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Abstract

The development and progression of solid tumors is dependent on cancer cell autonomous

drivers and the tumor microenvironment (TME). Cancer-associated fibroblasts (CAFs) in the

TME possess both tumor-promoting and tumor-restraining functions. In the current study, we
interrogated the role of aSMA* CAFs in a genetic mouse model of metastatic colorectal cancer
(CRC). Selective depletion of aSMA* CAFs resulted in increased tumor invasiveness, lymph node
metastasis, and reduced overall survival. Depletion of a SMA™ CAFs reduced BMP4 and increased
TGFB1 secretion from stromal cells, and was associated with increased Lgr5* cancer stem-like
cells (CSCs) and the generation of an immunosuppressive TME with increased frequency of
Foxp3* regulatory T cells and suppression of CD8* T cells. This study demonstrates that a SMA™*
CAFs in CRC exert tumor-restraining functions via BMP4/TGF@1 paracrine signaling that serves
to suppress Lgr5* CSCs and promote anti-tumor immunity, ultimately limiting CRC progression.

Introduction

The development and progression of solid tumors is dependent on oncogenic events in
cancer cells and signaling in an evolving tumor microenvironment (TME). Activated
fibroblasts, hereafter referred to as cancer-associated fibroblasts (CAFs), are an abundant
cell type in the TME with a complex secretome, including extracellular matrix proteins
(e.g., collagens), matrix metalloproteinases, cytokines, and chemokines [1, 2]. Although
heterogeneous, CAFs can be identified by their expression of several cardinal gene products,
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including a-smooth muscle actin (aSMA), fibroblast activation protein, and platelet-derived
growth factor receptor-g, among others [3, 4]. aSMA is commonly used to identify
myofibroblasts [5] and this marker captures a significant fraction of CAFs in various

solid tumor types including pancreatic, breast, and colorectal cancers (CRCs) [1, 3, 5,

6]. Although our previous work in breast and pancreatic cancer demonstrated aSMA*
CAFs as tumor-restraining cells [7, 8], the diversity of CAFs across distinct tumor types

has underscored their distinct biological mechanisms [1-3, 9]. The biological complexity
aSMA* CAFs prompted us to explore their roles in CRC.

CRC is one of the most common malignancies in the United States, in both men and women
[10]. CRC results from the progression of adenoma to adenocarcinoma and is associated
with the accumulation of oncogenic events. In familial adenomatous polyposis and most
sporadic cases of CRC, deactivation of the tumor suppressor adenomatous polypaosis coli
(APC) initiates transformation, followed by mutation in KRAS and loss of the tumor
suppressor 7P53[11]. CRC has been classified into different subtypes based on gene
expression profiles and response to treatments [12-17]. These studies have identified a
correlation between the most aggressive tumor subtype, consensus molecular subtype 4
(CMS4), and strong stromal presence, suggesting that high stromal content confers a worse
prognosis for CRC patients. Other studies have specifically correlated a higher presence of
CAFs with worse outcomes [18, 19]. In an effort to characterize the CRC microenvironment,
singlecell RNA sequencing of the mouse intestinal mesenchyme identified four distinct
fibroblast populations, only one of which expressed aSMA [20]. Collectively, these studies
highlight CAF heterogeneity in CRC, albeit with very limited insight on its functions in
CRC progression. Here we employed well-characterized genetic tools [7, 8, 21] to define
the critical role of aSMA* CAFs in a genetic mouse model of metastatic CRC, which
recapitulates the evolution of human disease [22].

Materials and methods

Laboratory mice

All mice used in these studies were of C57BL/6 background. The Villin-Cre-ERT2,
Apcllox/flox - Trp53fox/flox - tatO-1 SI -KrasC12P - Rosa26-1L SL-L uc; Rosa26-LSL-rtTA-GFP
or iKAP mice were previously published [22] and were a gift from Dr. Ronald DePinho
(MD Anderson Cancer Center). iKAP mice were crossed with aSMA-TK [21] (Jackson
Laboratory Stock 029921) and aSMA-RFP[23] (Jackson Laboratory Stock 031159). For
tumor induction, mice were given an intrarectal 4-OH tamoxifen injection (50 mg/kg) and
were placed on doxycycline diet (1.5 g/kg). Tumors were determined by endoscopy at
week 4 post-tumor induction. Briefly, anesthesia was administered through a nose cone,
with regulated flow of isoflurane vapor (1-2%). The colon was then flushed with a warm
phosphate buffered saline (PBS) enema (10 ml), proceeded by insufflation with air from

