two groups were determined by one way ANOVA with
Tukey’s multiple comparison test using GraphPad Prism version
9 (GraphPad Software, San Diego, CA, United States). Individual
data points represented values of technical or biological
replicates, and they were shown as mean ± SEM. nsP > 0.05,
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

RESULTS

TGFβ Signaling Is Enriched in Mouse
SCC CAFs
We transplanted SCC cells from A223 line into the tongues
of female C57BL/6J recipients. Once the tumor was developed,
we established CAF cell lines as previously reported (Yang
et al., 2016). We confirmed that CAF lines are free of tumor
cells that would harbor Smad4 deletion, express Cre transcript,
and KRASG12D protein (Supplementary Figures 1A,B). We
also established normal fibroblast cell lines from the tongue
of female non-tumor bearing mice. CAFs and NAFs did not
express keratins (Supplementary Figures 1B,C), which are
still expressed in poorly differentiated SCC cells, indicating
fibroblast cell lines are not contaminated with epithelial cells.
The fibroblasts expressed fibroblast activation protein (FAP)
and vimentin (Supplementary Figure 1C) demonstrating their
fibroblast phenotype.

To understand the molecular landscapes of CAFs vs. NAFs,
we performed mRNAseq with three technical replicates of
one CAF cell line and one NAF cell line. Overall, CAFs
were significantly different from NAFs with 2007 significantly
differentially expressed genes identified between the two groups
(P< 0.05) (Figure 1A). GSEA interrogation against the Hallmark
Gene Sets and the KEGG Pathway Gene Sets was performed
and both analyses identified enrichment of TGFβ signaling
(Figures 1B,C). Tgfb1, Tgfb2, and TGFβ signaling mediators
were highly expressed in CAFs whereas Tgfb3 and inhibitory
Smads (Smad6 and Smad7) were reduced in CAFs (Figure 1D).
Because TGFβ1 is the predominant TGFβ ligand in tumors
(Martin et al., 2020), we further examined if CAFs are a major
source of TGFβ1 protein. TGFβ1 ELISA analysis showed that
CM from CAFs derived from A223 SCCs produced more TGFβ1
protein than cultured A223 cells, whereas CM from NAFs
produced much less TGFβ1 protein (Figure 1E).

CAFs Increase SCC Engraftment and
Expansion in the Lung in a
TGFβ-Dependent Manner
We assessed if TGFβ activation in CAFs is sufficient to affect
metastasis in vivo. We first co-transplanted 1,000 SCC cells (A223
or B931) with 5,000 CAFs, 5,000 NAFs or without fibroblasts to
the flank skin, tail vein, or directly to the left lung of the recipient
C57BL/6J or athymic nude mice. These routes of transplant
mimic different stages of metastasis (intravasation, survival,
extravasation, seeding, and expansion in the lung), respectively.
CAFs, but not NAFs, increased SCC expansion in the lung of
C57BL/6J recipients upon co-injection directly to the left lobe of
the lung, and TGFβ inhibitor LY2109761 attenuated the effect
of CAFs on SCC expansion in the lung (Figures 2A,B). CAFs
had no effect on primary tumor growth, or lung metastasis when
co-injected into the skin (from the primary site) or through
tail vain injection (intravenous trafficking) (Supplementary
Figures 2A–C). Additionally, CAFs only affected tumor volumes
and lesions in the left lung but not metastasis to the right
lung (Supplementary Figure 3), indicating that CAFs promoted
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FIGURE 1 | TGFβ signaling is activated in CAFs. (A) Heat map of all differentially expressed genes comparing three technical replicates of the CAF-1 to NAF-1 cell
lines (P < 0.05). (B,C) GSEA analysis of the Hallmark Gene Sets (B) and the KEGG Pathways Gene Sets (C) identified enrichment of TGFβ signaling in CAFs
compared to NAFs. NES: normalized enrichment score. (D) Heat map of differentially expressed genes between CAFs and NAFs in the KEGG TGFβ signaling
pathway. (E) Detection of TGFβ1 in conditioned media of SCCs, CAFs, and NAFs was performed using ELISA. Either three or four technical replicates were
conducted for each cell type and two independent CAF cell lines and two independent NAF cell lines were utilized. CAF-1 and CAF-2 cell lines were derived from
two different, independent SCC tumors. NAF-1 and NAF-2 cell lines were derived from the tongues of two different wild type non-tumor-bearing C57BL/6J mice.
**P < 0.01, ***P < 0.001.

