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Obstructions can occur during any stage of colorectal cancer
and correspond with poor prognosis. Obstructive colorectal
cancer (OCRC) is harder and exhibits increased tumor budding
and proliferation of myofibroblasts compared with non-
obstructive colorectal cancer, suggesting that the occurrence of
obstruction may be related to extracellular matrix (ECM)
remodeling. In this study, we found that colorectal cancer and
OCRC samples differed substantially in ECM composition, spe-
cifically in collagen (newly formed and mature) and proteogly-
cans (including glycosaminoglycan, hyaluronic acid, and
chondroitin sulfate). OCRC also exhibited considerable changes
in ECM biomechanics and collagen arrangement. Interestingly,
OCRC samples presented a notable increase in matrix cancer-
associated fibroblasts (mCAF). The abundance of mCAFs cor-
related with the accumulation of palmitic acid (PA), and high
concentrations of PA increased the secretion of ECM-related
proteins by mCAFs. Additionally, PA did not directly affect
normal fibroblasts but rather activated the NF-kB pathway in
tumor cells to stimulate secretion of CSF1, TGFp1, and CXCLS,
which promoted the activation of normal fibroblasts into mCAFs
and exacerbated ECM stiffening. Drug screening with a natural
compound library identified vanillylacetone as a potential inhibitor
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of PA-induced cytokine secretion and ECM stiffening. These find-
ings highlight intratumoral PA accumulation as a key mechanism
driving ECM alterations and OCRC progression and suggest that
targeting this axis may be useful for treating patients with colorectal
cancer with risk of obstruction.

Significance: Palmitic acid accumulation activates the NF-«kB
pathway in colorectal cancer cells to promote cytokine secretion
that facilitates the generation of matrix cancer-associated fibro-
blasts, driving extracellular matrix remodeling and development
of obstructions.
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Introduction

Colorectal cancer is the third most common cancer and the
second leading cause of cancer-related death, and up to 33% of
patients with colorectal cancer present with symptoms such as ob-
struction, perforation, and bleeding requiring emergency surgical
intervention (1, 2). If obstructive colorectal cancer (OCRC) is not
diagnosed and treated promptly, the mortality rate can reach to 30%
(3). Therefore, OCRC is an important challenge that needs to be
urgently addressed.

Although many clinical studies have reported the poor prog-
nosis of OCRC (4, 5), the related mechanism remains unclear.
Extracellular matrix (ECM) remodeling is associated with the
pathologic phenotype of tumors and facilitates tumor progression.
The constitution, density, and mechanical properties of the
remodeled ECM are substantially altered during tumorigenesis
and metastasis and are closely related to these processes (6-8).
OCRC may be associated with ECM remodeling, as significant
interfibrillar responses have been detected in the plasma mem-
brane of OCRC tissue (9, 10). Compared with colorectal cancer,
OCRC exhibits increased tumor budding and proliferation of
myofibroblasts expressing high levels of alpha smooth muscle
actin (aSMA), leading to increased stromal fibrosis (11). Clinically,
we have observed that excised OCRC samples are harder than
colorectal cancer samples. Therefore, the occurrence of obstruc-
tion may be related to the specificity of ECM remodeling.
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ECM generation, dynamic homeostasis, and remodeling depend
on tumor and mesenchymal stromal cells. Cancer-associated fi-
broblasts (CAF), major cellular components of the tumor micro-
environment (TME), can degrade ECM components and release
growth factors and cytokines to promote ECM production, estab-
lishing a new ecological niche different from that of the physiologic
ECM (12). However, the roles and mechanisms of cell-to-cell sig-
naling within the TME, particularly in ECM remodeling and OCRC
development, remain poorly understood. Biochemical and physical
signals from the ECM influence therapy outcomes (13). Therefore,
finding effective therapeutic agents that target the ECM has practical
clinical implications for OCRC.

To enhance our understanding of OCRC, we examined and
validated the mechanisms leading to OCRC, by comparing OCRC
and colorectal cancer cases in terms of their clinical characteristics
and ECM constitution and structure. Multiomics analysis and drug
screening were used. We expect that these findings will reveal po-
tential therapeutic targets for the comprehensive treatment of co-
lorectal cancer and elucidate the mechanisms of OCRC progression.

Materials and Methods

Human colorectal cancer tissue specimens, clinicopathologic
characteristics, and ethical statement

Patients with colorectal cancer in Wuhan Union Hospital from
2010 to 2016 were included according to the inclusion and exclusion
criteria. The inclusion criteria were as follows: (i) patients with
colorectal cancer confirmed by pathology (UICC Colorectal Cancer
Staging Manual, seventh edition); (ii) patients who underwent re-
section for colorectal cancer; and (iii) patients who were diagnosed
preoperatively with or without colorectal obstruction. The exclusion
criteria were as follows: (i) patients with distant metastasis or in-
vasion of adjacent organs; (ii) patients who underwent RI/
R2 resection; (iii) patients who experienced a tumor rupture; (iv)
patients with severe cardiopulmonary disease or mental disorders;
and (v) patients who did not sign the informed consent.

A total of 1,470 patients were included and divided into an ob-
struction group (OCRC, n = 198) and a nonobstruction group
(colorectal cancer, n = 1,272) on the basis of the presence or ab-
sence of colorectal obstruction. Age, sex, body mass index (BMI),
tumor location, tumor size, tumor-node-metastasis (TNM) stage,
degree of differentiation, perineural invasion (PNI), vascular inva-
sion, and circumferential resection margin data were collected and
followed up at later dates. To further explain the difference in
survival between patients with OCRC and colorectal cancer, we
performed propensity score matching (PSM) analysis. The com-
bined selection of possible variables associated with prognostic
factors in patients with cancer included age, sex, degree of differ-
entiation, T stage, N stage, M stage, tumor site, tumor size, adjuvant
chemotherapy, radiotherapy, carcinoembryonic antigen, CA199,
CA125, and CA724, which were matched by the one-to-one best
matching method on the basis of the logic of a propensity score
within 0.037 calipers. The standardized difference was used to
evaluate the balance of the matched covariates, the acceptable
standardized difference was considered less than 10%, and 150 pairs
of clinical cases were eventually included.

