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ABSTRA

Cancer-associated fibroblasts (CAF) exhibit phenotypic
heterogeneity with each functional state playing critical roles in
tumor progression. Notably, subtypes like inflammatory CAFs
(iCAF), characterized by increased chemokine/cytokine secretion,
and myofibroblast-like CAFs (myCAF), characterized by enhanced
extracellular matrix (ECM) deposition and increased actomyosin
contractility, can undergo phenotypic switching in response to cues
from the tumor microenvironment and therapeutic interventions.
Elucidation of the signaling pathways associated with the diverse
phenotypes could enable development of strategies to therapeuti-
cally reprogram CAFs. Through the analysis of single-cell RNA
sequencing data from patients with colorectal cancer, we identified
that the phosphatidylinositol-3-kinase (PI3K)/mammalian
target of rapamycin (mTOR) and mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK)
signaling pathways, among other pathways, are linked to the
formation of myCAF and iCAF subtypes, respectively. Unbi-
ased pharmacologic interference of 12 distinct signaling
pathways using three-dimensional (3D) human colorectal
cancer-derived CAF cultures, ex vivo patient-derived tumor

Introduction

Cancer-associated fibroblasts (CAF) have emerged as pivotal
actors of the tumor microenvironment (TME), driving processes
such as extracellular matrix (ECM) accumulation and remodeling,
cytokine and growth factor secretion, and extracellular vesicle re-
lease (1-3). Using a wide range of preclinical models, these pro-
cesses have been shown to actively promote tumor growth (4),
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fragments, and mouse models further revealed the significance
of PI3K/mTOR and MAPK/ERK signaling in CAF plasticity
and functional behavior. PI3K/mTOR inhibition drove iCAF
formation through compensatory FGF2 release and FGFR1-
JAK2-STAT3 activation, leading to chemokine/cytokine se-
cretion that promoted tumor spheroid growth and neutrophil infil-
tration. Conversely, MEK inhibition induced a myCAF phenotype
via interferon-dependent ROCK and JAK1 signaling, resulting in
ECM production that enhanced tumor colony formation. In
summary, these findings reveal a functional significance of
PI3K/mTOR and MAPK/ERK signaling pathways in CAF
plasticity and underscore how standard-of-care targeted
therapies can directly influence CAF phenotypes in colorectal
cancer.

Significance: The PI3K/mTOR and MAPK/ERK signaling
pathways regulate the formation of CAF subtypes in colorectal
cancer, providing insights into how fibroblasts adapt to cancer-
targeted therapies and potential strategies to harness stromal
plasticity.

metastasis (5), immune evasion (6), and therapy resistance (7). Due
to their pro-oncogenic functions, CAFs have long been considered a
promising therapeutic target. However, despite positive outcomes in
preclinical studies, clinical trials targeting CAFs or their signaling
pathways have had limited efficiency, with some even showing
worsened outcomes (8-11).

Over the past decade, advancements in single-cell RNA se-
quencing (scRNA-seq) and innovative mouse models have signifi-
cantly deepened our understanding of the remarkable heterogeneity
among CAFs, revealing diverse origins, spatial distributions, phe-
notypes, and functions—features consistently observed across
various tumor types (12). In pancreatic ductal adenocarcinoma
(PDAC), scRNA-seq analyses of mouse and human tumors
identified three distinct CAF subsets: myofibroblastic CAFs
(myCAF), inflammatory CAFs (iCAF), and antigen-presenting
CAFs (apCAF; ref. 13). myCAFs exhibit enhanced contractility
and are characterized by a-smooth muscle actin (aSMA)-positive
stress fibers, as well as ECM deposition and remodeling. In
contrast, iCAFs exhibit lower aSMA expression but enhanced
secretion of inflammatory mediators such as interleukin 6 (IL6),
leukemia inhibitory factor (LIF), and CXCL12 (13, 14). apCAFs
expressing major histocompatibility complex (MHC) class II
genes and CD74 have been associated with antigen presentation
to CD4" T cells and immunomodulatory functions (13). Notably,
these distinct CAF phenotypes are not fixed but can transit into
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one another depending on TME-derived cues (15) and thera-
peutic regimens (15-17), suggesting that phenotypic plasticity is
governed by unique signaling pathways (12).

To further understand the mechanisms driving the formation
of distinct CAF phenotypes, we aimed to identify differentially
enriched signaling pathways between myCAFs and iCAFs,
taking colorectal cancer as our main tumor type of interest.
Colorectal cancer causes more than 0.9 million deaths annually
worldwide and is marked by significant interpatient genetic
heterogeneity and patient-specific therapeutic responses (18,
19). CAFs are among the most abundant cell types in the co-
lorectal cancer TME, with their high abundance linked to poor
overall survival (OS) and altered responses to targeted therapies
in patients (20, 21). Within the TME, growth factors such as
fibroblast growth factor 2 (FGF2) and TGFp, together with
inflammatory cytokines, including IL6, IL1f, as well as direct
ECM interactions, activate diverse downstream signaling cas-
cades that contribute to fibroblast reprogramming (22). Although
the mechanisms underlying CAF activation are relatively well
characterized, how these signaling pathways integrate to regulate
CAF plasticity remains incompletely understood. In this study,
we found that the phosphatidylinositol-3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) signaling pathway is
enriched in myCAFs, whereas mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) signaling
is more abundant in iCAFs across five colorectal cancer scRNA-
seq datasets. Moreover, analyses of CAF phenotype-related
functions, secretome, proteome, and transcriptome have shown
that CAFs derived from patient cultures, patient-derived tumor
fragments (PDTF), and mouse cancer models undergo a phe-
notypic switch upon pharmacologic inhibition of PI3K/mTOR
or MAPK signaling. These results highlight the crucial role of
these pathways in shaping CAF phenotypes and warrant further
investigation into the impact of targeted therapies on TME el-
ements such as CAFs.

Materials and Methods

Ethics statement

The collection of peripheral blood from healthy donors was
conducted in accordance with the Declaration of Helsinki guidelines
and approved by the Ethical Committee (EC/2014/0655) of Ghent
University Hospital. Collection of tissue samples from patients was
conducted in accordance with the Declaration of Helsinki guidelines
and approved by the Ethical Committee (BC-06978) of Ghent
University Hospital. All participants provided written informed
consent prior to participation.

Cell culture

Isolation and culture of human colorectal CAFs have been de-
scribed previously (23, 24). Briefly, tissue samples were washed with
PBS, cut into small pieces (+2 mm?), and placed on tissue culture
plastic in a droplet of fetal bovine serum (FBS, #P30-330, Pan
Biotech) for 24 hours to facilitate adherence. Fresh DMEM high-
glucose (HG) medium (#41965039, Gibco) supplemented with 10%
FBS and 100 pg/mL penicillin/streptomycin (P/S, #15070063, Thermo
Fisher Scientific) was then added, and cultures were maintained for
10 to 14 days until CAFs surrounding the tissue reached confluence.
CAF cultures from five patients (four primary colorectal cancer
and one peritoneal metastasis of colorectal cancer) were in-
cluded; from one patient, two independent cultures were
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established. One CAF culture was immortalized by human tel-
omerase reverse transcriptase (WTERT) transduction (25). CAFs
were characterized by brightfield microscopy, immunocyto-
chemistry, flow cytometry, and Western blotting.

Human colorectal cancer cell lines (HCT116, RRID: CVCL_
0291; HT29, RRID: CVCL_A8SEZ; SW480, RRID: CVCL_0546;
and HCTS8/E11, RRID: CVCL_5679) as well as the murine co-
lorectal cancer cell line CT26-Luc (RRID: CVCL_7254) were
obtained from the American Type Culture Collection (ATCC).
All cultures were maintained in DMEM HG supplemented with
10% FBS and 100 ug/mL P/S, and experiments were initiated
under these conditions. Cells were incubated at 37°C in a hu-
midified atmosphere containing 5% CO,. All cell lines were
routinely tested for Mycoplasma contamination using the MycoA-
lert Mycoplasma Detection Kit (#LT07-318, Lonza). For all experi-
ments, cells between passages 5 and 9 were used.

Spheroid formation

Single-cell suspensions were prepared at concentrations of
1 x 10° cells/mL for CAFs, 1 x 10" cells/mL for HCT116, SW480,
and HCTS8/E11, and 2.5 x 10* cells/mL for HT29. Cells were
seeded into U-shaped, 384-well ultra-low attachment (ULA)
plates (#MS-9384UZ, S-bio) with 80 pL of cell suspension per
well, as previously described (26). To prevent evaporation, plates
were sealed with Breath-Easy semipermeable tape (#BEM-I,
Diversified Biotech) and incubated at 37°C in a humidified at-
mosphere. Treatments were initiated 48 hours after spheroid
seeding.

Ex vivo patient-derived tumor fragments
Establishment and culture

PDTFs derived from a peritoneal metastasis of colorectal
cancer were obtained with informed written patient consent, in
accordance with the regulatory guidelines of the Ethics Com-
mittee of Ghent University Hospital. Tumor material was im-
mediately processed by semi-automated cutting into small
fragments (0.125 mm?) and placed on ice (27). Individual frag-
ments were then seeded in prewarmed (37°C) DMEM low-
glucose (LG, #31885023, Thermo Fisher Scientific) supplemented
with 10% FBS and 100 pg/mL P/S. After 24 hours, fragments
were treated with trametinib (Tram; 200 nmol/L) or everolimus
(Eve; 1 umol/L) for 4 days. Tumor fragments were cultured at
37°C in a humidified atmosphere with 5% CO, for up to 5 days.