SCC cell seeding and expansion but not trafficking in vessels or
invasion within the lung. IHC staining of αSMA, a commonly
used marker for activated fibroblasts (Sridhara et al., 2013;

Luksic et al., 2015; Kalluri, 2016; Maqsood et al., 2020), was used
to determine the position of activated fibroblasts or CAFs. αSMA
positive fibroblasts were distributed among tumor cells when
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FIGURE 2 | Cancer-associated fibroblasts contributed to TGFβ-dependent SCC seeding to the lung in immunocompetent recipients. (A) 1,000 A223 SCC cells and
5,000 of the indicated fibroblast types were co-transplanted to left lung, mice were treated daily with vehicle or TGFβ inhibitor (“TGFβi”) LY2109761 and lungs were
harvested on day 21 and imaged under 1× magnification using a dissecting microscope. Representative gross images are presented. (B) Quantification of
lung-seeded tumor volume (from gross samples) at the end point, nsP > 0.05, **P < 0.01, ***P < 0.001. (C) Representative αSMA IHC stained images.

CAFs were co-injected. However, αSMA positive fibroblasts were
mainly located in the periphery of the tumor in other groups
(Figure 2C). As αSMA also stains vessels, it is critical to note only
the staining independent of vessels.

Compared to lung tumors derived from SCC + NAF
co-transplantations, lung tumors derived from co-transplanted
SCC + CAFs showed increased p-SMAD3, a surrogate marker
of TGFβ activation (Figures 3A,B), decreased cleaved-caspase
3, a marker of apoptosis (Figures 3C,D), elevated CD31, a
marker of endothelial cells (Figures 3E,F) and elevated Ki67
(Figures 3G,H) in vehicle-treated mice. Further, TGFβ inhibitor
LY2109761 attenuated p-SMAD3 and CD31, and increased
cleaved-caspase 3 in all groups (Figures 3B,D,F), validating on-
target activity of the inhibitor and suggesting that apoptosis
suppression and increased angiogenesis require TGFβ signaling
and a positive relationship between CD31-marked angiogenesis

and apoptosis suppression. TGFβ inhibitor only attenuated Ki67
in tumors derived from SCC+CAF co-injection (Figures 3G,H),
suggesting that elevated TGFβ in CAFs contributes to SCC
growth after seeding to the lung, but SCC proliferation is not
driven by intrinsic SCC TGFβ signaling.

CAFs Increase CSC Seeding to the Lung
in a TGFβ-Dependent Manner
To determine whether CAFs grow and expand with transplanted
tumor cells, we labeled SCC cells with GFP and CAFs with
RFP. After co-transplantation of 1,000 GFP+ SCC cells with
5,000 RFP+ CAFs directly to the left lung, we were unable to
detect RFP+ CAFs (data not shown). We therefore increased
the cell transplant numbers 10-fold and monitored relative levels
of RFP+ CAFs and GFP+ SCC cells at multiple time points
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FIGURE 3 | Increased proliferation and angiogenesis and decreased apoptosis in CAF-co-transplanted, lung-seeded tumors is attenuated by TGFβ inhibition. (A,B)
Representative p-SMAD3 IHC stained images and quantification in lung-seeded A223 tumors. Scale bar: 200 µm. (C,D) Representative cleaved-caspase 3 IHC
stained images and quantification in lung-seeded A223 tumors. Scale bar: 200 µm. (E,F) Representative CD31 IHC stained images and quantification in
lung-seeded A223 tumors. Scale bar: 200 µm. (G,H) Representative Ki67 IHC stained images and quantification in lung-seeded A223 tumors. Scale bar: 100 µm.
nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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post transplantation using fluorescent dissecting microscopy.
Expansion of GFP+ SCC cells was apparent as early as 6 days
post-transplant and the intensity of the lesions continued to
increase over time (Figures 4A,B). In contrast, the levels of
RFP+ CAFs were maintained at the same intensity level for the
entire assay (Figures 4A,B), suggesting that transplanted CAFs
do not appreciably expand with the tumor cells at this level
of detection. To be clear, RFP+ CAFs could be detected by
traditional fluorescent microscopy (Figure 4C).