Paraffin-embedded tissue samples were collected from the en-
rolled patients. Additionally, fresh colorectal cancer tissue samples
were collected and preserved separately through paraffin-
embedding and freezing at —80°C. All the collected tissues were
confirmed to be colorectal cancer tissues through postoperative
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pathologic examination. None of the patients received adjuvant
chemotherapy before surgery. The study protocol was reviewed and
approved by the Ethics Committee and Institutional Review Com-
mittee of Wuhan Union Hospital (nos. 2018-S377 and 2024-0830).
All patients provided written informed consent, and all procedures
performed in studies involving human participants were accordance
with the Helsinki Declaration.

Movat pentachrome staining

The staining process was carried out according to the instructions
of Movat-Russell Modified Pentachrome Stain Kit (G3701, Solar-
bio). Briefly, after deparaffinization, the tissue sections were treated
with a fixative solution. After the dewaxed slices were treated with
fixation solution, they were successively subjected to alcian blue
staining, an alkaline ethanol solution, hematoxylin staining solution,
and saffron staining solution. The sections were subsequently
treated with phosphotungstic acid solution and saffron staining
solution. Finally, the tissue sections were dehydrated and sealed with
neutral gum.

Masson staining

Masson staining was performed according to the instructions of
Masson’s Trichrome Stainless Kit (G1340-7, Solarbio). In brief, the
tissue sections were dehydrated and then sequentially treated with
potassium dichromate, iron hematoxylin, Ponceau acid fuchsin,
phosphomolybdate aqueous solution, and aniline blue dye staining
solutions, and the tissue sections were sealed with neutral gum after
dehydration. The collagen volume fraction was calculated from 3 to
5 randomly selected fields per section with Image] (NIH).

Picrosirius red staining and polarizing light microscopy

Picrosirius red staining was performed according to the in-
structions of Picro Sirius Red Kit (MM1004, MaoKang Biotech-
nology). After the slices were dewaxed, they were immersed in Sirius
scarlet dye, dehydrated with anhydrous ethanol, cleared with xylene,
and finally sealed with neutral gum. Changes in mature collagen
fibers (red/orange) and newly formed collagen fibers (yellow/green)
were recorded. To detect red, orange, yellow, and green fibers, the
images were transferred to the HSV color space. The percentages of
red (0-9,230-256), orange (10-38), yellow (39-51), and green
(52-128) pixels in each image were analyzed with Image] software.
The angles of the collagen fibers were measured with the angle tool
in Image], and all the angles were referenced to a horizontal line.
Three images were analyzed for each tissue, and at least 20 collagen
fiber angles were measured per image to calculate the alignment
index (AI). AI = 0 refers to a random orientation, and
Al = 1 describes fully aligned fibers (8).

Safranin O-fast green staining

Safranin fast green staining was carried out according to the in-
struction manual of the Safranin O-fast green cartilage staining kit
(G1371, Solarbio). The paraffin sections were dewaxed, dipped in
Weigert staining solution, fast green staining solution, and safranin
O stain, dehydrated, and sealed with neutral gum.

Oil Red O staining

Oil Red O staining was carried out according to the instruction
manual of Oil Red O Staining Kit (C0157S, Beyotime). The frozen
sections were dried at room temperature, sequentially placed into pre-
pared Oil Red O staining solution, soaking solution, and hematoxylin
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staining solution for staining, placed in hematoxylin blue-returning so-
lution, and sealed with glycerin-gelatin.

Atomic force microscopy

Frozen cryosectioned tissue samples were thawed and washed
with PBS to remove residues of Tissue Tek. The samples were
subsequently examined at room temperature using an atomic force
microscopy (AFM) device (MFP3D-Bio, Asylum Research). Using a
sphere-tip cantilever with a nominal tip radius of 2 pm, a scan area
of 50 x 50 pm?* was selected. The velocity and maximum force of
the force-indentation curve were 20 pm/seconds and 5 nN, re-
spectively. Each force-distance curve was analyzed by the Hertz
model (14-16). Each tissue analysis was repeated three times, and
the average Young modulus was calculated. Statistical significance
was determined with Student ¢ test.

Raman microspectroscopy

All measurements are made using a custom-built inverse Raman
microspectrometer equipped with a near-IR laser diode (85 mW
laser power, 784 nm; ref. 8). The total accumulation time of each
spectrum was 100 seconds when a water immersion objective lens
(60 minutes NA1.2) was used. The collagen-rich regions selected
from serial tissue sections on the basis of the results of tissue
staining were identified by brightfield microscopy. For each tissue
sample, two sections were analyzed, and the mean values were
calculated. Raman wavenumbers, including C-C stretching vibra-
tions (777, 819, 860, and 942 cm™"), were observed, 860/879 cm ™!
(proline/hydroxyproline) values were calculated, the area of the C-O
peak at 1,128 cm ™" was used to assess the glycosaminoglycan (GAG)
content, and the protein-to-GAG ratio was assessed by the Raman

signal ratio at 1,250/1,341 cm™".

Cell lines and cell culture

The human colon cancer cell lines LoVo (cat. #CCL-229, RRID:
CVCL_0399) and SW480 (cat. #CCL-228, RRID: CVCL_0546) and
human umbilical vein endothelial cells (HUVEC, CRL-4053, RRID:
CVCL_9Q53) were purchased from the ATCC. The mouse colon
cancer cell lines CT26 (SCSP-523) and MC38 (SCSP-5431) were
obtained from the National Collection of Authenticated Cell Cul-
tures. These cell lines and primary CAFs were cultured in DMEM
(No. C11995500BT, Gibco) supplemented with high glucose, 10%
FBS (no. 10099141, Gibco), and 1% penicillin/streptomycin. The
cells were cultured at 37°C, with 5% CO, and 95% air. All cell lines
were tested for Mycoplasma contamination every 6 months using
EZ-PCR Mycoplasma Test Kit (Biological Industries). Cell lines are
subcultured every 2 or 3 days, and no cell line was used for more
than 15 passages after thawing from frozen stocks.