a standard 10-gallon air pump to allow for endoscopy. Images were acquired with a Storz
Veterinary endoscope. After confirmation of the presence of tumors, mice were given daily
ganciclovir (GCV) intraperitoneal injections (50 mg/kg), to deplete aSMA* myofibroblasts,
until moribundancy for survival studies. Continuous GCV administration ensures a
progressive depletion of proliferating aSMA* cells by preventing their accumulation; this
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approach does not target non-proliferating a SMA™ cells. At endpoint, tissues were collected
for further analysis. The number of tumors was determined by macroscopic evaluation.
Colons were processed for paraffin or optimal cutting temperature compound embedding for
subsequent histological staining. In some cases, tumors were dissected and cells dissociated
for flow cytometry analysis as described below. Both male and female mice were used for
analysis. Sample size was estimated based on an effect size of 1, a-error probability of 0.05,
and power of 0.95. Randomization and blinding was not performed and no animals were
excluded from analysis. All experiments were approved by the Institutional Animal Care and
Use Committee at MD Anderson Cancer Center.

Immunohistochemistry and immunofluorescence

For histopathological and immunohistochemical (IHC) analyses, mouse colon and liver
tissues were fixed in 10% neutral buffered formalin, dehydrated, processed in paraffin,

and 5 pm sections were prepared by deparaffinization and rehydration. Antigen retrieval
was performed in 10 mM sodium citrate buffer (pH 6.0) or TE buffer (pH 9.0, for

BMP4 immunofluorescence and transforming growth factor-p1 (TGFB1) staining) in a
molecular pathology microwave. Following blocking, tissue sections were incubated with
primary antibodies against aSMA (Dako #M0851, 1:200), Ki67 (Thermo #RM-9106,
1:400), collagen | (Southern Biotech #1310-01, 1:200), desmin (Abcam #ab15200, 1:100),
[B-catenin (Abcam #ab32572, 1:200), lymphatic vessel endothelial receptor 1 (LYVE-1)
(Abcam #ab14917, 1:200), Zebl (Novus Biologicals #NBP1-05987, 1:100), E-cadherin
(Cell Signaling #3195, 1:400), CD44 (Invitrogen #14-0441-81, 1:50), TGFp1 (R&D
Systems #MAB240, 1:200), BMP4 (Allele Biotech #ABP-PAB-10444, 1:50 for IHC), and
phospho-Akt (Ser473, Abcam #ab81283, 1:100) overnight at 4 °C, followed by incubation
with biotin-conjugated secondary antibodies and ABC reagent (Vector #PK-6100). The
sections were then developed using DAB staining (Thermo #750118 and Thermo #34065
for desmin-stained sections) according to the manufacturer’s instructions. For aSMA and
BMP4 costaining, slides were incubated with BMP4 antibody (GeneTex #GTX100874,
1:500), followed by incubation with rabbit-on-mouse horseradish peroxidase (HRP) polymer
(BioCare Medical) and tyramide signal amplification (TSA) reagent (Opal 520, Akoya
Biosciences). Antigen retrieval was repeated and slides incubated with a SMA antibody,
mouse-on-mouse HRP polymer (BioCare Medical), and TSA reagent (Opal 570, Akoya
Biosciences). A similar protocol was followed for CD45 and TGFB1 costaining, where
slides were incubated with CD45 antibody (Cell Signaling #70257, 1:100), followed by
incubation with rabbit-on-mouse HRP polymer (BioCare Medical) and TSA reagent (Opal
520, Akoya Biosciences). Antigen retrieval was repeated and slides incubated with TGF1
antibody (R&D Systems #MAB240, 1:200), mouse-on-mouse HRP polymer (BioCare
Medical), and TSA reagent (Opal 570, Akoya Biosciences). DNA was stained with Hoechst
33342 (Invitrogen #H3570) and slides mounted with Vectashield mounting media (Vector
H-1000). Slides were imaged with a Zeiss LSM800 confocal microscope. Sirius red staining
was done following the manufacturer’s protocol (Sigma-Aldrich #365548). Immunostaining
for DCLK1 was performed on frozen sections. Fixation was performed using acetone

for 10 min at 4 °C, proceeded by blocking with 5% donkey serum in PBS with 0.1%
Tween-20 at room temperature (RT) for 1 h. Sections were then incubated with anti-DCLK1
antibody (Cell Signaling #62257, 1:200) overnight at 4 °C, followed by incubation with
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fluorescently labeled secondary antibodies for 1 h at RT. Slides were mounted in medium
containing DAPI (Vector #H-1200). Quantification of staining was done with the NIH
Image J Analysis Software, using the same threshold for all images being compared. For
each staining, three to five visual fields per slide were used in quantification. The sample
number is indicated in the figure legend. For staining of cultured cells, primary CAFs were
seeded on collagen-coated glass coverslips in 24-well plates. After overnight culture, the
cells were fixed with —20 °C methanol, blocked with 5% goat serum, and incubated with
primary antibodies against aSMA (Dako #M0851, 1:100), vimentin (Cell Signaling #5741,
1:100), and FSP-1/S100A4 (Dako #A5114, 1:100) for 2 h at RT. Following incubation with
fluorescently labeled secondary antibodies (ThermoFisher #A11008 (Alexa Fluor 488) and
#A11004 (Alexa Fluor 568), 1:500) for 1 h at RT, the DNA was stained with Hoechst
33342 (Invitrogen #H3570) following the manufacturer’s instructions. The coverslips were
mounted on slides with Vectashield mounting medium (Vector H-1000) and staining was
visualized on a Zeiss Axio Observer Z1 fluorescent microscope.