Since CAFs aid SCC expansion without themselves expanding,
we next assessed if SCC cell expansion promoted by CAFs in the
lung is due to CAFs’ effects on CSC self-renewal and survival
in vivo. We sorted the SP cells to define CSCs, a subpopulation of
metastasis-associated CSCs, as previously described (White et al.,
2013), and co-injected 100 SP cells with 5,000 CAFs or NAFs
to the left lung. CAFs, but not NAFs, increased tumor volumes
in either C57BL/6J or athymic recipients (Figures 4D–G),
suggesting that CAFs’ effect on lung CSC expansion does not
require T-cells. Fluorescent dissecting microscopy confirmed that
the gross volumes were primarily GFP+ SCC cells (Figure 4E),
suggesting that CAFs do not themselves expand but facilitate CSC
cell expansion in the lung. Treating mice with the TGFβ inhibitor
LY2157299 reduced lung SCC volumes in CSCs co-injected with
CAFs (Figure 5), suggesting that TGFβ signaling is critical to
CAFs influence on CSC survival and/or expansion in the lung.

CAF-Produced TGFβ Promotes CSC
Self-Renewal and Invasion
To determine if CAFs directly affect CSC self-renewal, we
performed sphere formation assays in ULA plates. A total
of 100 GFP+ SP cells/well were co-cultured with 500 RFP+
CAFs or NAFs per well in six-well plates. Because CAFs or
NAFs were integrated into the spheres, only spheres with >50
GFP+ CSCs/sphere were counted 7–10 days after culture. Both
NAFs and CAFs increased the abundance of spheres, but CAF
co-cultures had higher sphere numbers than NAF co-cultures
(Figures 6A,B). Adding TGFβ inhibitor LY2157299 to the culture
media (5 µmol/L) attenuated sphere formation in CSC-CAF co-
cultures, but not CSC alone or CSC-NAF co-culture (Figure 6B),
suggesting that TGFβ supplied by CAFs is responsible for
increased sphere formation induced by CAFs. To assess if
cell–cell contact is required for CAFs to enhance CSC sphere
formation, we measured CSC sphere formation as a function
of CM from CAFs or NAFs. CM from CAFs but not NAFs
significantly increased sphere formation that was attenuated by
TGFβ inhibitor (Figures 6C,D).

Because we previously demonstrated increased metastasis in
mice with higher numbers of SP CSCs (White et al., 2013), we
assessed if CAFs affect CSC invasion using transwell invasion
chambers. We plated SP cells in the top chamber of Matrigel-
coated membranes, and plated CAFs or NAFs in the bottom
chamber, and quantified CSC invasion to the underside of the
membrane. CAFs, but not NAFs enhanced CSC invasion and the
effect was attenuated by TGFβ inhibition (Figure 6E).

Since CAFs were not in direct contact with CSCs
(Figures 6C–E), spheres represent SCC cells alone and

factors released from CAFs must have contributed to CSC
sphere formation and invasion. Indeed, TGFβ1 ELISA showed
that CAFs are the primary source of secreted TGFβ1 in
conditioned culture media (Figure 6F). Finally, to assess if
CAFs drive TGFβ signaling in neighboring SCC cells, we
applied the CM from CAFs to recipient SCC cells in a short-
term sphere culture and found that CAF CM increased the
expression of know TGFβ target genes, Spp1, Junb, and Vegfa
(Figure 6G). These TGFβ target gene products are involved
in self-renewal, metastasis, clonal expansion, and angiogenesis
(Gokulnath et al., 2017; Kim et al., 2017; Sui et al., 2017;
Huang et al., 2019; Kallergi et al., 2019).

TGFβ Activation and CAFs Correlates
With Metastasis in Human Oral SCCs
and Mice
To assess if our findings in mouse models apply to human
SCCs, we performed IHC staining of TGFβ1, p-SMAD2, and
p-SMAD3 in primary tumor oral SCC clinical specimens
from patients with or without lung metastasis. The staining
intensity of these proteins in primary SCCs in patients with
metastasis were significantly higher than SCCs in patients
without metastasis (Figures 7A,B), supporting the notion that
TGFβ activation in primary SCC cells might be a critical
aspect of metastasis. Additionally, in mouse lungs with SCC
micrometastasis from implanted flank SCCs, activated αSMA+
fibroblasts were coincidental with strong TGFβ1 and p-SMAD3,
which were not evident in lungs without micrometastasis in
tumor-bearing mice (Figures 8A,B), further suggesting the
critical role of TGFβ1 in activating fibroblasts to prepare the
metastatic niche.