Isolation of primary CAFs and normal fibroblasts and
conditioned medium collection

Fresh colorectal adenocarcinoma and adjacent normal tissues
were cleaned 4 to 6 times with sterile PBS containing 3%
penicillin/streptomycin/amphozone and cut into 1 x 1 x 1 mm®
pieces with scissors. Digestion was then performed at 37°C with
2% collagenase IV (C4-BIOC, Sigma-Aldrich), 1% hyaluronidase
(1141MG100, BioFroxx), and DNA I enzyme (1121MGO10,
BioFroxx) for 4 to 6 hours. After digestion, the mixture was
filtered through a 40-micron mesh (BD Falcon) and centrifuged.
Red blood cells were removed from the red blood cell lysis buffer
and cultured in medium. After successful cell expansion, aSMA
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and vimentin were used as markers for immunofluorescence
staining identification (17).

For conditioned medium (CM) analysis, the cells were collected
and inoculated into six-well plates for culture. When the cells
reached 90% confluence, the medium was replaced with fresh
F12 medium without serum, and the culture was continued for
24 hours. The CM was collected, filtered, and stored at —80°C.

FlexCell cyclic tensile strain

Primary CAFs were inoculated in BioFlex six-well plates (FlexCell
Int.) at an initial cell density of 5 x 10* cells/well. After the cell
density reached 70 to 80%, the medium was replaced with fresh
medium. The CAFs were subsequently placed in the FlexCell Ten-
sion Plus FX-5000 system (FX-5000, FlexCell) for cyclic stretching
for 48 hours (0.5 Hz, 15% deformation). The control group con-
sisted of CAFs cultured on BioFlex plates without cyclic stretching.
For CM collection, the medium was changed to serum-free medium
for cyclic stretching for 48 hours.

Western blot, dot blot, IHC staining, immunofluorescence
staining, and tissue multiplex immunofluorescence staining

Tissues or cells were lysed on ice with radioimmunoprecipitation
assay lysis buffer containing 1% protease and phosphatase inhibi-
tors. The cell lysate products were centrifuged (4°C, 12,000 rpm,
15 minutes), and the supernatant was collected. The protein content
was determined with a bicinchoninic acid assay. The obtained
protein was added to 5x loading buffer, heated at 95°C for
10 minutes, and used for Western blot analysis (17). For the dot blot
assay, the obtained tissue or protein lysate was directly applied to a
nitrocellulose blotting membrane, which was subsequently dried at
37°C. The membrane was then blocked with 5% skim milk powder,
and subsequent procedures were consistent with those of Western
blotting. For the IHC staining assay, the paraffin-embedded samples
were sectioned and treated with H,O, and nonspecific antigen
blocking, and the target antibody was added and incubated at 4°C
overnight, followed by incubation with the secondary antibody. The
signals were detected using a DAB staining kit (DA1016, Solarbio).
For the IHC staining analysis, five visual fields were randomly se-
lected from each section. The integrated optical density/area value
of each visual field was calculated with Image], and the average value
was used for comparative analysis. The immunofluorescence and
tissue multiplex immunofluorescence staining methods for tissue or
cells were similar but required incubation under dark conditions and
observation by fluorescence microscopy or confocal microscopy after
4/ ,6-diamidino-2-phenylindole (DAPIL; C1005, Beyotime) staining,
and the cell density was calculated with QuPath software. The detailed
antibody information used in this experiment is shown in Supple-
mentary Table S1.

ELISA

The collected CM and cell supernatants and the serum were
assayed for concentrations of the corresponding indicators using an
ELISA kit (Ruixinbio) according to the instructions. All samples
were tested three or more times. The absorbance (optical density
value) was determined with an enzyme-labeled instrument at a
wavelength of 450 nm, and the concentration of the target protein in
each sample was calculated according to the standard curve.

Cell Counting Kit-8 cell proliferation assay

LoVo and SW480 cell lines were treated with different CMs
containing 10% FBS, with five replicates in each group. Cell
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Counting Kit-8 (CCK-8) solution (C0038, Beyotime) was added to
each well, which contained 2,000 cells. The cells were incubated at
37°C for 3 hours, and the absorbance was measured at 450 nm using
an enzyme marker instrument. The data were monitored continu-
ously for 3 to 5 days and processed with GraphPad Prism
V8.0 software (GraphPad Software Inc.).

Transwell assay

LoVo and SW480 cells were cultured in 24-well transwell plates
with 8.0-um pores (Corning Costar) with/without precoated
Matrigel (BD; diluted 1:1). Colorectal cancer cells (LoVo and
SW480; 3 x 10*) were plated in the top compartment. After
24 hours of culture, the membranes were collected and stained with
a crystal violet solution (G1064, Solarbio). A cotton swab was used
to remove cells that did not migrate or invade through the pores.
The migrating and invading cells in five different fields were
counted and photographed under a microscope.

Coculture system and 3D culture assay

For the colorectal cancer cell coculture system with CAFs/normal
fibroblasts (NF), CMs from different CAF treatments were collected,
and different CMs at a 10% concentration were cultured with co-
lorectal cancer/CAF/NF cells separately according to the experi-
mental requirements. Alternatively, a cell coculture six-well plate
was used, with the two cell types plated in the upper and lower
chambers according to the experimental requirements to observe
the cell interactions.