PDTF scRNA-seq sample preparation

PDTFs (n = 192 per condition) were dissociated as described
previously (28). The resulting filtered single-cell suspensions
were processed using the Gel bead-in-Emulsion (GEM)-X Flex
Sample Preparation v2 Kit (#PN-1000781, 10X Genomics) fol-
lowing the manufacturer’s instructions. Based on DAPI stain-
ing, cells were separated from debris by BD FACSymphony S6/S8.
Fixed and sorted cells were multiplexed prior to GEM generation,
barcoding, and library preparation following the 10X Genomics
User Guide (CG000787), using the Chromium GEM-X Flex Hy-
bridization and Wash Kit (PN-1000789) and GEM-X FLEX GEM
and Library Kit (PN-1000782). Pooled samples were loaded on a
Chromium X platform (10x Genomics) to generate single-cell
GEMs. Library preparation was performed by the VIB Single Cell
Core (Gent-Leuven, Belgium) and sequenced on an Illumina
NovaSeq 6000.
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Compound and recombinant cytokine treatments

CAFs cultured under 2D or 3D spheroid conditions were treated
with 16 inhibitors for functional assay, proteomics, and Luminex
analysis. All compounds used in screening experiments were tested
in triplicate, using a single dose commonly used in the literature.
Compounds were diluted to a final working concentration of 0.1%
DMSO. CAFs were also treated with various recombinant cytokines
and specific pathway inhibitors. Details on these compounds,
recombinant cytokines, and respective doses are provided in Sup-
plementary Table S1.

Functional assays
Collagen contraction assay

The collagen gel solution was prepared using 3.7 mg/mL of col-
lagen type I from rat tail (# sc-136157, Santa Cruz Biotechnology),
mixed at a 1:3 ratio with CMF-HBSS in culture medium. The
pH was subsequently adjusted to 7.4 using a 1 mol/L NaOH so-
lution. CAFs at a density of 2 x 10° cells/mL were added into
500 pL of the collagen gel solution and seeded onto a 24-well plate.
Once the gel solidified, it was overlaid with 500 pL of medium with
or without various inhibitors and recombinant cytokines. After
24 hours, gel areas were photographed and measured using Image]
software. The percentage of gel contraction was calculated as
follows: (well area — gel area)/well area x 100%.

Collagen gel invasion assay

The collagen gel solution was prepared as described previously.
Two layers of 250 pL solution were added to each well of a 24-well
plate. After the lower gel layer solidified, an additional layer of
collagen gel containing the spheroids was added on top. Once the
upper gel layer had solidified, 500 puL of medium, with or without
various inhibitors, was added to each well. After 3 days, spheroids
were imaged, and the maximum invasion distance was measured
using Image] software.

Scratch wound assay

CAFs were cultured to 100% confluence, manually scratched with
a 200 pL sterile pipette tip to create a wound in the cell monolayer.
After washing three times with PBS, CAFs were treated with or
without various inhibitors. The scratch gap area at 48 hours in each
treatment group was measured at four different positions and
compared with the gap area at 0 hours. The migration rate was
calculated as follows: (scratch area at 0 hours — scratch area at
48 hours)/scratch area at 0 hours x 100%.

Outgrowth assay

Forty-eight hours after seeding, CAF spheroids were collected
and transferred to a flat bottom 96-well plate. Then, 100 uL of
medium, with or without inhibitors was added to each well. After
3 to 5 days, spheroids were imaged, and the outgrowth area was
measured using Image] software.

Cell death

The single-cell suspension of CAFs (1 x 10° cells/mL) was mixed
with 1.5 ug/mL propidium iodide (PI; #P4170, Sigma-Aldrich) and
seeded into U-shaped, 384-well ULA plates. After 48 hours of
spheroid formation, the medium was replaced with medium con-
taining different inhibitors for 3 days. The average PI fluorescence
intensity across the spheroid area was captured and quantified using
the Incucyte ZOOM (Sartorius).
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ATP assay using CellTiter-Glo

For 3D-cultured CAFs and colorectal cancer spheroids, each
spheroid was transferred from the culture medium into white 96-
well plates (#236108, Thermo Fisher Scientific). An equal volume of
CellTiter-Glo 3.0 Reagent (#¥G9683, Promega) was added to each
well. For 2D-cultured cells, an equivalent volume of CellTiter-Glo
2.0 Reagent (#G9243, Promega) was added to each well. The plates
were shaken on an orbital shaker for 5 minutes and then incubated
at room temperature for 10 to 20 minutes to allow the luminescent
signal to stabilize. Luminescence readings were recorded using
Gen5 Data Analysis Software (v3.08.01).

Luminex

The supernatant of CAF spheroids treated for 5 days with DMSO
or different type of inhibitors was collected and passed through a
0.2 -pm filter (#A37111, Novolab). For #5.3hTERT cultures, the
supernatant was processed with the Human Cytokine/Chemokine
Array 71-Plex Panel by Eve Technologies. For other primary CAF
cultures, the supernatant was quantified using the ProcartaPlex Human
Cytokine/Chemokine/Growth Factor Panel 1, 45-plex (#EPX450-12171-
901, Thermo Fisher Scientific), following the manufacturers’ instruc-
tions. For additional experiments, the supernatant of CAF spheroids
treated with DMSO or Tram (100 nmol/L) for 3 days was processed
with the Human MMP 9-Plex/TIMP 4-Plex Panel and Human
Cytokine Array 65-Plex Panel. Readout was performed on the Luminex
100/200 System (Merck Millipore) with Luminex xPonent v.3.1 software.
All analyses were performed on a minimum of three biological replicates
per condition, with background correction by subtracting the cytokines
concentrations from the medium without cells.

Proteomics

CAF spheroids were treated in triplicate by the addition of dif-
ferent type of inhibitors or an equivalent of DMSO. After 5 days, the
spheroids were collected and washed three times with PBS. Spher-
oids or decellularized ECM were resuspended in lysis buffer
[50 mmol/L triethylammonium bicarbonate and 5% SDS (pH 7.5)],
sonicated, and then clarified with centrifugation of 13,000 g for
8 minutes. The subsequent sample preparation process and the
parameters for liquid chromatography-tandem mass spectrometry
were applied as described previously (29, 30).

Conditioned media from CAFs

CAFs were treated with Eve, either in the presence or absence of
pan-FGEFR inhibitor (erdafitinib, #HY-18708, MedChem Express) or
human FGF2 neutralizing antibody (#AF-233, R&D Systems). After
48 hours of treatment, the medium was replaced with serum-free
DMEM-HG, and cells were incubated for an additional 24 hours.
CAF conditioned medium (CM) was then collected, centrifuged to
remove debris, and filtered through a 0.2-um filter.

Polymorphonuclear isolation

Human polymorphonuclears (PMN) were isolated from the pe-
ripheral blood of healthy donors using Lymphocyte-poly (#CL5071,
Tebubio) density gradient centrifugation (500 g, 30 minutes). After
centrifugation (representative image shown in Supplementary Fig.
S4F), the peripheral blood mononuclear cells at the upper band and
the PMNs at the lower band were resuspended in RPMI 1640 me-
dium (#12004997, Gibco) supplemented with 10% FBS. The PMNs
were cultured in 24-well plates at a density of 2.5 x 10 cells/mL at
37°C and 5% CO,.
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CAF supernatant treatment assays
PMN migration

A total of 1 x 10° cells/mL of isolated PMNs were seeded in the
upper chamber of IncuCyte Clearview 96-well Cell Migration Plates
(#4599, Sartorius) in serum-free medium (DMEM-HG). The che-
moattractant of CM from CAF with or without pretreatment are
added to the lower chamber. After 4 hours, immune cell migration
into the lower chamber is quantified by total cellular adenosine
triphosphate (ATP) levels via CellTiter-Glo 2.0.

Cancer cell proliferation

Forty-eight hours after spheroid seeding, 40 pL of the supernatant
of each well was removed, and then 40 pL of CM of CAFs (1:1v/v)
was added. After 5 days of coculture, total cellular ATP levels were
quantified via CellTiter-Glo 3.0.

RNAi studies

Transfection of siRNAs listed in Supplementary Table S2 was
performed with jetPRIME DNA/siRNA (co)transfection reagent
(#101000001, Sartorius) at a final concentration of 50 nmol/L. Cells
were analyzed 48 hours after transfection.

Quantative RT-PCR

Total RNAs were extracted using the miRNeasy Micro Kit
(#217084, QIAGEN) according to the manufacturer’s instructions
and eluted in 14 pL DNase/RNase-free water. For cDNA synthesis,
1 pg of RNA was reverse transcribed in a 20 uL reaction using the
iScript cDNA Synthesis Kit (#170-8891, Bio-Rad), following the
manufacturer’s protocol. Quantitative PCR (qPCR) was performed
using the SsoAdvanced Universal SYBR Green Supermix (#1725272,
Bio-Rad). Each 5 uL PCR reaction contained 0.5 pL each of forward
and reverse primers (5 mmol/L), 2.5 pL of 2x SYBR Green Super-
mix, and 2 pL of 1:10 diluted cDNA. The 384-well plate was pro-
cessed on the Roche LC480 with cycling conditions of 95°C for
5 seconds, 60°C for 30 seconds, and 72°C for 1 second, repeated for
44 cycles. Relative expression levels were calculated using the 274
method, with GAPDH as the internal control. Primers are listed in
Supplementary Table S2.