DISCUSSION

CAFs Co-transplanted With SCCs Did
Not Promote Primary SCC Growth or
Trafficking but Enhanced SCC Lung
Seeding and Expansion
In this study, we assessed the effect of CAFs on SCC formation
and metastasis. While CAFs are reported to promote SCC growth
(Orimo et al., 2005; Erez et al., 2010), the primary SCC growth in
our model of transplantation of bulk SCC cells was not affected
by CAFs. It is possible that SCCs in our model are aggressive with
KrasG12D-dependent autonomous growth further sustained by
homozygous Smad4 loss. Because of their aggressive behaviors,
these SCCs could either be self-sustained or rapidly educate
normal fibroblasts in their natural location to form CAFs in the
native microenvironment. Consistent with this, the CAF cell lines
used in these studies were generated by harvesting the CAFs
from transplanted SCCs, demonstrating the ability of the tumor
to generate CAFs from the normal mouse microenvironment.
Further, CAFs did not appear to protect and aid SCC cell
trafficking and extravasation as i.v. co-injection of SCCs/CAFs
did not significantly increase the number of lung nodules seeded
by tumor cells (Supplementary Figure 2). Given these results, it
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FIGURE 4 | Cancer-associated fibroblasts did not expand with CSC cells but facilitated CSC cell seeding and expansion in the left lung. Transplanted A223 and
B931 CSCs were used in all experiments as indicated. (A,B) 10,000 GFP+ B931 cells were co-transplanted with 50,000 RFP+ CAFs directly to the left lung and 4–5
mice were sacrificed on days 0, 3, 6, 9, and 12 post-transplant and left lungs imaged as described in panel (F) to detect GFP and RFP positive lesions.
Representative images of lungs at each time point are presented in panel (A) and quantification of GFP and RFP intensity is presented in panel (B). (C) RFP+ CAFs
were imaged with an inverted fluorescent microscope using a 10× objective to demonstrate RFP positivity. (D–G) Representative images of left lung tumor, and

(Continued)
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FIGURE 4 | Continued
quantification of left lung tumor volume in nude mice (D,E) and C57BL/6J mice (F,G) after 100 flow sorted side population (CSCs) of the indicated SCC cell lines
were directly injected to the left lung with and without 5,000 CAFs or NAFs co-transplanted. Lungs were harvested and imaged from nude mice on day 19 and from
C57BL/6J mice on day 25. (H) Brightfield and fluorescent imaging of gross tumors in the left lung tumor immediately after harvest was performed using a fluorescent
dissecting microscope. SCCs were labeled with green fluorescence protein (GFP) and CAFs with red fluorescence protein (RFP). Only SCCs but not CAFs were
detected. Scale bar: 1 mm. nsP > 0.05, *P < 0.05, ****P < 0.0001.

FIGURE 5 | Cancer-associated fibroblasts facilitated TGFβ-dependent CSC cell seeding and expansion in the left lung. (A) Representative images of left lung tumors
formed after injecting 100 flow sorted B931 SP CSCs with 500 CAFs or NAFs. Mice were treated with vehicle or TGFβi as indicated. (B) Quantification of left lung
tumor volumes at the time of harvest. nsP > 0.05, ***P < 0.001.

is likely that SCC cells themselves have already acquired survival
ability prior to dissemination and trafficking as we previously
observed (Wu et al., 2019).

In contrast, CAFs promoted SCC cell expansion in the
lung as compared to the same numbers of SCC and CAF
cells co-transplanted at primary site. This contribution from
CAFs appears to be linked to increased TGFβ1 (Figure 1)
that could impact property changes of both SCC cells and
CAFs. This notion is supported by data demonstrating that
TGFβ inhibitor attenuated CAF’s effects on SCC cell seeding
to the lung (Figures 2, 5), a foreign microenvironment for
SCC cells to find their niche for establishment. This could
explain the difference between no obvious effects of CAFs at
the primary site but profound effects at the metastatic site.
αSMA+ fibroblasts’ presence in the lung-transplanted tumors
(Figure 2C) further consolidated our notion that CAFs were
a source of TGFβ1. It seemed that only co-injected CAFs
instead of tumor cells alone can efficiently integrate more
newly generated CAFs in the tumor, because only lung tumors
derived from SCC/CAF co-injection have CAFs in the tumor
core (Figure 2C). Since CAFs secreted higher TGFβ1 level than
tumor cells or NAFs (Figure 1E) and TGFβ1 increased CAFs’
migration (Karagiannis et al., 2014), we inferred one reason for
this was that SCC/CAF secreted higher amount of TGFβ1 which
increased fibroblast activation, and this enabled CAFs to establish
in the tumor core.