RNA-sequencing analysis

Total RNA was isolated from control (7= 3) and depleted (7= 3) endpoint tumors, as
well as from the colon epithelium of wild-type (WT) mice (/7= 3), and submitted to the
Advanced Genomics Core Facility at MD Anderson Cancer Center. For RNA-sequencing
analyses, Cutadapt (\ersion 2.8) [24, 25] was used for aligning raw reads to mouse
genome (build mm10) and RSEM (version 1.3.1) (DOI: 10.1186/1471-2105-12-323) was
used to quantify the transcript counts for each gene. R Package, DESeq?2 (version 1.28.1)
[26] was used to perform differential expression analyses for the gene count data (p <
0.05, fold-change > 1.5). Pathway analyses of differentially expressed genes (adjusted p <
0.05, fold-change > 2) were conducted by WebGestalt 2019 (DOI: 10.1093/nar/gkz401).
Significantly enriched pathways (false discovery rate (FDR) < 0.05) were selected. Gene set
enrichment analysis (GSEA) was performed based on differentially expressed genes (FDR
g-value < 0.1) in GSEA 4.1.0 using the Hallmarks gene sets database. Additional raw and
processed data have been uploaded to the Gene Expression Omnibus database (accession
number GSE164300).

Co-culture of iKAP cancer cells and CAFs

iKAP cancer cells were isolated as previously described [22] and were a gift from Dr.
Ronald DePinho. iKAP cancer cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) (Gemini) and 1% penicillin—streptomycin
(Corning). For the isolation of iKAP CAFs, iKAP tumors were collected in PBS and briefly
rinsed in 1% bleach. Tumors were cut into small pieces (~1 mm?) and digested in 400 U/ml
Collagenase 1V (Thermo #17104019) in DMEM at 37 °C for 24 h. Following digestion,

the media was replaced with DMEM containing 20% FBS and 1% penicillin—streptomycin,
and the cells were grown until 85% confluent. Cells were not short tandem repeat marker
validated or tested for mycoplasma. Fibroblasts were maintained and used for experiments
until passage 6. For evaluation of iKras recombination, DNA was isolated from cells using
DNeasy Blood & Tissue kit according to manufacturer’s instructions. Genotyping PCR for
Villin-Cre-ERT2, iKras, and iKras recombination was performed using previously described
primers [22] listed in Table 1 and PCR products were visualized using QlAxcel capillary gel
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electrophoresis. For co-culture experiments, cancer cells were seeded on 24-well plates at 5
x 10% cells per well. After 24 h, 2 x 10° CAFs were seeded on collagen-coated Transwell
inserts (Corning #353057) on top of the cancer cells and cultured for 48 h. Following
co-culture, cancer cells were collected for RNA isolation and quantitative PCR (qPCR)
analysis.

Quantitative real-time PCR

RNA was isolated from cells using TRIzol reagent (ThermoFisher #15596026). cDNA
was synthesized using the High Capacity cDNA Reverse Transcription Kit (Thermo-Fisher
#4368814). SYBR Green PCR Master Mix was used for qPCR reactions in a Quantstudio
7 real-time PCR system (Applied Biosystems). Actb was used as the house-keeping

gene. Fold-change in gene expression was determined using the AACt method. Technical
triplicates were used for each measurement and statistical analyses were done on the ACt
values. The primer sequences for the genes analyzed are listed in Table 2.

Flow cytometry

Colon tumors were cut into 1-2 mms3 pieces and digested by incubation at 37 °C for 1 h in
RPMI-1640 medium containing 0.15 pg/ml of DNase | (Invitrogen #8174), 40 U of Dispase
I (Life Technologies #17105041), and 100 U/ml of Collagenase 1V (Thermo #17104019).
Tumor pieces were next vortexed extensively followed by incubation at 37 °C for 5 min,
until tissue was digested completely. The resulting solution was filtered with a 100 um cell
strainer and washed with RPMI-1640 medium. The cells were resuspended with Fc blocking
reagent and stained with fluorochrome-conjugated antibodies against CD45 (eBioscience
#15-0451), CD4 (BD Pharmingen #563331), CD8 (BioLegend #100742), and CD3e (BD
Pharmingen #563123). For Foxp3 staining, cells were fixed and permeabilized followed

by incubation with anti-mouse Foxp3 antibody (eBioscience #45-5773) and were analyzed
using BD LSR Fortessa X-20 Cell Analyzer (BD Biosciences). All acquired data were
analyzed using FlowJo V10 (BD Biosciences). Following live/dead staining (ThermoFisher
#1.34957), singlets were gated on CD45 positivity, followed by CD3e™, then CD4* and
CD8™ cells. After gating for CD4* T cells, the percentage of FoxP3* Tregs was determined.