Bulk RNA-seq

Spheroids derived from CAFs were treated with Eve, omipalisib
(Omip), and uprosertib (Upro) for 24 hours or Tram for 48 hours,
with three biological replicates per condition. RNA was extracted
using the miRNeasy Micro Kit, and 27.5 ng of RNA per sample was
treated with Heat-Labile Double-Strand-Specific DNase (Arctic-
zymes) to remove DNA contamination. For PI3K/AKT/mTOR in-
hibitors, RNA-seq libraries were prepared using the QuantSeq-Pool
Sample Barcoded mRNA Seq Library Prep Kit (Lexogen) and se-
quenced at 1.4 pmol/L with 1% PhiX on a NextSeq 500 system
(Mlumina) with a high-output 1 x 75 run. Reads were mapped to
the human genome using Tophat, and gene expression counts were
generated with HTSeq. For the MEK1/2 inhibitor, libraries were
prepared using the TruSeq Stranded mRNA Sample Preparation Kit
(Illumina) and sequenced on the NextSeq 500 system with a single-
end read length of 75 bp, producing an average of 20 million
indexed reads per sample. Sequencing reads were analyzed using the
alignment-free Sailfish method. Differential gene expression (DGE)
analysis for all conditions was conducted using DESeq2, with sig-
nificance defined as an adjusted P < 0.05 and a fold change
(FC) >1.5.
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Western blotting

Following the indicated treatments, cells or spheroids were
washed three times with PBS, and 100 to 200 puL of Laemmli lysis
buffer [0.125 mol/L Tris-HCI (pH 6.8), 10% glycerol, and 2.3% SDS]
was added. Cell lysates were then sonicated and centrifuged at
20,000 g for 15 minutes at 4°C, and the supernatants were trans-
ferred to new tubes. Protein concentration was measured using the
DC Protein Assay Kit (Bio-Rad) following the manufacturer’s
instructions. Lysates were mixed with reducing sample buffer
[0.5 mol/L Tris-HCl (pH 6.8), 43% glycerol, 9.2% SDS, 5% 2-
mercaptoethanol, and 5% bromophenol blue] and boiled at 95°C
for 5 minutes. Proteins (20-40 ug per well) were separated by
SDS-PAGE, transferred onto 0.2-um nitrocellulose membranes
(#162-0115, Bio-Rad), blocked with 5% (w/v) milk/BSA in PBS
with 0.5% Tween-20, and incubated overnight at 4°C with pri-
mary antibodies. After three washes with blocking bulffer,
membranes were incubated for 1 hour at room temperature with
secondary antibodies and then washed six times with PBS con-
taining 0.5% Tween-20. Blots were detected using the Clarity
Western ECL Substrate (#1705062, Bio-Rad) and visualized with
the iBright CL 750 system (Thermo Fisher Scientific). Antibodies
and dilution ratios are listed in Supplementary Table S3.

Decellularized ECM extraction

Decellularized ECM was prepared as described previously (31).
Briefly, six-well plates or p-slide eight-well microplates (#80806,
Proxylab) were pretreated with 0.2% gelatin solution (#G9391,
Sigma-Aldrich) for 1 hour at 37°C, followed by incubation with 1%
glutaraldehyde (#G6257, Sigma-Aldrich) for 30 minutes at room
temperature. After three washes with PBS, plates were incu-
bated with 1 mol/L ethanolamine (#E9508, Sigma-Aldrich) for
30 minutes at room temperature and washed again three times
with PBS. CAFs were seeded at a density of 1 x 10° cells/mL in
six-well plates or 2 x 10* cells/mL in eight-well microplates in
media containing 50 ug/mL ascorbic acid (L-ascorbate, #A4034,
Sigma-Aldrich), with or without 10 nmol/L Tram. Cells were
cultured for 8 days, with media changed every other day.
Decellularization was performed by removing cells with an ex-
traction buffer (0.5% Triton X-100 and 20 mmol/L NH40OH in
PBS), followed by multiple PBS washes and treatment with 10 ug/
mL DNase (#9003-98-9, ITW Reagents) for 30 minutes at 37°C.
The decellularized ECM was then collected for proteomics
analysis or immunofluorescence (IF) staining.

Colony formation assay

Colorectal cancer cells were seeded at 1 x 10° cells/mL on the top
of decellularized ECM derived from either CAFs or Tram-treated
CAFs and cultured for 7 days to allow colony formation. Colony
formation was assessed using crystal violet staining.

In vivo animal studies

Animal experiments were carried out in accordance with the
regulatory guidelines of the Ethics Committee of the Ghent
University Hospital. Female BALB/cBY] (RRID: IMSR_JAX:
001026) mice of 5 to 6 weeks old (Charles River Laboratories)
were intraperitoneally injected with 1 x 10> CT26-Luc. One
week after inoculation, mice were randomized into two groups
with equal average bioluminescent signal, and treatment was
initiated. Mice received treatments three times per week: Eve
(5 mg/kg) or Tram (1 mg/kg; kindly provided by Novartis in
nonclinical research collaborations and consortiums) was
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Figure 1.

scRNA-seq reveals two distinct subtypes of colorectal CAFs and their associations with clinical characteristics. A, Overview of the workflow for
integration and downstream processing of five public colorectal cancer scRNA-seq datasets. B, UMAP plots of the integrated scRNA-seq dataset
showing the major cell types (left) and an enlarged view of the fibroblast population separated into NFs and CAFs (right). C, UMAP plot of the extracted
CAF population showing the annotation of a myCAF, iCAF, and intermediate subset. D, DGE between myCAFs and  (Continued on the following page.)
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administered by oral gavage in a vehicle solution (0.5% meth-
ylcellulose and 0.2% Tween-80 in distilled water). The control
group received the vehicle alone. Bioluminescence imaging (BLI)
was performed weekly for follow-up. On day 14 or day 21, mice
were sacrificed, and omental and mesenteric metastatic tumor
tissues were collected for histologic analysis.

IF staining
Tissue sections

Formalin-fixed, paraffin-embedded (FFPE) mouse tumor sections
(5 um) were deparaffinized, subjected to heat-mediated antigen
retrieval, and then rinsed in PBS. Samples were permeabilized and
blocked for 1 hour in blocking buffer (1% BSA, 0.2% Tween-20 in
PBS) and incubated overnight at 4°C with primary antibodies. After
two washes with PBS containing 0.3% Tween-20, fluorescent sec-
ondary antibodies were applied for 1 hour at room temperature,
followed by three additional washes with PBS containing 0.3%
Tween-20. Nuclei were stained with DAPI for 15 minutes at room
temperature. Sections were mounted with Fluoromount (#F4680,
Sigma-Aldrich) and coverslipped. Images were acquired on Cytation
5 imaging system (BioTek, Agilent) and Pannoramic 250 Flash IIT
digital slide scanner (3DHISTECH).

Cells and decellularized ECM

CAFs were seeded at 3 x 10° cells/mL in p-Slide eight-well
microplates and cultured overnight. The following day, cells were
treated with or without Tram (10 nmol/L) for 48 hours, fixed with
4% paraformaldehyde, washed with PBS, and permeabilized in 0.2%
Triton X-100 in PBS for 10 minutes at room temperature. CAFs and
decellularized ECM were blocked for 1 hour with blocking buffer
[0.5% BSA, 0.02% Triton X-100, and 1:100 goat serum (#¥X090710-8,
Agilent Technologies) in PBS], followed by overnight incubation at
4°C with primary antibodies. After three PBS washes, fluorescent
secondary antibodies diluted in blocking buffer were applied for
3 hours at room temperature, followed by three additional PBS
washes. Nuclei were stained with DAPI for 15 minutes at room
temperature, and samples were mounted in polyvinyl alcohol
mounting medium (#10981, Sigma-Aldrich). Confocal images were
acquired on a Zeiss LSM 880 with Fast Airyscan. All antibodies and
dilutions are listed in Supplementary Table S3.

Immunohistochemistry

IHC was performed on 5 pum sections of FFPE peritoneal
metastatic tumor tissues from CT26-Luc xenografts. Deparaffi-
nization and antigen retrieval were carried out by heat treatment.
The IHC procedure was performed using the ultraView Uni-
versal DAB Detection Kit (#760-500, Ventana) on an automated
staining instrument (BenchMark ULTRA IHC/ISH System,
Roche). Primary antibodies and dilution ratios are listed in
Supplementary Table S3.

The Plasticity of Cancer-Associated Fibroblasts

scRNA-seq analysis

scRNA-seq data were analyzed from both publicly available
datasets and PDTFs. PDTF raw sequencing data were processed
with Cell Ranger multi v7.2.0 (10x Genomics) using the probe set
v1.0.1 for GRCh38-2024-A. All datasets were analyzed in R v4.2.2
(RRID: SCR_002394) using the Seurat package v5.3.0 (RRID: SCR_
016341). For publicly available data, cells were filtered using dataset-
specific thresholds: Qian and colleagues (32), 500 to 6,000 detected
genes, <40,000 counts, and mitochondrial content <15%; Lee and
colleagues (33), 300 to 5,200 genes, <35,000 counts, and mito-
chondrial content <10%; Uhlitz and colleagues (34), 500 to
4,500 genes, <35,000 counts, and mitochondrial content <10%; Li
and colleagues (35), 500 to 6,500 genes, <2,500,000 counts, and
mitochondrial content <10%; and Zhang and colleagues (36),
500 to 6,500 genes, <35,000 counts, and mitochondrial content <10%.
For PDTFs, cells with <200 genes or outliers (>5 MADs for counts/
genes or >15 MADs for mitochondrial proportion) were excluded.
After quality control, data were log-normalized, variable genes were
identified, and expression values were scaled. Batch effects across
patients and datasets were corrected using the Harmony R package
(RRID: SCR_022206). Dimensionality reduction was performed by
principal component analysis, followed by Uniform Manifold Ap-
proximation and Projection (UMAP) embedding (first 26 corrected
PCs for public datasets, 11 PCs for PDTFs). Clustering was performed
with a nearest-neighbor approach, and cell types were annotated
using canonical marker genes (37).

Fibroblasts were extracted from both public datasets and PDTFs
for further analysis. In the public datasets, fibroblasts were sub-
clustered into myCAFs and iCAFs based on characteristic markers
and expression profiles. For PDTFs, fibroblasts were subclustered by
treatment versus control conditions. Differentially expressed genes
between fibroblast subsets were identified with the Seurat “Find-
Markers” function (log, FC >2, percentage difference >0.2), and the
top 30 upregulated and downregulated genes defined myCAF and
iCAF signatures. Pathway activity was assessed using the UCell
package (RRID: SCR_027109) with Kyoto Encyclopedia of Genes
and Genomes (KEGG), HALLMARK, PID, and REACTOME gene
sets from the Molecular Signatures Database (MSigDB; https://www.
gsea-msigdb.org/gsea/msigdb). Pathway activity scores were com-
pared using generalized linear models, with results visualized as
heatmaps, volcano plots, or violin plots.

Dataset analysis

The microarray and RNA-seq STAR count data were converted
to log, (TPM + 1) data. myCAF and iCAF scores were calculated
using the myCAF and iCAF gene sets defined in this article and
applying the ssGSEA algorithm from the GSVA R package (RRID:
SCR_021058; ref. 38). Kaplan-Meier survival analyses were con-
ducted using the survival and survminer R packages (RRID: SCR_
021094), with continuous variables in the survival data split at the
median. P values were calculated using the log-rank test.