The expansion of SCC volumes in the lung by CAFs
could be due to reduced apoptosis, increased angiogenesis,
and increased proliferation, all of which appeared to be
contributed by TGFβ because TGFβ inhibition attenuated
these CAF effects. Our results demonstrating that TGFβ

inhibition reduced apoptosis in SCC cells are consistent with
those reported in other cancer types. For example, TGFβ1
protects colon cancer cells from apoptosis (Moon et al., 2019)
and TGFβ downregulation induced cancer cell apoptosis in
melanoma and pancreas adenocarcinoma (Han et al., 2018).
Our results suggested that elevated apoptosis could result from
reduced angiogenesis, and this was in line with Folkman’s
finding (Folkman, 2003). In contrast, Smad4 mutant SCC cells,
including CSCs, have lost responsiveness to TGFβ-induced
growth arrest which requires SMAD4 (Wu et al., 2018). This may
explain why TGFβ inhibition did not affect SCC proliferation
without CAFs. Therefore, the effect of TGFβ inhibition on
reducing SCC proliferation induced by CAFs is likely to be
mediated by additional growth factors produced in CAFs instead
of in SCC cells.

Cancer-associated fibroblasts appeared to primarily affect
CSCs, as co-injection of CAFs with CSCs have effects on CSC
seeding to the lung similar to (or greater than) unselected
SCC cells (Figures 2A,B vs. Figures 4D–G). Further, CAFs’
effects were comparable in immune-compromised vs. competent
background (Figures 4D–G). It is possible that these SCC cells
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FIGURE 6 | Cancer-associated fibroblasts increased self-renewal and invasion of CSCs in a TGFβ-dependent manner via direct contact and paracrine effects.
(A) Representative images of GFP+ A223 CSCs and RFP+ CAFs in spheroid co-culture. (B) Quantification of sphere number in each of the indicated A223 CSC
treatment [vehicle (DMSO) or TGFβ inhibitor (“TGFβi”)] ± fibroblast co-culture conditions. (C,D) Representative images and quantification of A223 CSC spheres
cultured with the indicated conditioned media (CM) and vehicle (DMSO) or TGFβi. (E) Transwell invasion assay: A223 CSCs were seeded in the top Matrigel-coated
chamber, and CAFs or NAFs were cultured in the bottom well. After 48 h, invaded CSCs attached to the underside of the upper chamber were quantified. (F) TGFβ1
concentration in each of the indicated CM was determined by ELISA. Either three or four technical replicates were conducted for each cell type. (G) The CM of CAFs
or unconditioned control media was applied to recipient A223 cells in a 24 h sphere initiation assay. RNA harvested from A223 recipient cells was evaluated by
RT-qPCR for the expression of TGFβ-target genes Spp1, Junb, and Vegfa normalized to the expression of Gapdh. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 7 | TGFβ signaling is activated in primary human OSCC tumors in patients with lung metastasis. (A) Representative H&E and IHC images examining
expression of the indicated markers in human OSCC. Upper panels are staining of the primary tumor of a representative patient without metastasis and lower panels
are staining of the primary tumor from a representative patient with metastasis. Scale bar: 100 µm. (B) Quantification of TGFβ1, p-SMAD2, and p-SMAD3 staining
by AOD value. **P < 0.01, ***P < 0.001.

in the lung can rapidly induce immune suppression in a fashion
similar to the primary tumor site as we previously observed
(Mishra et al., 2016). Therefore, CAFs’ effects are, to some extent,
T cell-independent.

CAFs Promoted CSC Expansion and
Invasion/Migration via Direct Contact
and Paracrine Effects
The large absence of labeled CAFs in SCC lesions in the lung
(Figures 4A,H) suggests that CAFs primarily provide a physical
niche for CSCs and that CAFs do not proliferate with the
tumor cells. This is evidenced by CSC self-renewal primarily
expanding tumor cells with much fewer numbers of CAFs in
CSC spheres (Figure 6A). Additionally, CAFs provide paracrine
effects on promoting CSC expansion, evidenced by increased
CSC spheres when CSCs were exposed to CAF conditioned
culture media. The effects appear dependent upon TGFβ ligand,