Detection of circulating tumor cells

Blood was collected retro-orbitally (100 pl) from control and depleted mice, and incubated
in 1 ml of ACK lysing buffer (ThermoFisher #A1049201) at RT for red blood cell lysis.

The cells were then washed twice with cold PBS and resuspended in PBS containing 2%
FBS. Flow cytometry analysis for GFP* circulating tumor cells (CTCs) was performed using
BD LSR Fortessa X-20 Cell Analyzer (BD Biosciences). The data were recorded as the
percentage of GFP* cells per 10° total cells.

Statistical analysis

Nonparametric (Mann-Whitney test comparing two samples) and parametric (unpaired
ttest) tests were performed for comparison between two groups, and unpaired #test with
Welch’s correction performed for comparison of two groups with unequal variances.
One-way analysis of variance with Sidak’s multiple comparisons test (parametric) or
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nonparametric Kruskall-Wallis test with Dunn’s multiple comparison test (nonparametric)
were used for comparison of more than two groups. For pericolonic inflammation (PI),
Fisher’s exact test was used. For survival analysis, the Kaplan—-Meier method was employed
and statistical significance was determined with log-rank Mantel-Cox test. The performed
statistical tests are indicated in the figure legends. < 0.05 was used to define statistical
significance.

aSMA* CAFs exert tumor-restraining functions in CRC

To determine the function of a SMA* CAFs in CRC progression, we used the iKAP mouse
model of CRC, which is driven by inducible expression of Kras¢22P and conditional
deletion of Apcand Trp53[22]. iIKAP mice were crossed to a SMA-RFP transgenic mice for
visualization of aSMA* cells and to the a SMA-TK transgenic mice, where expression of
viral thymidine kinase (TK) is driven by the a SMA promoter (a list of mouse genotypes is
included in Supplementary Table 1). With this model, administration of GCV results in the
depletion of proliferating a SMA® cells [3, 7, 8].

CRC induction in iKAP;aSMA-TK™ (control) and iKAP; a SMA-TK™ (depleted) mice was
elicited with a single intrarectal injection of 4-OH tamoxifen at 8-10 weeks of age, and the
mice were fed a doxycycline-supplemented diet (Fig. 1A). Tumor formation was verified

by endoscopy at 4 weeks post-tumor induction. When colon tumors were detected, GCV
treatment was initiated and continued until the endpoint of the study. As previously reported,
tumors arose primarily in the distal colon (Fig. 1B). Mice with depletion of aSMA* CAFs
presented with a similar number of tumor nodules when compared to control mice (Fig.
1C); however, endoscopic analysis of tumors prior to and following GCV administration
showed that tumor growth, as defined by luminal protrusion, was greater in control tumors
compared to aSMA* CAF-depleted tumors (Fig. 1D). We suspected these findings were
indicative of a switch to inward growth and invasion through the muscularis mucosa into
the submucosa when aSMA* CAFs are depleted. Histopathological analysis supported that
aSMA™* CAF-depleted tumors were more undifferentiated and invasive compared to control
tumors (Fig. 1E, F). The local invasiveness of CRC tumors is generally determined and
classified based on how deep into the tissue layers the tumor cells invade [27]. Scoring for
local invasion, defined by the depth of invasion of tumor cells in the colon parenchyma,
indicated that a SMA™ CAF-depleted tumors presented with significantly higher invasion
score compared to control (Fig. 1F). The increased invasion noted with depletion of a SMA*
CAFs was also associated with significantly decreased survival in tumor-bearing mice (Fig.
1G). Loss of body weight was observed in both groups as mice developed tumors and body
weight at endpoint was higher in a SMA* CAF-depleted mice compared to control mice
(Supplementary Fig. 1A), possibly reflecting pericolonic inflammation (PI, vide infra).