(Continued.) iCAFs across five different datasets. The upregulated and downregulated genes, characterized by an absolute log, (FC) >2 and a
percentage difference >0.2, define the myCAF (blue) and iCAF (red) gene signatures. E, Kaplan-Meier curves showing the prognostic value of myCAF
and iCAF scores on relapse-free survival in patients with colorectal cancer (n = 557, GSE39582 dataset). The P value was calculated using the log-rank test. F, Bar graphs
displaying the distribution of the four CMS subtypes, categorized by high and low myCAF and iCAF signatures in the GSE39582 dataset. G, Box plots comparing the
myCAF and iCAF scores in different tumor stages in the GSE39582 dataset. The P value was determined using the Wilcoxon test * P < 0.05; **, P < 0.01; ***, P < 0.007;
*** P < 0. 000T; ns, nonsignificant. H, Pathway enrichment analysis comparing iCAFs (red) vs. myCAFs (blue). The x-axis shows the t value of the UCell score
derived from a linear model, and the y-axis and circle size represent the —log;o adjusted P value. Pathways were annotated from Hallmark (H), KEGG (K),
Reactome (R), and PID (P) databases. A, Created in BioRender. Xia, Z. (2025) https://BioRender.com/53ee380.
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Figure 2.

CAF phenotypic switching by pharmacologic targeting of crucial signaling nodes. A, A schematic summary of screening experiments. Colorectal CAF were
exposed to 16 targeted treatments and evaluated by functional assays, Luminex analysis, and proteomics. B, Spider plots illustrating six functional phenotype
metrics in CAFs with and without inhibitors treatment. Axes represent Z-scores for cell death, ATP content, contractility, migration, and outgrowth. A higher
Z-score indicates a higher metric value. C, Heatmap displaying Z-scores of iCAF-related cytokines in the supernatant of CAFs treated with various inhibitors for
5 days, measured by Luminex analysis. D, GSEA of iCAF and myCAF signatures using proteomics data from CAFs treated (Continued on the following page.)
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Gene set enrichment analyses

Gene set enrichment analysis (GSEA) was performed using the
org.Hs.eg.db (RRID: SCR_024739) and clusterProfiler (RRID: SCR_
016884) R packages (39). Preranked list of genes from the DGE
analyses were used with gene sets defined based on previous studies
(e.g., myCAFs, iCAFs, and IFN"CAFs; refs. 13-15, 40-43) or ob-
tained from the MSigDB database.

Statistical analysis

Z-scores were calculated in Excel (v.2510) for the phenotypic
screening results and the Luminex data analysis using the formula
Z = (x — p)/o, in which x is the value of each replicate, y is the
mean of the control condition, and ¢ is the standard deviation of the
control condition. Experimental data were analyzed using GraphPad
Prism 9 software (RRID: SCR_002798), whereas bioinformatic an-
alyses were conducted in R (version 4.2.2). Statistical comparisons
were performed using unpaired Student ¢ test or ANOVA tests for
comparisons among three or more groups. The Wilcoxon test was
used to compare UCell signature scores between myCAFs and
iCAFs, and Spearman correlation analysis was performed to assess
the correlation between different variables. P < 0.05 was considered
statistically significant.

Results

scRNA-seq reveals distinct subtypes of colorectal CAFs and
their associations with clinical characteristics

To investigate the role of CAF subtypes in colorectal cancer
progression, we integrated five recently published scRNA-seq
datasets (GSE144735, GSE81861, GSE146771, GSE166555, and
E-MTAB-8107; Fig. 1A; Supplementary Table S5 for the number of
cells analyzed, and Supplementary Table S6 for associated metadata;
refs. 32-36). UMAP cluster annotation according to the original
datasets was performed to validate the batch correction (Supple-
mentary Fig. SIA). Major cell types were identified and clustered
based on specific marker expressions. Fibroblasts were further di-
vided into normal fibroblasts (NF) and CAFs, with CAFs subse-
quently subclustered according to their distinct gene expression
profiles (Fig. 1B and C; Supplementary Fig. S1B and S1C; Supple-
mentary Table S7). Current data indicate that certain CAF sub-
populations exhibit similar features and gene-expression signatures
across various cancer types. Based on the expression of established
gene sets (4, 13-15, 40-42, 44, 45), CAF subclusters were classified
as myCAFs, among others marked by ACTA2, TAGLN, ACTG2,
MYLY, and MYLK expression; iCAFs, among others marked by
CFD, DPT, C7, PDGFRA, and CXCLI2 expression; and “interme-
diate” CAFs with an intermediate expression of the specific myCAF
and iCAF markers (Supplementary Fig. S1D and S1E). DGE analysis
between myCAFs and iCAFs was performed (Fig. 1D; Supple-
mentary Table S8). The top 30 upregulated and downregulated
genes, selected based on log, FCs and differences in the percentage
of expressing cells, were used to establish the myCAF and iCAF
gene signature sets (Supplementary Table S8).

The Plasticity of Cancer-Associated Fibroblasts

To assess the clinical relevance of CAF subtypes, we used the
myCAF and iCAF gene signature sets to stratify patients into high
and low myCAF/iCAF groups. Kaplan-Meier analysis of the
GSE39582 dataset (n = 557) showed that patients with colorectal
cancer with low scores for either myCAF or iCAF exhibited sig-
nificantly higher relapse-free survival rates (Fig. 1E). In the Cancer
Genome Atlas (TCGA)-COAD (n = 288) and GSE17536 (n = 176)
datasets, only high myCAF accumulation was associated with
poorer disease-specific survival and OS rates (Supplementary Fig.
S1F-S1I). Furthermore, we found that patients classified under
consensus molecular subtype 4 (CMS4), which is characterized by
high stromal infiltration and the lowest OS rates (46), exhibited a
higher abundance of both myCAFs and iCAFs compared with those
in the CMSI1-3 subtypes (Fig. 1F). Moreover, both myCAF and
iCAF scores were higher in patients with poor prognostic features,
such as advanced American Joint Committee on Cancer stage and
nodal stage. However, only the myCAF signature showed a signif-
icant correlation with advanced tumor stage (Fig. 1G).

Multiple complex signals contribute to the phenotypic hetero-
geneity and plasticity of CAFs. To gain a better understanding of the
mechanisms driving the formation of these two distinct CAF pop-
ulations in colorectal cancer, we focused on identifying the signaling
pathways enriched in their respective phenotypes. Consistent with
previous findings (13), the analysis of signaling-related gene signa-
tures revealed a striking contrast between iCAFs and myCAFs
(Supplementary Table S9). Several well-known pathways, including
focal adhesion, smooth muscle contraction, and ECM-related
pathways, were significantly enriched in myCAFs. In contrast, in-
flammatory pathways such as NF-kB, IL6/JAK/STATS3, chemokine/
cytokine signaling, and the complement cascade were more preva-
lent in iCAFs (Fig. 1H). Additionally, myCAFs were enriched for
pathways involving activation of integrin, TGFp, WNT, and PI3K/
AKT/mTOR signaling. They also showed higher representation in
pathways related to mechanical signal transduction, such as focal
adhesion kinase (FAK), Rho-Rho-kinase (ROCK), and CDC42.
Conversely, we found that iCAFs were enriched in pathways asso-
ciated with FGF/FGFRI, IL1, and MAPK/ERK activation (Fig. 1H).

CAF phenotypic switching by pharmacologic targeting of
crucial signaling nodes

To better understand the signaling pathways involved in CAF
phenotypic modulation, pharmacologic screening was performed by
targeting major signaling pathways in human CAFs from colorectal
cancer tissues. In total, we collected four CAF cultures from primary
colorectal cancer (#2, #5.1, #5.3, and #6), as well as one CAF culture
from colorectal cancer peritoneal metastasis (#16). Mesenchymal
origin was confirmed by assessing morphotype, aSMA, and
vimentin expression (Supplementary Fig. S2A and S2B). One
early-passage patient-derived CAF culture (#5.3) was immor-
talized with hTERT, as previously described (25), to enable
faithful long-term experimentation and prevent the emergence of
a senescence-associated secretory phenotype (47). The hTERT-
immortalized CAFs retained fidelity with their parental line

(Continued.) with 16 inhibitors. Volcano plots display the normalized enrichment score (NES) against the log,o of adjusted P values, with adjusted
P < 0.05 indicating significant enrichment. E, UMAP plot of the combined data of PDTFs derived from a colorectal cancer peritoneal metastasis treated with
among Tram, Eve, or DMSO control. The CAF population is highlighted and extracted for further analysis. F, Dot plot illustrating the expression of myCAF/iCAF
markers across different treatment conditions in the CAF cluster of the PDTF scRNA-seq dataset. Dot color represents the average expression level, and dot size
indicates the percentage of cells within the cluster expressing the gene. A, Created in BioRender. Xia, Z. (2025) https://BioRender.com/d66m742.
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(#5.3 vs. #5.3hTERT), as demonstrated by comparable mor-
phology, vimentin expression, and expression of common CAF
markers (Supplementary Fig. S2B-S2D). This hTERT CAFs was
used for subsequent studies, whereas early-passage patient-
derived cultures were used to confirm the major findings (Sup-
plementary Fig. S2E-S2H).