For 3D culture, 150 uL of Matrigel was spread on a 24-well cell
culture plate and incubated at 37°C for 10 minutes to solidify. Co-
lorectal cancer cells were resuspended in CM containing 10% FBS
for a final concentration of 0.5 x 10° cells/mL, and 150 uL of cell
suspension with 5 pL of Matrigel was added to the abovementioned
24-well plate. After solidification, the cells were incubated with CM
containing 10% FBS, and the cell status was observed daily and
photographed by phase-contrast microscopy.

Wound healing assay

LoVo and SW480 cells were inoculated in six-well culture plates.
When the cell confluence reached 90%, a 200-uL sterile micropipette
was used to make wounds. After incubation with CM for 0 and
24 hours, the gap between the two wound edges was measured. The
mobility was calculated as (initial area—final area)/initial area (17).

Tube formation assay

A 96-well cell culture plate was selected, and 50 pL of Matrigel
was spread in each well and placed in an incubator at 37°C for
10 minutes to solidify. Cell suspensions were made by applying
different CMs containing 10% FBS to HUVECs (CRL-4053, RRID:
CVCL_9Q53), with 2 x 10* cells added to each well, and tube
formation was observed under a microscope after 6 hours. Statistical
software was used for analysis with Image].

RNA extraction and qRT-PCR

Total RNA was extracted from tissues and cells with TRIzol re-
agent (No. 15596026, Invitrogen) and RNApure TissueCell Kit
(CW0584S, CWBIO), and the RNA concentration was determined
using a spectrophotometer. The RNA samples (1 ug) were reverse
transcribed into cDNA using a reverse transcription kit (R323-01,
Vazyme). Super SYBR Green Kit (R223-01, Vazyme) was used to
perform qRT-PCR. Each sample was tested at least three times, and
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the average value was used for data analysis. The primer sequences
for these genes are listed in Supplementary Table S2.

Reactive oxygen species detection

A reactive oxygen species (ROS) assay kit (50033S, Beyotime) was
used for this experiment. DCFH-DA was diluted with serum-free
medium at a concentration of 1:1,000. The medium was removed
after 24 hours of treatment with palmitic acid (PA), the diluted
serum-free medium containing DCFH-DA was added, the cells were
incubated in the dark for 20 minutes, and the medium was removed,
followed by three washes with PBS. Hoechst dye was diluted to a
concentration of 1:1,000, and the nuclei were stained for approxi-
mately 7 minutes. Photographs were taken under a fluorescence
microscope.

Xenotransplantation, orthotopic and lung metastasis
colorectal cancer model

Nude mice were randomly divided into three groups. In the in-
tervention group, CAFs + colorectal cancer cells were injected into
the tail vein at the ratio of 1:1 (cells volume 3 x 10°, respectively),
whereas in the control group, only colorectal cancer cells were in-
jected. CAFs in the intervention group were derived from human
OCRC and colorectal cancer tissues. After 1 month of normal diet,
lung tissue was collected. Hematoxylin and eosin staining was
performed on the lung tissue, and metastatic nodules of lung tissue
were calculated.

C57BL/6, BALB/c and APC™™* mice were purchased and di-
vided into experimental and control groups. The mice in the ex-
perimental group were fed a diet containing 10% PA, and the mice
in the control group were fed a regular diet with an equal amount of
total energy. Two weeks later, C57BL/6 and BALB/c mice were
inoculated with 2 x 10° MC38 (SCSP-5431) and CT26 (SCSP-523)
cells in the right groin, and the dietary treatment was continued.
The subcutaneous tumor volume was recorded every 3 days after
tumor formation, and the tumor volume was calculated according
to the formula (L x W?)/2. The subcutaneous tumors were excised
and weighed approximately 3 to 4 weeks after tumor formation. For
the orthotopic tumor model, after 14 weeks of feeding, the number
of in situ tumors was observed in APC™™* mice ages 4 weeks.

In the validation experiments with vanillylacetone (S2371, Sell-
eck), C57BL/6 and BALB/c mice were used to establish subcuta-
neous tumors in a manner similar to the previously described
method. These mice were divided into control, PA, and PA +
vanillylacetone groups. The dose of vanillylacetone was 25 mg/kg,
which was administered once every 2 days for 2 to 3 weeks. The
volume and weight of the subcutaneous tumors were then assessed.
All the animal studies were conducted in accordance with the
guidelines approved by the Animal Experimental Ethics Committee
of Tongji Medical College, Huazhong University of Science and
Technology, China (Institutional Animal Care and Use Committee,
no. 2022-3049).

Digital spatial profiling

Paraffin-embedded slides prepared from OCRC, colorectal can-
cer, and normal tissues were subjected to immunofluorescent an-
tibody staining to identify tissue morphology: CAFs (anti-aSMA
antibody), epithelial cells (anti-PanCK antibody), and nuclei
(Sytol3 stain). The stained slides were loaded into the GeoMx in-
strument for scanning. Multiple circular regions of interest (ROI)
with a diameter of 500 pm were selected for each tissue core. Oli-
gonucleotide tags within these ROIs were then excised under
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ultraviolet light irradiation and collected for digital quantification.
Finally, the data were analyzed to interpret the detailed expression
profiles within these discrete ROIs (18). The differential expression
results of SMA-positive cells in OCRC, colorectal cancer, and nor-
mal tissues are shown in Supplementary Excel S1.

Digital RNA sequencing

Total RNA samples were prepared with TRIzol reagent (no.
15596026, Invitrogen). The samples were analyzed on agarose gels
for RNA integrity and DNA contamination, and the purity of the
RNA was determined using a nanospectrophotometer. The RNA
concentration was accurately quantified using a Qubit 2.0 fluorom-
eter, and RNA integrity was accurately detected using an Agilent
2100 bioanalyzer. The library was constructed using Illumina
NEBNext Ultra RNA Library Prep Kit, and the library was initially
quantified with using the Qubit 2.0 fluorometer and diluted to
1.5 ng/uL. The insert size of the library was checked by an Agilent
2100 bioanalyzer, and the effective concentration of the library was
accurately quantified by qRT-PCR after the insert size met expec-
tations. The libraries that passed the test were pooled according to
the effective concentration and the target downstream data volume
and then sequenced by Illumina.