Depletion of a SMA* CAFs was confirmed by IHC and revealed 70% reduction in aSMA
compared to control mice (Fig. 1H and Supplementary Fig. 1B). Moreover, expression

of aSMA was maintained in the muscularis mucosa of untransformed areas of the colon
(Supplementary Fig. 1C). Perivascular (desmin*) immunolabeling revealed no significant
changes in pericyte coverage in tumors depleted of a SMA™* cells compared to control
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(Supplementary Fig. 1D), supporting that the depletion strategy predominantly targeted
aSMA* CAFs. Surprisingly, type | collagen content was increased in depleted tumors
(Supplementary Fig. 1E), suggesting a potential compensation, either by other stromal

cells or cancer cells, upon depletion of aSMA* CAFs. Approximately halfway between
induction of GCV and lethal disease, IHC analysis for Ki67 revealed the proliferative

index was significantly greater in tumors with a SMA* CAF depletion, compared to their
control counterparts (Supplementary Fig. 1F). When compared at endpoint, the proliferative
index between control and aSMA* CAF-depleted tumors did not differ significantly
(Supplementary Fig. 1F).

Global gene expression profiling of endpoint tumors (Supplementary Fig. 2A) revealed a
downregulation of genes associated with the regulation of stem cell proliferation, fibroblast
proliferation, and collagen fibril organization in aSMA* CAF-depleted tumors compared

to control (Fig. 11). Compared to control tumors, depleted tumors contained enrichment of
genes associated with cell migration and tumor invasion, such as Mpp3[28] (Supplementary
Fig. 2B). GSEA identified pathways associated with malignancy (hypoxia and Kras
signaling) enriched in depleted tumors compared to control tumors (Supplementary Fig. 2C
and Supplementary Table 2). Collectively, our results indicate that the depletion of aSMA™
CAFs in CRC generates more invasive and lethal disease, and support that aSMA* CAFs
serve a tumor-restraining function in CRC.

aSMA* CAF depletion promotes CRC lymphatic invasion

To investigate whether the depletion of aSMA™* CAFs had an impact on cancer cell
dissemination, the number of GFP* CTCs from control and depleted mice was determined
by fluorescence-activated cell sorting (FACS) analysis. We found that depleted mice had a
significantly increased number of CTCs compared to control mice (Supplementary Fig. 3A).
The first site of metastasis for CRC cells is the lymph nodes; we next determined whether
depletion of a SMA™ CAFs had an impact on lymphatic metastasis. Immunostaining of serial
slides for LYVE-1 and B-catenin identified cancer cells present in the lymphatic system,
indicative of lymph node metastasis, strictly in aSMA* CAF-depleted mice (Fig. 2A). Next,
the presence of GFP* tumor cells was determined in lymphoid organs including the inguinal,
luminal, and mesenteric lymph nodes, as well as the thymus (Fig. 2B and Supplementary
Fig. 3B). The lumbar lymph node showed a significant increase of GFP* tumor cells (Fig.
2B and Supplementary Fig. 3B). Immunostaining for markers of epithelial to mesenchymal
transition (EMT), including Zeb1 and E-cadherin, showed a significant induction of EMT
(increased Zebl, decreased E-cadherin) in the depleted tumors (Fig. 2C). These effects of
CAFs on cancer cells were confirmed in vitro. CAFs were isolated from the tumors of
iKAP mice and verified by lack of endogenous green fluorescent protein (GFP) expression
(expressed by cancer cells), expression of the fibroblast markers aSMA, vimentin, and
FSP-1 (Supplementary Fig. 3C), and lack of cancer cell-specific gene recombination via
genomic DNA PCR analysis (Supplementary Fig. 3D). iKAP CAFs were co-cultured with
cancer cells (from iKAP tumors), which resulted in lower expression of Vim, Zebl1, and
Twist when compared to cancer cells alone (Fig. 2D), suggesting that a SMA™ CAFs limit
cancer cells’ expression mesenchymal gene transcripts. Metastatic disease, identified by
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CD44 immunostaining and histopathological analyses, had increased prevalence in the livers
of depleted compared to control mice (Supplementary Fig. 3E).

aSMA* CAFs secretome controls CSCs frequency

The increased frequency of CSCs in CRC is associated with cancer invasiveness and
resistance to therapy [29-31]. FACS analysis in tumors from depleted mice compared to
their counterpart controls revealed increased Lgr5 expression on tumor cells (Fig. 3A).
Expression of DCLK1, a CSC-specific marker previously shown to play an important role
in CRC tumorigenesis and not present in normal intestinal stem cells (ISCs) [32], was also
found to be increased in depleted mice (Fig. 3B). The CSC marker CD44 also revealed

an increase in the expression in aSMA* CAF-depleted tumors compared to control (Fig.
3C). When co-cultured with CAFs, cancer cells showed reduced expression of CSC markers
Lgrs, Cd44, and Prom1 (Fig. 3D). These results support that aSMA* CAFs limit the
frequency of CSCs in CRC and depletion of a SMA* CAFs allows CSCs to increase in
number. CSC transcriptomic profile in cancer cells is, at least in part, modulated by the
secretome of CAFs. Given that a SMA™ myofibroblasts generate bone morphogenic protein
(BMP) ligands in the intestine, which are identified as promoters of the undifferentiated
phenotype of CSCs, suppressing their proliferation [33-35], we analyzed the expression