In vivo, CAFs are arranged in a multilayered network pattern. To
replicate this organization in vitro, we utilized CAF cell aggregates
formed into spheroids based on our previous expertise (26). To
assess the impact of various kinase and nonkinase inhibitors on
CAF phenotypes (Fig. 2A), we conducted a series of functional
assays measuring ATP content, outgrowth, cell death, type I colla-
gen contractility, and invasion. Inherent to the conditions of the
in vitro scratch assay, migration was evaluated under 2D culture
conditions. Metrics were visualized as a spider plot (transformed
into Z-scores), enabling direct comparison of phenotypic changes in
CAFs under different inhibitor treatments (Fig. 2B; Supplementary
Table S10). CAF metabolic activity, assessed by measuring cellular
ATP content, was notably reduced by the PI3K/mTOR inhibitor
Omip and the mTOR inhibitor Eve. CAF metabolic activity was also
slightly inhibited by the BCL-2 inhibitor navitoclax (Nav) and the
HSP90 inhibitor luminespib (Lum). Furthermore, the outgrowth of
CAFs from spheroids was restricted by PI3K/mTOR inhibitors and
the HSP90 inhibitor. CAFs exhibited a notable increase in con-
traction and invasion capacity, significant phenotypic traits of
myCAFs, when treated with Tram, a potent allosteric inhibitor of
mitogen-activated extracellular signal-regulated kinase (MEK)1/2, a
crucial intermediate of the MAPK/ERK pathway. Notably, the
HER?2 inhibitor lapatinib and the MET inhibitor foretinib also en-
hanced the invasive ability of CAFs but did not stimulate contrac-
tion. Interestingly, none of the inhibitors induced cell death,
indicating that CAF exhibit an intrinsic survival program to targeted
(kinase) inhibitors.

iCAFs are characterized by secretion of various inflammatory
cytokines and growth factors that promote cancer cell growth and
modulate the immune landscape within the TME (13, 14, 37). The
supernatant from CAF spheroids treated with different inhibitors
was collected and analyzed using Luminex cytokine profiling on a
panel of 71 human cytokines and chemokines. iCAF-related cyto-
kine concentrations were converted to Z-scores and visualized in a
heatmap. Interestingly, FGF2 secretion from CAFs significantly
increased following treatment with Omip and Eve. Furthermore, the
levels of several inflammatory factors, including IL1p, ILla, and
CXCL12, were elevated in the CM from CAFs following treatment
with PI3K/mTOR inhibitors (Fig. 2C; Supplementary Fig. S2F).

The Plasticity of Cancer-Associated Fibroblasts

CAF spheroids were treated in triplicate with various inhibitors
and subsequently collected for proteomic analysis. Among these
inhibitors, Tram significantly increased the presence of proteins
implicated in contractility, including ACTA2, TAGLN, MYL9, and
MYLK and the matrix protein COL3A1 (Supplementary Fig. S3A).
In contrast, Eve and Omip treatment reduced these contractile and
matrix proteins while increasing the abundance of inflammatory
cytokines and growth factors such as IL1B, IL33, LIF, CXCL1, and
FGF2. Additionally, Nav and Lum also led to increased expression
of several inflammatory proteins. Similarly, immunoblot analysis of
aSMA expression (encoded by ACTA2) in CAFs treated with seven
different inhibitors confirmed a significant reduction in aSMA levels
with PI3K/AKT/mTOR inhibitors, whereas levels increased dra-
matically with the MEK inhibitor (Supplementary Fig. S3B). To
further validate the phenotypic alterations in CAFs following
treatment with inhibitors, we compared the proteomics data of
CAFs with the integrated iCAF/myCAF gene signatures established
in Fig. 1D, as well as signatures derived from three previous studies
(Fig. 2D; refs. 13-15). GSEA revealed that Omip, Eve, Lum, and
Nav significantly induced an iCAF phenotype. Each of these four
inhibitors exhibited inhibitory effects on either CAF metabolic ac-
tivity or outgrowth (Fig. 2B). In contrast, CAFs treated with Tram
exhibited positive enrichment for myCAF signatures, whereas the
ROCK inhibitor Y-27632 seemed to inhibit the myCAF pheno-
types. Interestingly, nintedanib and lenvatinib, broad-spectrum
tyrosine kinase inhibitors with activity against PDGFRs, FGFRs,
and VEGFRs, suppress both the myCAF and iCAF phenotypes.

To validate the key findings obtained with MEK and PI3K/mTOR
inhibition in the hTERT culture, we used the early-passage patient-
derived cultures (Supplementary Fig. S2A and S2B). These experi-
ments reproduced the patterns observed in the hTERT culture:
treatment with Eve or Omip consistently induced iCAF marker
expression and enhanced secretion of proinflammatory cytokines
(Supplementary Fig. S2E and S2F). In contrast, Tram promoted the
expression of myCAF markers and stimulated a contractile phe-
notype (Supplementary Fig. S2G and S2H), thereby reinforcing the
distinct functional outcomes of PI3K/mTOR versus MEK inhibi-
tion. Further proof-of-concept confirmation was obtained by an
ex vivo treatment of PDTFs, in which CAFs maintain a spatial
configuration embedded within their native TME architecture. Perito-
neal metastases from colorectal cancer are particularly stroma-rich,
containing higher levels of CAFs than primary tumors (48), making
them an ideal model to assess the impact of pharmacologic interven-
tions on CAF phenotypes in colorectal cancer. PDTFs were established
from resected peritoneal metastatic lesions of one patient with

(Continued.) phenotype associated proteins are labeled. Differentially abundant proteins were determined based on an absolute log, (FC) value >1 and
P < 0.05 between the two groups. C, Heatmap depicting the GSEA of significantly enriched gene sets in CAFs treated with Eve or Omip. Significant enrichments
were identified based on normalized enrichment score (NES) with an absolute value >1 and FDR <0.05. D, GSEA plots illustrating the Hallmark_
mTORC] signaling pathway, comparing myCAF and iCAF populations in integrated scRNA-seq datasets. E, gRT-PCR analysis of myCAF and iCAF marker
expression in CAFs treated with Omip (100 nmol/L), Eve (1 umol/L), and uprosertib (1 umol/L) for 24 hours. Data were analyzed using unpaired Student ¢ test,
comparing each treatment group with the DMSO control. F, Experimental layout of the tumor spheroid growth (assay A), collagen gel invasion (assay
B), and neutrophil transwell migration (assay C). G, Two colorectal cancer spheroids treated with control medium (DMEM), CM from CAFs (CAF-CM),
or CM of CAFs pretreated with Eve (Eve-CAF-CM). Representative images and the corresponding quantification of spheroid proliferation under each
condition. H, Evaluation of neutrophil migration toward CAF-CM or Eve-CAF-CM. Each dot corresponds to results using neutrophils from one healthy donor.
Statistical significance was established using unpaired Student t test, with each group normalized and then compared with the CAF-CM
group. I, Longitudinal BLI monitoring tumor growth in a CT26-Luc peritoneal metastasis mouse model treated with vehicle or Eve (5 mg/kg).
Representative BLI images are shown, along with the quantification of total luminescent radiance (photons/second/cm?/steradian) emitted from the
peritoneal cavity (n = 5 per group). Data were analyzed using unpaired Student t test on day 14. J and K, Representative IHC images and quantification of
IL1p and aSMA staining (J), as well as CD11b and Ly6G staining (K), of vehicle- and Eve-treated tumor sections from omentum and mesentery metastasis
(Scale bar, 25 um). Data were analyzed using unpaired Student ¢ test. The results are presented as the mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.007;
**** P < 0.0001; ns, nonsignificant. F, Created in BioRender. Xia, Z. (2025) https://BioRender.com/y43s102.
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colorectal cancer and ex vivo treated with vehicle, Tram, or Eve. PDTFs
from each condition were harvested for scRNA-seq (Supplementary
Fig. S3C). Resulting UMAP clusters were annotated to cell types using
canonical markers (Fig. 2E), and the CAF cluster was extracted for
further analysis. Hallmark pathway analysis confirmed that Tram sig-
nificantly downregulated MAPK activity in CAFs, whereas Eve selec-
tively reduced PI3K/mTOR and mTORCI signaling and upregulated
MAPK signaling (Supplementary Fig. S3D). Consistent with results
from CAF aggregate cultures, scRNA-seq demonstrated induction of
myCAF markers following Tram treatment, whereas iCAF markers
showed increased abundance in response to Eve (Fig. 2F).

PI3K/mTOR inhibition mediates a phenotypic switch toward
an iCAF subtype

Dysregulation of the PI3K/AKT/mTOR signaling pathway is seen
in 40% to 60% of patients with colorectal cancer and presents an
attractive therapeutic target (49, 50). Additionally, the PI3K/AKT/
mTOR pathway primarily promotes the transition of various pre-
cursor cell types into CAFs (22). A significant inhibition of CAF
metabolic activity was observed upon blocking the PI3K/mTOR
pathway without induction of cell death (Figs. 2B and 3A). Volcano
plot analysis of CAF spheroids treated with Eve and Omip revealed
a reduction in myCAF-associated proteins and an induction of
iCAF-related inflammatory factors, which support the Luminex data
(Figs. 2C and 3B; Supplementary Fig. S3A). Consistently, GSEA
revealed strong enrichment of signatures associated with inflam-
matory pathways—including TNFa/NF-kB, inflammatory response,
cytokine activity, and the complement cascade—in Eve- and Omip-
treated CAFs, all of which were also upregulated in iCAFs. In
contrast, myCAF-related pathways, such as muscle contraction and
focal adhesion, along with cell cycle and DNA replication pathways,
as well as PI3K/AKT/mTOR and mTORCI signaling, were signifi-
cantly downregulated (Fig. 3C; Supplementary Fig. S4A). In
agreement with Fig. 1H, analysis of CAF from five integrated
scRNA-seq datasets of human colorectal cancer revealed that PI3K/
AKT/mTOR and mTORCI signaling were selectively elevated in
myCAF compared with iCAF (Fig. 3D; Supplementary Fig. S4B).
qRT-PCR analysis of CAFs further confirmed that blockade of the
PI3K/AKT/mTOR pathway led to increased levels of iCAF markers
(IL1A, ILIB, CXCL1, CXCL5, IL6, and LIF), with no change in
myCAF markers (ACTG2 and COLIAI; Fig. 3E). Moreover, GSEA
of bulk RNA-seq data confirmed that PI3K/AKT/mTOR inhibition
in CAF cultures significantly enriched iCAF signatures while
downregulating myCAF signatures (Supplementary Fig. S4C).