Nontargeted metabolomics

The sample, which was previously stored at —80°C, was thawed
on ice. After thawing, the sample was homogenized with a grinder at
30 Hz for 20 seconds. To a 20 mg ground sample, 400 pL of a
methanol solution (7:3, v/v) containing an internal standard was
added, and the mixture was shaken at 1,500 rpm for 5 minutes. The
sample was then allowed to rest on ice for 15 minutes before being
centrifuged at 12,000 rpm for 10 minutes at 4°C. Subsequently,
300 pL of the supernatant was collected and chilled at —20°C for
30 minutes, followed by another centrifugation at 12,000 rpm for
3 minutes at 4°C. A 200 pL aliquot of the resulting supernatant was
used for LC-MS analysis. All the samples were processed with the
LC-MS system according to the instrument protocols. The analyt-
ical conditions were as follows: UPLC with a Waters ACQUITY
UPLC HSS T3 C18 column (1.8 pym, 2.1 mm x 100 mm); the
column temperature was set to 40°C; the flow rate was 0.4 mL/
minutes; the injection volume was 2 pL; and the solvent system was
comprised of water (0.1% formic acid) and acetonitrile (0.1% formic
acid) in a gradient program that started at 95:5 v/v at 0 minute,
shifted to 10:90 v/v at 11.0 minutes, was maintained at 10:90 v/v at
12.0 minutes, returned to 95:5 v/v at 12.1 minutes, and held at
95:5 v/v until 14.0 minutes. Screening for differentially abundant
metabolites between groups was conducted on the basis of variable
importance projection >1, P value < 0.05, and a fold change >1.2.
The relative contents of different metabolites were standardized.
The analysis of nontargeted metabolomic differences between
OCRC and colorectal cancer tissues is shown in Supplementary
Excel S2.

Detection of PA content in tumors

One milliliter of extraction solution (MeOH:CH2ClI2:hexane = 1:1:1 v/
v/v, including internal standard stearic acid-d3 40 ng/mL) was added to
the tumor samples for every 100 mg of tissue, and the mixture was
homogenized at 5,500 rpm for 30 to 45 seconds and centrifuged at 4°C at
12,000 rpm for 10 minutes. The supernatant was concentrated under
vacuum in a rotary drying apparatus for 2 to 3 hours and redissolved in
100 uL of methanol, and the derivatization reaction was performed. Every
100 pL sample was mixed with 50 pL of 0.2 mol/L 3-NPH and 50 uL of
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0.12 mol/L EDC on ice at 40°C for 60 minutes. The sample was
subsequently centrifuged at 10,000 rpm at 4°C for 10 minutes,
after which, 80 pL was absorbed for machine detection. The in-
strument used was an ultra-performance liquid chromatography
(Waters ACQUITY) coupled with a triple-quadrupole tandem
mass spectrometer (AB Sciex 5500). The chromatographic col-
umn used was an ACQUITY Premier HSS T3 column (1.8 pm,
2.1 x 100 mm). Mobile phase A was 0.1% formic acid, and mobile
phase B was acetonitrile/isopropanol = 5:1. One hundred milli-
grams of each tumor tissue sample was precisely weighed, and 1 mL
of extraction mixture (MeOH:CH,Cly:hexyl hydride = 1:1:1 v/v/v,
containing 40 ng/mL internal standard stearic acid-d3) was added.

Statistical analysis

Overall survival (OS) and disease-free survival (DFS) were ana-
lyzed using the Kaplan-Meier analysis. The results were presented
as the mean + SD. The two groups were compared using an un-
paired Student ¢ test or the Mann-Whitney U test. Comparison of
variables between groups was performed using the ANOVA or
Kruskal-Wallis test. R software (4.1.0) was used for all statistical
analyses, and the statistical significance was as follows: ns, not sig-
nificant; ¥, P < 0. 05; **, P < 0. 01; ***, P < 0.001; ***, P < 0.0001.

Data availability

The data generated in this study are available upon request from the
corresponding author (Kailin Cai, caikailin@hust.edu.cn). The RNA
sequencing (RNA-seq) data generated in this study are publicly avail-
able in the NCBI Sequence Read Archive database at PRINA1152877,
PRJNA1151631, PRJNA1153440, and PRJNA1180984.

Results

OCRC and colorectal cancer differed substantially in
clinicopathology, with poorer prognoses in OCRC

We analyzed the clinicopathologic characteristics of 1,470 pa-
tients with malignant colorectal tumors (OCRC, n = 198; colorectal
cancer, n = 1,272). OS and DFS were significantly poorer in patients
with OCRC than in those with colorectal cancer (Supplementary
Fig. S1A). These groups also differed notably in terms of age, BMI,
TNM stage, and PNI (Supplementary Fig. S1B). Using PSM analysis,
we matched 150 pairs of patients with OCRC and colorectal cancer
for further analysis. Compared with the colorectal cancer group, the
OCRC group had a significantly worse prognosis. The BMI and PNI
were significantly higher for patients with OCRC than for those with
colorectal cancer, suggesting that OCRC has worse clinicopathologic
characteristics and may be associated with metabolic abnormalities
(Supplementary Fig. S1C and S1D).