of BMP ligands BmpZ2, Bmp4, and Bmp7 in control and depleted tumors, as well as WT
colonic epithelium (Fig. 3E). The expression of Bmp4and Bmp7was decreased in depleted
tumors compared to control tumors (Fig. 3E). Given the established role of BMP4 in

the negative regulation of Lgr5* stem cells [34], we examined its expression in control

and depleted tumors by IHC. The depleted tumors exhibit decreased BMP4, compared to
control tumors (Fig. 3F). Costaining demonstrated that a SMA™* CAFs express BMP4 and
this colocalization is reduced upon depletion of aSMA* CAFs (Fig. 3G). BMP4 signaling
has been implicated in promoting the differentiation and apoptosis of CRC stem cells by
engaging non-canonical BMP signaling pathways [36]. We observed suppression of the
downstream non-canonical BMP target pAKT in epithelial cells concurrent with depletion
of aSMA* CAFs and suppression of BMP4 signaling (Fig. 3H). These findings suggest that
aSMA™ CAFs likely play a functional role in promoting the differentiation of CSCs in CRC
at least partially through BMP4-mediated signaling.

aSMA* CAF depletion generates an immunosuppressive TME

RNA-sequencing analyses revealed upregulation of pathways associated with inflammation,
including tumor necrosis factor signaling, interleukin (IL)-6 and I1L-1f production,

and IL-17 signaling (Fig. 4A, B). GSEA also identified enrichment of inflammatory
response and interferon-vy response pathways in the depleted tumors, indicative of an
immunosuppressive phenotype (Fig. 4B). Gross analysis of the colons of control and
depleted mice at endpoint revealed a significant reduction in colon length in the depleted
mice, indicative of potential increase in inflammation in the context of a SMA* CAF
depletion (Fig. 4C). Microscopic analysis of the mesenteric adipose tissue surrounding the
tumors demonstrated the presence of Pl in the majority of mice with depletion of aSMA™
CAFs, compared to control mice (Fig. 4D, E). Inflammation was also observed in adjacent
untransformed colon (Fig. 4E).

Oncogene. Author manuscript; available in PMC 2022 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McAndrews et al.

Page 9

To further investigate whether depletion of a SMA* CAFs leads to an immunosuppressive
TME, we analyzed the tumors for T-cell populations. The percentage of CD4* T cells

did not change significantly; however, the population of cytotoxic (CD8*) T cells was
significantly decreased in the tumors from depleted mice (Fig. 4F). We also observed an
increased percentage of regulatory T cells (Tregs) in the depleted tumors (Fig. 4F) and an
overall reduction in the ratio of Teff to Treg (Teff/Treg) in the a SMA™* CAF-depleted tumors
(Fig. 4F). This immunosuppressive phenotype was consistent with that previously observed
following depletion of a SMA* CAFs in a pancreatic cancer model [7]. Overall, these results
show that depletion of a SMA* CAFs leads to an immunosuppressive TME with a decrease
in cytotoxic CD8* tumor-infiltrating lymphocytes.

TGFB1 is known to play a role in inflammation and excessive accumulation of TGFB1

is associated with chronic inflammation and fibrosis [37]; thus, we hypothesized that
depletion of aSMA* CAFs may result in increased TGFB1. IHC analysis revealed an
increase in TGFB1 protein expression in the tumor stroma following aSMA* CAF depletion
(Supplementary Fig. 4A). Moreover, costaining revealed increased colocalization of TGFp1
with CD45 in depleted mice (Supplementary Fig. 4B). Consequently, the increased TGFp1
may act to alter the immune microenvironment in depleted mice to hinder T-cell function, as
TGFp1 has previously been described to suppress the proliferation and effector function of T
cells [38].

Discussion

Previous studies indicated a correlation between the increased incidence of a SMA* CAFs
and tumor aggressiveness in different solid malignancies [18, 39, 40]; however, a functional
genetic study of their role in CRC had not been performed. Employing the iKAP CRC
model engineered with a somatic lineage depletion system, we demonstrate that a SMA™*
CAF depletion leads to increased tumor aggressiveness and a decrease in overall survival. A
recent study identified four main fibroblast populations in the intestinal mesenchyme, only
one of which expresses aSMA [20]. Other studies identified Grem1 and /s/ras marking
distinct CRC fibroblast subsets, with aSMA overlap with Grem1 occurring more frequently
than with /s/r[41]. How these populations change over the course of CRC progression

and the precise functional roles of CAF subsets in CRC remain open questions. This study
demonstrates that a SMA* CAFs function to restrain tumor progression as part of the
protective host response against neoplasia and malignancy.