We next investigated whether Eve-treated CAFs affect colorectal
cancer cell behavior by assessing the growth and invasion of colo-
rectal cancer cells in 3D spheroid assays (Fig. 3F). Consistent with
previous studies, CM from CAFs (CAF-CM) alone significantly
promoted 3D colorectal cancer spheroid growth (Supplementary
Fig. $4D). Tumor spheroids exposed to CM from CAFs pretreated
with Eve (Eve-CAF-CM) grew even larger (Fig. 3G) and showed
more invasion into type I collagen (Supplementary Fig. S4E) com-
pared with those treated with CAF-CM. CXCL1, known to be a
crucial chemokine implicated in the recruitment of neutrophils, was
observed to be dramatically upregulated in CAFs following PI3K or
AKT or mTOR inhibitor treatment (Fig. 3B and E). We then ex-
amined the impact of Eve-CAF-CM on neutrophil migration
in vitro (Fig. 3F). The attraction of human PMN leukocytes (PMNs
or neutrophils) was significantly enhanced by CAF-CM (Supple-
mentary Fig. S4F and S4G), and this effect was further markedly
increased by Eve-CAF-CM (Fig. 3H).

3050 Cancer Res; 86(12) June 15, 2026

To further evaluate the role of mTORCI signaling in CAFs
in vivo, we administered the mTOR inhibitor Eve to tumor-bearing
mice using the syngeneic CT26-Luc colorectal cancer peritoneal
metastasis model. Treated mice exhibited an increased tendency for
tumor growth/peritoneal metastasis on day 14, although this was
not statistically significant (Fig. 3I). Interestingly, Eve significantly
increased IL1P expression in stromal regions between the epi-
thelial cell nests, whereas aSMA levels were significantly reduced
in both omental and mesenteric metastases (Fig. 3J; Supple-
mentary Fig. S4H). This suggests that mTOR inhibition may
drive a shift in the CAF population from a myCAF phenotype to
a more iCAF state. To confirm that there is a shift in CAF
phenotype rather than a specific killing of the myCAF pop-
ulation, co-IF with aSMA and IL1p was performed. This showed
a dual positivity for aSMA and IL1f in the CAFs, confirming the
phenotypic shift (Supplementary Fig. S4I). Consistently, the in-
filtration of neutrophils was significantly increased in both
omental and mesenteric metastases of Eve-treated mice, as
shown by the CD11b and Ly6G levels (Fig. 3K). Together, these
findings support the conclusion that PI3K/AKT/mTOR pathway
inhibitors induce the iCAF phenotype, thereby enhancing neu-
trophil migration.

PI3K/mTOR inhibition induces iCAF phenotype through
FGF2/FGFR pathway activation

The marked increased expression and release of FGF2 (Figs. 2C,
F, and 3B) may serve as a compensatory mechanism to counteract
PI3K/mTOR inhibitor reduced metabolic activity as measured by
ATP content. Interestingly, Chen and colleagues (45) and Ma and
colleagues (41) demonstrated increased expression of FGF2 and
FGF7 in iCAFs in bladder cancer. Consistent with their findings, we
also observed higher expression levels of FGF2 and FGF?7 in fibro-
blasts compared with other cell types in colorectal cancer, particu-
larly in iCAFs. Furthermore, FGFRI was more abundantly expressed
in iCAFs compared with myCAFs (Fig. 4A; Supplementary Fig.
S5A). FGFR1 binds FGF, including iCAF-derived FGF2 and FGF7.
In agreement, adding an FGF2-neutralizing antibody to PI3K/
mTOR inhibitor-treated CAF further suppressed CAF ATP content,
suggesting that PI3K/mTOR inhibitor-induced elevation of FGF2
supports CAF metabolic activity (Supplementary Fig. S5B). Addition-
ally, FGFs have been shown to induce an iCAF phenotype (51, 52).
Similarly, we observed that recombinant FGF2 (thFGF2, 1 ng/mL)
increased iCAF marker levels and decreased myCAF marker expression
(Fig. 4B). Moreover, FGFR1 phosphorylation and IL1( levels were
significantly increased in CAFs treated with either PI3K/AKT/
mTOR inhibitors or varying doses of rhFGF2 (Fig. 4C). Addi-
tionally, a strong positive correlation was observed between FGF2
and ILIB expressions, as well as the iCAF score in patients with
colorectal cancer from TCGA and GSE39582 datasets (Fig. 4D;
Supplementary Fig. S5C). Blocking the FGF2/FGFRI1 pathway with
a neutralizing antibody or the selective pan-FGFR tyrosine kinase
inhibitor erdafitinib significantly reduced the PI3K/AKT/mTOR
inhibitor-induced upregulation of iCAF markers (Fig. 4E; Sup-
plementary Fig. S5D). This intervention also reversed colorectal
cancer spheroid growth and neutrophil migration stimulated by
Eve-CAF-CM (Fig. 4F-H; Supplementary Fig. S5E and S5F).
Mechanistically, we observed that phosphorylation of FGFRI at
Tyr653/654 and its downstream JAK2/STATS3 signaling, a path-
way critical for iCAF formation, were both increased by PI3K/
AKT/mTOR inhibitors. Blocking FGFR significantly inhibited
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Figure 4.

PI3K/mTOR inhibition induces iCAF phenotype through FGF2/FGFR pathway activation. A, Dot plot illustrating the expression levels of FGFs and their receptors (FGFRS)
across the different CAF subtypes identified in the integrated scRNA-seq dataset. Each dot’s color represents the gene’s average expression level across the cluster,
whereas its size indicates the percentage of cells within the cluster that express the gene. B, MRNA expression of myCAF and iCAF markers in CAFs treated with
recombinant FGF2 (rhFGF2, 1 ng/mL) for 24 hours. Data were analyzed using unpaired Student ¢ test. C, Western blot analysis of Tyr653/654 phosphorylation of FGFRI1
(PFGFRI), FGFR1, and IL1B in CAFs treated with Omip, Eve, Upro, or varying doses of rhFGF2 for 24 hours. a-Tubulin was implemented as a loading control. D, Correlation
analysis between FGF2, IL1B expression, and iCAF scores in patients with colorectal cancer from the TCGA-COAD dataset. Red plotting symbols represent individual
samples. Correlation coefficients (R) and P values were calculated using Spearman’s correlation analysis. E, gRT-PCR analysis of iCAF markers expression in CAFs treated
with Omip, Eve, and uprosertib (Upro), with or without the pan-FGFR inhibitor erdafitinib (500 nmol/L) for 24 hours. F and G, HCTT16 cells were cultured as spheroids and
treated with either control medium, or CAF-CM/Eve-CAF-CM, both in the presence and absence of pan-FGFR inhibitor for 5 days. Representative images (F) and the
corresponding quantification (G) of spheroid proliferation under each condition. H, Evaluation of neutrophil migration toward CAF-CM or Eve-CAF-CM in the presence and
absence of pan-FGFR inhibitor. Each dot corresponds to results using neutrophils from one healthy donor. Statistical significance was established using unpaired Student ¢ test,
with each group normalized and then compared with the CAF-CM group. I, Western blot analysis of pFGFRI, pJAK2/JAK2, pSTAT3/STAT3, and IL1B in CAFs treated with
Omip, Eve, and uprosertib in the presence or absence of pan-FGFR inhibitor for 24 hours. a-Tubulin was implemented as a loading control. Error bars represent mean + SEM
from at least triplicate. *, P < 0.05; **, P < 0.01, *** P < 0.001; **** P < 0.0001.
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Figure 5.

MEK1/2 inhibition mediates a phenotypic shift toward a myCAF subtype. A, GSEA plots illustrating the GO_ERK1/2 cascade, comparing myCAF and iCAF
populations in the integrated scRNA-seq dataset. B, Volcano plots of differentially abundant proteins in CAFs treated with Tram for 5 days. myCAF phenotype
associated proteins are labeled with red color. Differentially abundant proteins were determined based on an absolute  (Continued on the following page.)
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FGFR1 phosphorylation and the JAK2/STAT3 pathway, leading
to disruption of mature IL1p production (Fig. 4I). Collectively,
these data strongly support the notion that the formation of
iCAFs induced by PI3K/mTOR inhibitors is dependent on the
activation of the FGF2/FGFR1 pathway (Supplementary
Fig. S5G).

MEK1/2 inhibition mediates a phenotypic shift toward a
myCAF subtype

Dysregulation and overactivation of the MAPK pathway, also
known as the RAS-RAF-MEK-ERK pathway, are implicated in
approximately one thirds of all cancers, including colorectal cancer.
Targeting this pathway has emerged as a promising therapy (53).
Interestingly, the MAPK/ERK signaling pathway is differentially
enriched in iCAFs compared with myCAFs (Figs. 1H and 5A;
Supplementary Fig. S6A). Following MEK1/2 inhibition by Tram,
CAF spheroids exhibited an increase in myCAF-associated proteins
(Fig. 5B; Supplementary Fig. S3A). Bulk RNA-seq analysis further
confirmed the induction of myCAF marker genes and the down-
regulation of iCAF marker genes in Tram-treated CAFs
(Fig. 5C). Additionally, GSEA exhibited a strong enrichment of
myCAF-related signatures, including smooth muscle contraction,
actomyosin, and actin cytoskeleton, in Tram-treated CAFs (Fig. 5D;
Supplementary Fig. S6B). Collagen gel contraction and invasion
assays demonstrated that CAFs treated with Tram displayed a sig-
nificantly enhanced ability to contract and invade the ECM (Fig. 5E
and F). IF staining revealed significantly higher presence of aSMA
and phospho-myosin light chains 2 (pMLC2; actomyosin contrac-
tility) organized stress fibers, following Tram treatment (Fig. 5G;
Supplementary Fig. S6C). Corroborating with pharmacologic target-
ing of MEK1/2, immunoblot analysis shows that RNA interference-
mediated knockdown of MEKI1, MEK2, or both dramatically
increased aSMA expression (Supplementary Fig. S6D).