OCRC and colorectal cancer differed substantially in ECM
constitution, biomechanics, and collagen characteristics
Clinicopathologically, OCRC tissue exhibited greater hardness
and luminal contraction, indicating invasive growth. We therefore
analyzed the ECM constitution and structure in OCRC and colo-
rectal cancer. PSM identified 10 pairs of OCRC and colorectal
cancer tissue samples at TNM stage III, including three pairs of
matched normal tissue samples. Movat pentachrome and Masson
staining were used to assess the ECM constitution and fiber content
of normal colon and tumor tissue. Compared with normal tissue,
colorectal cancer and OCRC tissues presented an altered ECM
constitution, with a marked presence of collagen fibers. Compared
with colorectal cancer tissue, OCRC tissue presented a significantly
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greater increase in collagen fiber content (Fig. 1A and B; Supple-
mentary Fig. S2A and S2B). Given the disrupted arrangement of
tumor tissue relative to normal tissue, we evaluated its elastic
properties by analyzing its collagen structure. Collagen-rich areas of
the tissue were identified via Movat pentachrome and Masson
staining. The AFM force maps for each region revealed that the
elastic properties of the collagen-enriched ECM of OCRC and co-
lorectal cancer tissues differed from those of normal tissues. The
mean E-modulus of the collagen-rich regions was significantly
greater in OCRC and colorectal cancer tissues than in normal tis-
sues, with a notably elevated mean E-modulus in OCRC tissues
(Fig. 1C and D; Supplementary Fig. S2C).

C-C stretching and proline signals in Raman spectra are markers
for confirming the presence of collagen (19, 20). Therefore, we
conducted Raman microspectroscopy to elucidate the biomolecular
constitution of the collagen-rich ECM in OCRC and colorectal
cancer tissues. The C-C stretch vibration intensity was significantly
lower in the OCRC group than in the colorectal cancer group
(n = 10) at 777, 860, 879, and 942 cm™', suggesting a greater
abundance of collagen in the OCRC tissue (Fig. 1E; Supplementary
Fig. $2D). The proline-to-hydroxyproline ratio (860/879 cm™") was
significantly lower in the OCRC group than in the control group,
indicating elevated hydroxyproline content in the collagen-rich
OCRC tissue (Fig. 1F).

Raman spectroscopy can be used to evaluate the GAG content by
evaluating the peak intensities of carbohydrate and glycan vibrations
(21). Compared with the colorectal cancer tissue, the OCRC tissue
presented significantly greater carbohydrate-specific Raman signals,
particularly at 1,128 cm™ (Supplementary Fig. S2D). The GAG:-
protein ratio in the ECM (1,341 cm™ b 1,250 cm ™) was notably
greater in the OCRC group than in the control group, indicating
elevated GAG content in the OCRC ECM (Fig. 1G). GAGs are
categorized as chondroitin sulfate, heparan sulfate, or hyaluronic
acid (HA) based on their core disaccharide structure. IHC staining
revealed that the HA receptor CD44 was significantly more abun-
dant in OCRC tissue than in colorectal cancer tissue (Supplemen-
tary Fig. S2E). Safranin O/fast green staining revealed that the
chondroitin sulfate content was substantially greater in the ECM of
OCRC tissue than in that of colorectal cancer tissue (Supplementary
Fig. S2F). The OCRC and colorectal cancer tissue therefore differed
significantly in the constitution of their ECMs.

We systematically analyzed the collagen fiber structure within
each group (n = 15). Via Picrosirius red staining and polarization
microscopy, type III collagen fibers were found to be predominant
in tumor tissue, whereas type I collagen fibers were predominant in
the submucosa of normal tissue (Fig. 1H). Both newly formed
(yellow/green) and mature (red/orange) collagen fibers were sig-
nificantly more abundant in OCRC tissue than in colorectal cancer
tissue (Fig. 1I). Analysis of the Al revealed a more directional ar-
rangement of collagen in the OCRC ECM. The amide signal
(1,250 and 1,666 cm ") in the Raman spectra, indicative of collagen
orientation, confirmed a more regular and potentially remodeled
collagen fiber network in OCRC tissue (Supplementary Fig. S2G
and S2H).

OCRC and colorectal cancer differed in stromal cells and the
TME, with significantly more matrix CAFs in OCRC

The altered physicochemical properties of the ECM are believed
to be closely associated with the occurrence of OCRC, influencing
microvessels, lymphatic vessel formation, the immune microenvi-
ronment, and tumor progression (22). CAFs are critical cellular
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components of the tumor stroma and are implicated in OCRC
development (23, 24). Consequently, we compared the stromal
constitution of OCRC and colorectal cancer, focusing primarily on
CAFs (aSMA), epithelial cells (EMA), microvessels (CD34),
microlymphatics (D2-40), and the immune component of the TME.
We analyzed 150 pairs of paraffin-embedded tissue samples from
patients with OCRC and colorectal cancer and conducted IHC
staining on 107 pairs, revealing markedly elevated CAF content,
microvessel density (MVD), and microlymphatic vessel density
(MLD) in the OCRC tissue. Semiquantitative analysis of aSMA and
EMA suggested a greater degree of tumor epithelial-mesenchymal
transition (EMT) in OCRC tissues than in colorectal cancer tissues.
Through THC staining (n = 77) and tissue multiplex immunoflu-
orescence (n = 10), we confirmed that there were significant dif-
ferences in the infiltration content of CD4" T cells, CD8" T cells,
MO macrophages (CD68), M2 macrophages (CD163), and neutro-
phils (CD11b) in the OCRC and colorectal cancer TMEs (Fig. 1J;
Supplementary Figs. S2I and S3A-S3C). OCRC and colorectal
cancer therefore differed substantially in the composition and
structure of the ECM as well as in the immune microenvironment,
and notably, CAFs were significantly more abundant in OCRC
tissue, which correlated strongly with the altered physicochemical
properties of the ECM.