Our observation of increased collagen deposition in tumors with depleted myofibroblasts
is consistent with a recent study by Wu et al. [42], showing that elevated type | collagen
expression positively correlated with increased stemness and incidence of metastases in
CRC patients. Type 1 collagen was found to promote mesenchymal gene expression and
cancer cell invasion [43], and was associated with the tumor invasive margin [44]. Another
study identified COL1A1 as a potential target and diagnostic marker for metastatic CRC,
due to its high expression in patients [45]. We observe increased collagen deposition

in the a SMA* CAF-depleted tumors, suggesting that other cell types, including cancer
cells, are likely responsible for collagen production and/or compensate for the loss of the
potential collagen production by aSMA* CAFs [46]. We observe evidence for increased
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local invasiveness, increased CTCs, and increased lymph node metastasis. Moreover, the
metastatic disease rate was increased in aSMA* CAF-depleted compared to control mice,
as previously reported in breast tumor models [8]. Although our studies in distinct tumor
models do not support significant off-target effects in the a SMA-TK transgenic mice, it is
possible that aSMA* stromal cells display functions that are concurrently suppressed with
our genetic strategy.

Collectively, our study suggests that a SMA* CAFs likely use diverse mechanisms to
control the rate of oncogenic Krasand loss of Apc- and 7rp53-driven CRC. We show that
aSMA* CAFs produce BMP4 and suppress the production of TGFB1 by other stromal cells,
including immune cells, in the TME. BMPs belong to the TGF superfamily of ligands and
play an important role in limiting the hyperproliferation of the intestinal epithelium [33, 47].
Altogether, the studies reported here offer an insight into the functional role of the aSMA*
CAF in the progression of CRC.

It was recently reported that Smad1/Smad4 mediated repression of the ISC gene signature,
including Lgr5 expression [34]. BMP4 secreted by aSMA* myofibroblasts in the intestinal
mesenchyme promotes the differentiation of the ISCs as ISCs move up the crypt and away
from Whnt signals promoting stem cell maintenance, and where BMP inhibitors Gremlin and
Noggin are expressed [34, 47-49]. The reduction in BMP4 levels in aSMA* CAF-depleted
tumors suggests a pathway where CSCs remain undifferentiated, leading to invasive CRC.

The iKAP tumors are associated with a TGFB1 signaling phenotype, which correlates

with the CRC CMS4 subtype [22]. TGFP1 has a well-established role in tumor invasion

and immune suppression [50-52]. Increased TGFB1 in a SMA™ CAF-depleted tumors

likely contributes to the increased invasiveness of the tumors and increased Tregs,

associated with decreased CD8" T cells. Associated with this observation, we also

document increased inflammation, with increased IL-6, IL-1p, and IL-17-mediated signaling
pathways. Altogether, our studies demonstrate that aSMA* CAFs restrain the progression
rate of CRC, exemplifying the potential functional heterogeneity of fibroblasts and their
secretome [3, 9, 53], and offering an appreciation of potential protective host response
against malignancy.
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Fig. 1. Depletion of aSMA™ CAFsleadsto increased tumor invasion and decreased survival in

CRC modedl.

A Schematic diagram for tumor induction and GCV treatment in the iKAP CRC mouse
model. B Images of distal colon tumors from representative a SMA* CAF-depleted and
control mice. Arrow heads point to tumor foci. C Quantification of the number of tumors in
control (7= 8) and depleted (n=9) mice at endpoint. D Representative endoscopy images of
CRC tumors before and after GCV treatment, and quantification of tumor in lumen. Control,
n=>5; depleted, n=11. E Representative images of H&E-stained colon sections with tumors
outlined. Scale bar for colon section: 2000 pum; scale bar for top right zoomed-in image: 500
um; scale bar for bottom right zoomed-in image: 100 um. F Local invasion score of tumors
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in control (7= 7) and depleted (/7= 6) tumors. G Survival analysis of a SMA* CAF-depleted
(n=132) and control (n= 24) mice. H Representative immunohistochemistry for aSMA

in CAF-depleted (n7=5) and control (7= 4) tumors. Scale bar: 50 um. | Dot plot of the
pathways downregulated in depleted compared control tumors. The data are presented as
mean + SEM. FDR: false discovery rate; GCV: ganciclovir. C Unpaired £test performed; D
Kruskall-Wallis test with Dunn’s multiple comparison test performed; F Mann—-Whitney test
performed; G Log-rank Mantel-Cox test performed. *~< 0.01, **P< 0.01, ****P< 0.0001,
ns: not significant.
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Fig. 2. Lossof aSMA* CAFsincreasesrates of local invasion.
A Representative immunohistochemistry for g-catenin and LYVE-1, and quantification of

the frequency of lymphatic vessel invasion in control (7= 7) and depleted (7= 6) mice.
Arrows point to p-catenin® cancer cells within LYVE-1* lymphatic vessels. B Percentage
of GFP* tumor cells in the thymus, inguinal (ILN), lumbar (LLN), and mesenteric