To determine the role of MAPK signaling in CAFs in vivo, we
treated tumor-bearing mice with Tram for 20 days using the CT26-
Luc peritoneal metastasis model. Contrary to what was observed in
Eve, BLI showed a significant reduction in tumor growth/peritoneal
metastasis following treatment with Tram compared with vehicle,
although a slight acceleration in growth was observed after 14 days
treatment (Fig. 5H). Histologically, this treatment led to signifi-
cantly increased levels of aSMA in both omental and mesenteric
metastatic niches (Fig. 5I), suggesting that MEK inhibition pro-
motes the induction of myCAFs in vivo.

MEK1/2 inhibition enhances collagen deposition and ECM
remodeling

MyCAFs are characterized not only by actomyosin-mediated
contractility but also by increased ECM remodeling and deposition

The Plasticity of Cancer-Associated Fibroblasts

(13). Indeed, treatment of CT26 peritoneal metastasis bearing mice
with the MEK1/2 inhibitor resulted in a substantial increase in
collagen deposition as revealed by Trichrome and Sirius red staining
(Fig. 6A). Gene Ontology (GO) analysis and GSEA revealed that the
upregulated genes in Tram-treated CAF cultures were associated
with collagen-containing ECM, ECM organization, and extracellular
structure organization (Fig. 6B; Supplementary Fig. S7A). Utilizing
the ECM knowledge database, MatrisomeDB (54), we found that
58 matrisome-associated genes were upregulated and 40 were
downregulated in the Tram-treated group (Fig. 6C). Tram upre-
gulated 26 core matrisome genes in CAFs, including nine collagens
(e.g., COLIAI, COLIA2, COL3A1, and COL4AI), 11 glycoproteins
(e.g., MGP, NTN1, CRISPLD2, MFAP4, and IGFBP5), and six
proteoglycans (e.g., DCN, LUM, and PODN). ECM-affiliated
genes regulated by Tram were linked to cytoskeleton regulation,
including members of the semaphorin-plexin system (e.g.,
SEMA3A, SEMA3B, and SEMAGA). Moreover, 19 upregulated
ECM regulators induced by Tram play prominent roles in ECM
degradation, including members of the matrix metalloproteinase
(MMP) family and their regulators. Collectively, these data in-
dicate that Tram can significantly alter the transcriptional profile
associated with collagen deposition and ECM remodeling
in CAFs.

To further investigate the role of Tram in CAFs involved in
matrix production and remodeling, we extracted and collected
decellularized ECM (Fig. 6D). Mass spectrometry analysis revealed
an overall increase in ECM component deposition in the Tram-
treated group, in concordance with the RNA-seq data (Fig. 6E). The
N-hydroxysuccinimide (NHS)-tagged dye binds ECM proteins via
amine-reactive cross-linking. IF staining with NHS ester shows that
Tram altered matrix alignment, shifting the ECM structure from
anisotropic to isotropic (Fig. 6F). IF staining and immunoblot
analysis of ECM labeled with antibodies against COL1A1, COL3Al,
COL4A1, and fibronectin confirmed a significant increased depo-
sition of collagens in the Tram-treated group, also marked by a
disorganized pattern with larger void spaces (Fig. 6E and F;
Supplementary Fig. S7B and S7C). These ECM structural alter-
ations may be attributed to force-mediated matrix remodeling
(55, 56), driven by Tram-induced enhancement of actomyosin
contractility. In addition, Luminex MMP profiling of a panel of
nine MMPs and four tissue inhibitors of metalloproteinases
(TIMP) revealed a significant increased secretion of MMP10 and
TIMP2 in the supernatant of CAFs treated with Tram for 3 days
(Supplementary Fig. S7D). Lastly, to further explore whether the
ECM remodeled by Tram (Tram-ECM) influenced the behavior
of colorectal cancer cells, colorectal cancer cells were seeded on
top of the decellularized ECM (Fig. 6D). The colony formation
assay showed no major change in the number of colonies but

(Continued.) log, FC value > 1and P < 0.05 between the two groups. C, Heatmap showing the mRNA expression of myCAF and iCAF markers in CAF treated
with Tram for 48 hours. The color of each cell represents the relative abundance of the gene. D, Bar graph showing the top 5 significantly enriched GO terms
across biological process (BP), cellular component (CC), and molecular functon (MF) categories in Tram-treated CAFs, as identified through GSEA of the
proteomics data. Significant enrichments were determined based on NES >1 and FDR <0.05. E and F, Representative images and quantification of collagen gel
contractility (E) and invasion (F) in CAFs treated with DMSO or Tram. Scale bar, 200 um. Statistical significance was determined using unpaired Student ¢ test.
G, Representative images and quantification of the cellular cytoskeleton in CAFs following treatment with Tram or DMSOQ, visualized by aSMA and pMLC2
staining. Nuclei are counterstained with DAPI. Statistical significance was determined using unpaired Student ¢ test. Scale bar, 20 um. H, Longitudinal BLI
monitoring tumor growth in a CT26-Luc peritoneal metastasis model treated with either vehicle or Tram (1 mg/kg). Representative BLI images are shown, along
with the quantification of total luminescent radiance (photons/second/cm?/steradian) emitted from the peritoneal cavity (n = 6 per group). Data were analyzed
using unpaired Student t test on day 14. I, Representative IHC images and quantification of aSMA staining in vehicle- and Tram-treated tumor sections from
omental and mesenteric metastases (Scale bar, 50 um). Data were analyzed using unpaired Student ¢ test. The results represent mean + SEM. **, P < 0.01;

***, P < 0.001; ****, P < 0.0001.
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instead an increased size of the colonies, most probably due to

compared with DMSO-ECM (Fig. 6G). Overall, these experiments
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T T
ECM ECM-Tram

Figure 6.

MEK]1/2 inhibition enhances collagen deposi-
tion and ECM remodeling. A, Representative
images and quantification of hematoxylin and
eosin (H&E), Masson’s trichrome, and pic-
rosirius red staining of CT26-Luc tumor sec-
tions from vehicle- and Tram-treated groups
(n = 6 per group). Scale bar, 100 pm for he-
matoxylin and eosin, 25 um for trichrome and
Picrosirius red. B, Dot plot showing the top
15 GO enrichment terms in Tram-treated CAFs
based on bulk RNA-seq data. Dot size indi-
cates the number of genes overlapping each
GO term, whereas color represents the ad-
justed P values. C, Heatmap illustrating the
mMRNA expression of ECM-related genes in
CAFs treated with Tram or DMSO. The color of
each cell represents the relative abundance of
the gene. D, Experimental layout for the ex-
traction and identification of decellularized
ECM derived from CAFs. E, Volcano plots of
differential ECM-related proteins in decellular-
ized ECM from CAFs treated with or without
Tram for 8 days. Differentially abundant pro-
teins were determined based on an absolute
log, FC value > 1 and P < 0.05 between the
two groups. Red-marked proteins are further
analyzed for spatial organization in the next
panel. F, High-resolution confocal images and
quantification of the decellularized ECM ex-
tract from DMSO- and Tram-treated CAFs, la-
beled with Alexa Fluor 488 NHS Ester and
antibodies against COL1A1, COL3A1l, and
COL4A1. Statistical significance was deter-
mined using unpaired Student t test. Scale bar,
20 pum. G, Representative images and quanti-
fication of colony formation assay for SW480
and HCTT6 cells seeded on decellularized ECM
derived from DMSO- or Tram-treated CAFs. Sta-
tistical significance was assessed using unpaired
Student t test, with results presented as the
mean + SEM. * P < 005 *, P < 001
= P < 0001 *** P < 00001 D, Created in
BioRender. Xia, Z. (2025) https:./BioRender.com/
a69u780.

demonstrated that the MEK1/2 inhibitor enhances matrix pro-
increased colorectal cancer cell proliferation on Tram-ECM  duction and remodeling, with ECM-derived signals supporting
colorectal cancer cell growth.
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Figure 7.

ROCK and IFN signaling cooperate to regulate MEK1/2 inhibitor-mediated actomyosin contractility. A, Western blot analysis of RhoA/ROCK, myosin lla/b,
pPSMAD2/3, aSMA, and YAP/TAZ expression in CAFs treated with various doses of Tram, with TGFp (20 ng/mL) as a positive control. a-Tubulin was used as a
loading control. B, Representative images and quantification of collagen gel contraction assays of CAFs treated with Tram, with or without blebbistatin
(10 umol/L) or Y27632 (10 umol/L). Statistical significance was assessed using ANOVA test. C, GSEA of Tram-treated vs. DMSO-treated CAFs using MSigDB
hallmark gene sets. Left shows the running enrichment scores of the top three significant pathways, whereas right displays a volcano plot of the normalized
enrichment score (NES) against logy of the adjusted P value. D, Western blot analysis of IFNs response signaling pathways in CAFs treated with increasing
doses of Tram. a-Tubulin was used as a loading control. E, Representative images and quantification of collagen gel contraction assays of CAFs treated with
Tram, with or without the JAK1/2 inhibitor ruxolitinib (10 umol/L). Statistical significance was assessed using ANOVA. F, Luminex analysis of human
cytokine/chemokine profiles in supernatants from CAF spheroids treated with or without Tram for 3 days. The heatmap displays the FC ranking of
cytokines between the Tram- and DMSO-treated groups. G, Representative images and quantification of collagen gel contraction assays of CAFs treated
with recombinant TGFB (20 ng/mL), IL1B (20 ng/mL), FGF2 (1 ng/mL), IFNa (20 ng/mL), and IFNy (20 ng/mL). Statistical significance was assessed
using ANOVA. H, GSEA plots for SLC14A1+ irCAF, IFNCAF, and IFNap-myCAF signatures in Tram-treated vs. DMSO-treated CAFs. I, Schematic summary
of the phenotypic switch in colorectal CAFs induced by PI3K/mTOR and MEK1/2 inhibitors. The results represent mean + SEM. **, P < 0.01; ***, P < 0.007;
***+ P < 0.0001.
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ROCK and interferon signaling cooperate to regulate
MEK1/2 inhibitor-mediated actomyosin contractility

Actomyosin contractility in CAFs is driven by the phosphoryla-
tion of MLC2 and the activity of myosin II, downstream of the Rho/
ROCK signaling pathway (55). In this study, immunoblot analysis
showed a significant increase in the expression of RhoA, ROCKI,
myosin ITa, pMLC2, and aSMA in CAFs treated with TGFf (as a
positive control) or varying doses of Tram (Fig. 7A). However, no
increase in phospho-SMAD?2/3, the downstream effector of canon-
ical TGFp signaling, was observed in CAFs treated with Tram.
Additionally, the interaction between actin and myosin II transmits
mechanical cues to the nucleus, with YAP/TAZ transcriptional
pathways functioning downstream of RhoA/ROCK-mediated actin
cytoskeletal rearrangements (56, 57). Notably, we observed in-
creased expression of YAP/TAZ, as well as activation of the FAK
pathway in Tram-treated CAFs (Fig. 7A; Supplementary Fig. S8A).
Furthermore, the increased contractility driven by Tram was
inhibited by the ROCK inhibitor Y-27632 or the myosin II inhibitor
blebbistatin, but not by the TGFP receptor inhibitor SB-431542
(Fig. 7B; Supplementary Fig. S8B), suggesting that Tram induces the
myCAF phenotype independently of TGFp signaling.