To further elucidate the CAF subtypes, we used digital spatial
profiling (DSP) technology for the quantitative analysis of aSMA-
positive CAFs and NFs in OCRC (ROI = 10), colorectal cancer
(ROI = 8), and normal (ROI = 6) tissues (Fig. 2A). Comparative
studies of OCRC, colorectal cancer, and normal tissues revealed
pronounced upregulation of genes coding collagen, matrix metal-
loproteinases (MMP), lysyl oxidase (LOX), and TGFBI in aSMA-
positive CAFs from OCRC tissues. Additionally, markers of matrix
CAFs (mCAF), including fibronectin 1 (FNI), lumican (LUM), and
periostin (POSTN), were markedly elevated. The expression levels of
markers associated with vascular CAFs (vCAF: NOTCH3, and
MCAM), inflammatory CAFs (iCAF: CXCL12, CCL2, and LIF), and
antigen-presenting CAFs (apCAF: HLA-DRA, HLADRBI, and
CD74) remained unchanged. Remarkably, no significant differences
in the expression of these CAF markers were observed between
colorectal cancer and normal tissues (Fig. 2B). Additionally, we
performed functional analyses on aSMA-positive CAFs and NFs
from OCRC, colorectal cancer, and normal tissues. Kyoto Ency-
clopedia of Genes and Genomes and Gene Ontology enrichment
analyses revealed that genes upregulated in CAFs from OCRC tissue
are involved mainly in ECM-receptor interactions and the organi-
zation of extracellular structures. Interestingly, in colorectal cancer
tissue, aSMA-positive CAFs were significantly enriched in genes
involved in the degradation and catabolism of GAGs, indicating a
functional divergence from OCRC CAFs (Supplementary Fig. S4A-
$4C).

Furthermore, primary CAFs isolated from OCRC and colorectal
cancer tissues were subjected to digital RNA-seq analysis. The re-
sults aligned with those from DSP, showing markedly increased
expression levels of mCAF markers, COL1IA1, COL3A1, MMPs, and
LOX in CAFs derived from OCRC, whereas no significant changes
were noted in the expression of markers for vCAFs, iCAFs, and
apCAFs, and the functional analysis also revealed enrichment of the
composition of the ECM (Fig. 2C; Supplementary Fig. S5A
and S5B).

Finally, we conducted tissue multiplex immunofluorescence
staining validation of OCRC and colorectal cancer samples and
reported that the expression levels of aSMA, FN1, and POSTN and
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Figure 1.

OCRC and colorectal cancer differed substantially in ECM constitution, biomechanics, and collagen characteristics. A, Movat pentachrome staining of OCRC, colorectal
cancer (CRC), and normal tissues. Scale bars, T mm and 50 um. B, Analysis of collagen fiber content in OCRC and colorectal cancer tissues using Masson staining (n = 15).
CVF, collagen volume fraction. C, Biomechanical evaluation of OCRC, colorectal cancer, and normal tissue by AFM. Scale bars, 10 um. D, Mean E-moduli measured in OCRC
and colorectal cancer tissues (n = 10). E, Raman spectroscopy analysis of the collagen fiber network in OCRC and colorectal cancer tissues (n = 10). F and G, Raman
spectroscopy quantification analyzed the content of collagen and GAGs in the ECMs of OCRC and colorectal cancer tissues (n = 10). H, Structural analysis of collagen fibers
in OCRC and colorectal cancer tissues by Picrosirius red staining and polarizing light microscopy. Scale bars, 20 and 2.5 um. I, Quantification of newly formed collagen fibers
and mature collagen fibers in OCRC and colorectal cancer tissues (n = 15). J, IHC staining analysis of the content of epithelial cells, CAFs, MVD, and MLD in the stroma of
OCRC and colorectal cancer. Scale bars, 1 mm and 50 um. Statistical significance was determined by an unpaired Student ¢ test. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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Figure 2.

OCRC and colorectal cancer differed in stromal cells, with significantly more matrix CAFs in OCRC. A, Quantitative analysis of OCRC, colorectal cancer (CRC), and normal
tissues by DSP technology. Red, aSMA. Scale bars, 2.5 mm and 20 pum. B, Heatmap showing differential expression of marker genes associated with different CAF
subtypes in OCRC, colorectal cancer, and normal tissues. C, Heatmap illustrating gene expression differences in CAFs derived from OCRC and colorectal cancer tissues. D,
Tissue multiplex immunofluorescence staining analysis of OCRC and colorectal cancer tissues. Red, FNT; green, POSTN; purple, aSMA. Scale bars, 1 mm and 20 um.
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the ratio of FN1-positive CAFs were significantly elevated in OCRC
tissue (Fig. 2D; Supplementary Fig. S3B and S3C). Moreover, we
further verified by PCR and ELISA experiments that the expression
of ECM-related matrix proteins (collagen I, collagen III, collagen IV,
fibronectin, and LUM), MMPs (MMP1 and MMP3), LOX, and
tissue inhibitor of MMP (TIMP1) in OCRC samples was signifi-
cantly increased, whereas the expression of TIMP3 was decreased
(Supplementary Fig. S5C and S5D). These results suggest that
mCAFs are the predominant type of CAFs in OCRC and are critical
for its pathogenesis.

OCRC- and colorectal cancer-derived CAFs exhibited
significant functional differences

The role of the ECM in regulating cell adhesion, morphology, and
viability is well known (25). Next, we experimentally validated these
functional differences between the CAFs from the two groups. First,
we examined the function of ECM-related protein secretion by
CAFs. Compared with colorectal cancer-derived CAFs, OCRC-
derived CAFs secreted significantly higher levels of collagen (types I,
III, and IV), noncollagen proteins (laminin and fibronectin), and
proteoglycans (HA). Similarly, because the composition and
remodeling of the ECM are related to MMPs, we also measured the
expression levels of related MMPs and the proteins that control
MMP activity. The secretion of MMPs (MMP1, MMP2, MMP3, and
MMP14), TIMP1, and LOX was notably greater in the OCRC group
than in the control group, whereas the expression of TIMP3 was
decreased (Fig. 3A; Supplementary Fig. S6A). These results also
indicate that OCRC- and colorectal cancer-derived CAFs differ in
their ECM-related protein secretion functions, that the ECM of
OCRC may undergo significant remodeling, and that mCAFs con-
stitute the main type of CAF in the OCRC matrix. Subsequently, we
further examined the differences in tumor-promoting biological
functions of CAFs derived from OCRC and colorectal cancer
samples. We cocultured the CAF CM from each group with LoVo
and SW480 cells to assess its influence on tumor progression
(Supplementary Fig. S6B). Cell proliferation, migration, and inva-
sion assays confirmed that OCRC-derived CAFs significantly en-
hanced the proliferation, migration, and invasion of colorectal
cancer cells (Supplementary Fig. S6C-S6E). The 3D coculture assay
revealed that OCRC-derived CAFs notably induced a spherical
morphology and enhanced the metastatic potential of LoVo and
SW480 cells (Fig. 3B). The OCRC CAF CM markedly promoted
angiogenesis in HUVECs and EMT in colorectal cancer cells
(Fig. 3C and D). Finally, through the construction of a colorectal
cancer lung metastasis model, we found that CAFs derived from
OCRC had a more significant effect on promoting colorectal cancer
cell lung metastasis (Fig. 3E). Therefore, CAFs derived from OCRC
showed more significant effects of promoting tumor progression,
and this may explain why CAF levels, MVD, and the degree of EMT
were higher in OCRC samples than in colorectal cancer samples.
These findings demonstrate the heterogeneity and distinct biological
functions of CAFs in OCRC and colorectal cancer tissues.