(MLN) lymph nodes of control (7= 4) and depleted (7= 4) mice. C Representative
immunohistochemistry for Zebl1 and E-cadherin in control (n7= 4) and depleted (7= 3)
tumors, and quantification of staining. Zeb1 scale bar: 20 pm, E-Cadherin scale bar: 50
um, inset: digital zoom. D Transcript levels for Vim, Zeb1, and Twist in cancer cells in
monoculture (—CAFs) or co-culture with iKAP CAFs (+CAFs). n= 3 biological replicates.
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Statistics were performed based on ACt values. The data are presented as mean + SEM. A
Mann-Whitney test performed; B (first and fourth panels), D unpaired #test with Welch’s
correction performed; B (second and third panels), C unpaired £test performed. *< 0.05,
**p < 0.01, ns: not significant.
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Fig. 3. aSMA™ CAF-depleted CRC tumorsdisplay an enhanced CSC phenotype.
A Representative contour plots, histograms, and quantification of Lgr5* cells from control

(black, 7= 6) and depleted (red, /7= 5) tumors. Number in gate indicate the % Lgr5*

cells. B Representative immunostaining of colon tumor sections for CK8 (red) and DCLK1
(green) in control (7= 4) and depleted (7= 4) tumors, and quantification of staining. DAPI
(blue) was used as nuclear stain. Scale bar: 50 pm. C Representative immunohistochemistry
of colon tumor sections for CD44 in control (7= 5) and depleted (7= 4) tumors, and
quantification of staining. Scale bar: 50 um. D Transcript levels of CSC markers Lgr5,
Dclk1, Cd44, and Prom1 in cancer cells following co-culture with iKAP CAFs. n=3
biological replicates. Statistics were performed based on AC values. E Transcript levels of

Oncogene. Author manuscript; available in PMC 2022 May 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

McAndrews et al.

Page 19

Bmp2, Bmp4, and Bmp7in WT colon (n= 3), control tumors (7= 4), and depleted tumors
(n=5). F Representative immunohistochemistry of colon tumor sections for BMP4 and
quantification of staining in control (7= 7) and depleted (r7= 4) tumors. Scale bar: 50 pm.

G Representative immunohistochemistry of colon tumor sections for BMP4 and aSMA, and
quantification of staining of control (n7=4) and depleted (/7= 4) tumors. Scale bar: 10 um.

H Representative immunohistochemistry of colon tumor sections for phosphorylated AKT
(pAKT) and quantification of staining of control (7= 3) and depleted (n7=5) tumors. Scale
bar: 50 um. SSC: side scatter. The data are presented as mean = SEM. A Mann-Whitney test
performed; B, C, F-H unpaired #test performed; D unpaired ttest with Welch’s correction
performed; E one-way ANOVA with Sidak’s multiple comparison test performed based on
ACt values. *P< 0.05, **P< 0.01, ns: not significant.
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Fig. 4. Depletion of aSMA™ myofibroblasts induces an immunosuppressive phenotype.
A Dot plot of the pathways upregulated in depleted compared to control tumors. B Selected

GSEA plots of gene sets associated with immune pathways. C Measurement of colon length
at endpoint in control (7= 11) and depleted (7= 7) mice. D Quantification of incidence

of pericolonic inflammation in depleted mice (/7= 29) compared to control (n=24). E
Representative images of the gross appearance and H&E images of mesentery and adjacent
colon. Arrows point to the tumor; encircled in dashed white line is pericolonic inflammation.
Mesentery scale bar: 100 pm; adjacent colon scale bar: 50 um. F Percentage of CD4™ T
cells, CD8* cytotoxic T cells, CD4*FoxP3* Treg cells, and Teff/Treg ratio in tumors from
control (/7= 6) and depleted (n = 6) mice, and representative FACS contour plots. The
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values in quadrant Q2 indicate the percentage of FoxP3*CD4* Tregs. FDR: false discovery
rate; NES: normalized enrichment score; PI: pericolonic inflammation; reg. of: regulation
of. The data are presented as mean + SEM. C, F (first and fourth panels) unpaired #test
performed; D Fisher’s exact test performed; F (second and third panels) unpaired #test with
Welch’s correction performed. *P< 0.05, **P< 0.01, ***P< 0.001, ****P < 0.0001, ns: not
significant.
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