GSEA revealed strong enrichment of pathways associated with
interferon (IFN)a and IFNy responses, accompanied by down-
regulation of inflammatory pathways in Tram-treated CAFs
(Fig. 7C). Consistent with these findings, we confirmed the
upregulation of IFN-inducible genes (e.g., IFITI, IFIT3, GBP2,
and CXCLI10), along with activation of the downstream JAK/
STAT signaling cascade in Tram-treated CAFs (Fig. 7D; Sup-
plementary Fig. S8C). Additionally, STATI, a central transcrip-
tion factor in the IFN response pathway, exhibited increased
activation and nuclear translocation in Tram-treated CAFs
(Supplementary Fig. S8D). ROCK and JAK1 kinase cooperate to
induce actomyosin contractility in CAFs (58). Consistently,
Tram-mediated collagen gel contraction was strongly inhibited
by the JAK1 inhibitor ruxolitinib (Fig. 7E), or by RNA
interference-mediated depletion of JAKI, STATI, and STAT2,
but not by depletion of JAK2 (Supplementary Fig. S8E and S8F).
These findings indicate that ROCK and JAK1 mediate Tram-
induced actomyosin contractility.

To further confirm the direct role of IFNs in Tram-treated CAFs,
we observed a significant increased secretion of IFNa2 and IFNy in
the supernatant of CAFs treated with Tram for 3 days, as measured
by Luminex cytokine profiling and further validated by qRT-PCR
analysis (Fig. 7F; Supplementary Fig. S8G). In contrast, some in-
flammatory cytokines, including IL1a, IL1B, IL6, and IL8, were ei-
ther inhibited or showed no change in the Tram-treated groups
(Fig. 7F). scRNA-seq analysis revealed that the receptors for IFNa2
(IFNARI and IFNAR2) and IFNy (IFNGRI and IFNGR2) were
broadly expressed in both myCAFs and iCAFs, with IFNAR2 and
IFENGR?2 selectively higher in myCAFs (Supplementary Fig. S8H).
Additionally, similar to TGFp, IFNa2 and IFNY effectively increased
CAF contractility via activation of the RhoA/ROCK pathway,
whereas IL1P and FGF2 had no effect (Fig. 7G; Supplementary Fig.
S8I). Lastly, we observed an increase in phosphorylated STING,
TBK1, and IRF3 in CAFs following Tram treatment, core molecules
that play a critical role in driving IFN responses (Supplementary Fig.
S$8]). Notably, pharmacologic inhibition of STING/TBK1 blocked
the Tram-mediated activation of JAK/STAT signaling and collagen
gel contraction (Supplementary Fig. S8K and S8L). Several studies
have reported the existence of a subpopulation of IFN-licensed
CAFs characterized by a strong response to IFNs (40, 41, 43). In
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support, we found that IFN"CAF signatures from previous studies
were strongly enriched in Tram-treated CAFs (Fig. 7H), suggesting
that MEK1/2 inhibition regulates this phenotypic switch (Supple-
mentary Fig. S8M).

Discussion

Despite advances in characterizing CAF heterogeneity in PDAC
(13), breast cancer (40, 59), and lung cancer (60), a comprehensive
analysis of colorectal CAFs remains lacking. In colorectal cancer,
two main CAF subtypes have been described—ECM-related CAF-A
and myofibroblast-like CAF-B. However, the relatively small num-
ber of CAFs (30-800 cells) analyzed in prior study may hamper the
detection of the full spectrum of CAF subpopulations (35). In this
study, we analyzed CAF heterogeneity in human colorectal cancer
by integrating five public datasets (>12,000 fibroblasts) into a batch-
corrected atlas, identifying distinct myCAF and iCAF clusters with
divergent signaling. apCAFs were not detected, as CD74 and HLA-
DR were broadly expressed across all CAFs, consistent with known
MHC II expression by colonic fibroblasts in the lamina propria that
enables antigen presentation and Treg induction (61, 62). Our
findings suggest that these resident mesenchymal cells of the colon
may be co-opted by cancer cells to evolve into CAFs. Additionally,
consistent with previous studies (20, 63), we found that both
myCAFs and iCAFs were associated with poor prognostic features
in patients with colorectal cancer. ILI/STAT3 and TGF signaling
have been identified as two opposing pathways driving the forma-
tion of iCAFs and myCAFs, respectively (15). Our findings confirm
the activity of these pathways in colorectal cancer myCAF and iCAF
subpopulations, further suggesting that the key characteristics of
these CAF subsets are conserved across various organs, cancer types,
and species. Additionally, we observed a significant increased
abundance of PI3K/mTOR signaling in myCAFs and marked ele-
vation of MAPK/ERK signaling in iCAFs. Although PI3K/mTOR
and MAPK/ERK signaling drive tumor progression and are thera-
peutic targets in cancer cells, their roles, and drug responses in
CAFs remain unclear.

Early studies show that mTOR inhibition with SOM230 in pan-
creatic CAFs reduces cytokine secretion such as IL6 (64). In this
study, we observed that PI3K/mTOR inhibitors significantly in-
duced the secretion of FGF2 and inflammatory cytokines, in-
cluding IL1p, IL1a, and CXCL12, in CAFs (Figs. 2C and 7I).
GSEA revealed enrichment of the iCAF signature and inflam-
matory response pathways in CAFs treated with PI3K/mTOR
inhibitors. In agreement, treatment with Eve led to a significant
reduction in a-SMA levels, along with downregulation of the
myCAF signature.

The activation of FGF and TGFf pathways was shown to regulate
opposing key effectors in CAFs: TGFp activation drives the myCAF
phenotype, whereas FGF activation promotes the iCAF pheno-
type, enhancing inflammation (51). Consistently, we confirmed
the critical role of FGF in iCAF formation via the FGFR1/JAK2/
STAT3 pathway. Specifically targeting the FGF2/FGFR pathway
in Eve-treated CAFs reduced tumor spheroid growth and neutrophil
infiltration. Although these findings are based on pharmacologic
inhibition, we acknowledge the potential for genetic loss-of-function
as an important complementary strategy. Although 40% to 60%
of patients with colorectal cancer exhibit dysregulation of the
PI3K/AKT/mTOR pathway, the clinical efficacy of Eve in treat-
ing advanced colorectal cancer has been limited (49). Our find-
ings provide a strong rationale for further investigation of
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combined FGEFR inhibition and Eve treatment in both preclinical
and clinical settings.

BRAFV*F mutations are present in approximately 10% of co-
lorectal cancer and confer poor prognosis in the metastatic set-
ting (65). However, unlike BRAF-mutant melanoma, metastatic
colorectal cancer with the same mutations has demonstrated a
significant lack of sensitivity to BRAF or MEK inhibitor mono-
therapy in clinical trials (66). The BRAF inhibitor PLX4720 activates
CAFs, enhancing ECM remodeling and FAK-dependent survival
signaling in melanoma. Coinhibition of BRAF and FAK effectively
blocks ERK reactivation in melanoma (67). MEK inhibition with
Tram in CAFs induces a contractile, myofibroblast-like ECM-
remodeling phenotype (Fig. 7I). In the KRASS'*“-mutant CT26-luc
peritoneal metastasis model, Tram significantly enhanced collagen
deposition and aSMA expression in peritoneal metastatic niches.
Mechanistically, the increased actomyosin contractility induced by
Tram is dependent on ROCK and IFN-stimulated JAK/STAT sig-
naling. scRNA-seq of CAF-S1 isolated from primary breast cancer
has revealed eight distinct subclusters. Notably, within the myCAF,
a subpopulation termed IFNaf myCAF was identified, distinguished
by high expression of genes associated with IFNa/p signaling (40).
Similarly, a comparable Tram-regulated IFN signaling subtype was
observed in CAFs consistent with colorectal cancer cell lines
exhibiting resistant to MEK inhibition (68). In PDAC, combining
MEK and JAK inhibitors reshapes stromal plasticity by suppressing
iCAFs and enriching mesenchymal stem cell-like CAFs, helping
overcome immunotherapy resistance (69). The combination with
anti-PD-1 is currently in a phase 1 trial for chemorefractory met-
astatic PDAC (NCT05440942; ref. 70). Consistent with findings in
PDAC, our study provides a strong scientific rationale for evaluating
MEK and JAK coblockade in colorectal cancer.

In conclusion, our study highlights the remarkable plasticity of
CAFs, enabling them to sense and adapt to stress induced by cancer-
targeted therapies, resulting in phenotypic shifts between distinct
states. These results raise the possibility that the efficacy of standard-
of-care drugs could be enhanced by understanding their impact on
the tumor stroma.

Data Availability

The microarray data analyzed in this study were obtained from the Gene Ex-
pression Omnibus (GEO) repository at (https://www.ncbi.nlm.nih.gov/geo/) under
accession numbers GSE39582 and GSE17536. The RNA-seq gene expression and
clinicopathologic data for colorectal cancer (TCGA-COAD) analyzed in this study
were obtained from TCGA repository at (https://portal.gdc.cancer.gov/). The
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