as TGFβ inhibitor attenuated this CAF-mediated CSC expansion.
Our previous data have shown data that SP cells, but not
CD49f+ CSCs, are a subpopulation of metastasis associated
CSCs (White et al., 2013). Hence, we used sorted SP cells
directly, but not CD49f+CSCs, and our data provide mechanistic
and in vivo validation that TGFβ signaling similarly promotes
self-renewal of Smad4 mutant SCC and does so via CAFs.
CAFs also promoted TGFβ-associated CSC migration/invasion
(Figure 6E), which could contribute to the increased sizes of
lung SCC lesions by CAFs in vivo (Figures 2, 4, 5). In this
specific model, TGFβ produced from CAFs can exert paracrine
effects on CSCs via SMAD2/3-dependent, SMAD4-independent
mechanisms (Oshimori et al., 2015; Yang et al., 2020), or
non-canonical TGFβ signaling (Li et al., 2019; Woosley et al.,
2019). Our data are consistent with previous reports that in
several other cancer types, TGFβ activation promotes CSC
properties including self-renewal (Woosley et al., 2019) and
invasiveness (Oshimori et al., 2015). TGFβ responding-CSCs
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FIGURE 8 | TGFβ signaling is activated in the primary tumor associated with metastasis and the metastatic niche. (A) Representative IHC staining of TGFβ1,
p-SMAD3, and αSMA in lungs from mice with or without micrometastasis at 4–5 weeks after B931 cell flank transplantation. Scale bar: 100 µm. (B) Quantification of
TGFβ1, p-SMAD3, and αSMA in lungs with or without B931 micrometastasis. *P < 0.05, **P < 0.01, ***P < 0.001.

are apoptosis-resistant (Oshimori et al., 2015) and induce the
exhaustion of cytotoxic T cells (Miao et al., 2019), all of which
benefit CSC expansion in the lung.

CAFs Could Be a Major Target of TGFβ

Inhibition for Treating Advanced SCC
TGFβ1 is often overexpressed in cancer (Calon et al., 2012;
Pickup et al., 2013; Wu et al., 2020; Yegodayev et al., 2020). Our
current study demonstrated that CAFs could produce TGFβ1
at higher levels than tumor epithelial cells (Figures 1E, 6F),
and TGFβ signaling plays a major role in CSC expansion in
a foreign (metastatic) microenvironment. Although these SCC
models induce CAF formation in the primary tumor and we
cannot discern the actions of co-transplanted CAFs vs. the
actions of newly formed CAFs in the primary tumor or the
metastatic microenvironment, the direct conditioning of the lung

microenvironment by co-transplanted CAFs to increase lung
colonization in a TGFβ-dependent manner suggests that CAF-
induced TGFβ signaling is a critical step. The correlation between
TGFβ pathway activation and metastasis status of human SCCs
in this study further validates the translatability of our mouse
SCC models, suggesting that targeting TGFβ signaling, even
in severely immune-compromised SCCs and Smad4 mutant
SCC, could have two benefits: (1) inhibition of CSC properties;
(2) inhibition of invasion/metastasis/niche preparation. These
notions are further supported by previous findings that primary
SCCs with metastasis possess more activated fibroblasts and
CAFs than those without metastasis, and that TGFβ activation
increases activated fibroblast/CAF numbers that in turn secrete
more TGFβ1 (Sridhara et al., 2013; Luksic et al., 2015; Maqsood
et al., 2020). Because biopsy of SCC lung metastasis in patients is
generally not feasible, it is difficult to draw a definitive conclusion
using human specimens whether TGFβ1 is sufficient to generate
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a paracrine/systemic effect for metastatic niche preparation, but
our mouse model demonstrates a correlation between TGFβ

ligands and micrometastasis. Since i.v. CSCs/CAFs co-injection
in our mouse model did not increase CSC seeding to the lung,
it suggests that systemic TGFβ1 secreted from primary SCCs
(including their resident CAFs) could facilitate CAF formation
in the lung either at the pre-metastatic niche or metastatic niche
after SCC are seeded. Future studies will identify molecular
and cellular mechanisms of metastatic or pre-metastatic niche
development contributed by CAFs and TGFβ.

In summary, our study identified that CAFs promote CSC
properties for them to survive and expand at the foreign,
metastatic microenvironment. TGFβ1 ligand produced by
CAFs is the dominant driving force of these effects. Our
findings compel future studies examining the premetastatic
and metastatic niche promoted by CAFs so that treating SCC
metastasis in patients can be explored.
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