Changes in the physicochemical properties of the ECM are
closely related to the interaction of cell functions in the TME. We
found that the ECMs of OCRC and colorectal cancer samples dif-
fered in composition and that the biomechanics of the two were also
significantly different. Tumor biomechanics have been recognized
to be closely related to tumor progression and functional changes.
Therefore, we further explored whether biomechanical changes in
the ECM can positively affect CAF function. We applied FlexCell
cyclic tensile strain to force (F) stimulation of OCRC- and colorectal
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cancer-derived CAFs (FOCRC and FCRC, respectively) and found
that the secretion of matrix proteins, MMPs, LOX and TIMPs in-
creased significantly in the ECMs in OCRC- and colorectal cancer—
derived CAFs after force stimulation and that the ability to promote
tumor progression was more significant (Fig. 3; Supplementary Fig.
S6A-S6E). Moreover, our digital RNA-seq analysis of CAFs with or
without force stimulation revealed that increased ECM biome-
chanics could positively activate the GAG biosynthesis function of
CAFs, thereby accelerating ECM remodeling and tumor ECM de-
velopment (Supplementary Fig. S6F). Therefore, elucidating the
mechanisms underlying the differences in CAF abundance and
functionality between OCRC and colorectal cancer samples is cru-
cial for controlling the occurrence and progression of OCRC.

OCRC and colorectal cancer differed metabolically, with PA
levels being elevated in OCRC

The BMI differed between patients with OCRC and those with
colorectal cancer, and functional analysis of CAFs revealed enrich-
ment of various metabolic pathways. We therefore compared met-
abolic function in OCRC and colorectal cancer samples via
retrospective analysis of serum samples from 150 matched pairs of
patients; the markers examined included triglycerides (TG), total
cholesterol (CHOL), low-density lipoprotein CHOL (LDLC), high-
density lipoprotein CHOL (HDLC), blood glucose, and the inci-
dence of aortic atherosclerosis or calcification (AAS/AC) and cor-
onary artery atherosclerosis or calcification (CAS/CAC). The OCRC
group presented significantly elevated serum TG, CHOL, and LDLC
levels and significantly lower HDLC levels, with no significant dif-
ferences in blood glucose (Supplementary Fig. S7A). Patients with
OCRC presented a greater incidence of AAS/AC and CAS/CAC,
reinforcing the strong association between OCRC and dyslipidemia.

Further transcriptomic and untargeted metabolomic analyses of
fresh tissue from five pairs of patients with OCRC and colorectal
cancer revealed significant differences in fatty acid metabolism
(Supplementary Fig. S7B). OCRC presented an elevated relative
abundance of PA (Supplementary Fig. S7C). PA levels were signif-
icantly correlated with serum TG, CHOL, and HDLC levels,
particularly in patients with OCRC, highlighting a significant
association between OCRC occurrence and dyslipidemia, with
notably elevated PA content in OCRC tissue (Supplementary Fig.
S7D and S7E).

CAF content was associated with dyslipidemia and elevated
intratumoral PA levels in OCRC

The lipid metabolism of patients with OCRC and colorectal
cancer differed significantly, particularly with respect to PA in
OCRC. OCRC and colorectal cancer samples differed in TME
composition, including CAF and microvascular, microlymphatic,
and epithelial cell levels, with notable functional differences in CAF
ECM organization and metabolism (Supplementary Figs. S3, $4, and
S5B). Consequently, we hypothesized that abnormal tumor meta-
bolism in both groups may be associated with abnormalities in
CAFs and other TME constituents. To verify this, we analyzed the
correlations between the numbers of CAFs, epithelial cells, MVD,
and MLD in OCRC and colorectal cancer tissues and the lipid pa-
rameters of the patients. These findings revealed a strong correlation
between the number of CAFs in tumors and TG, CHOL, and LDLC
levels, particularly in OCRC (Supplementary Fig. S8A). In contrast,
the MVD, MLD, and number of epithelial cells were not signifi-
cantly correlated with lipid levels (Supplementary Fig. S8B-S8D).
These findings are consistent with the observed prevalences of AAS/
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Figure 3.

OCRC- and colorectal cancer-derived CAFs exhibited significant functional differences. A, The function of ECM-related proteins, MMPs, LOX, and tissue inhibitor of MMP
secretion by CAFs from OCRC and colorectal cancer (CRC) tissues (n = 5). B, Three-dimensional culture assays and semiquantitative analysis was performed to observe the
effect of CAFs derived from OCRC and colorectal cancer on tumor cell invasion (n = 5). Scale bars, 20 um. Colorectal cancer cells after CAF intervention extended
protuberances to the Matrigel matrix, whereas control group cells formed tight spherical colonies. C, Angiogenesis assay using HUVECs treated with CM from OCRC- and
colorectal cancer-derived CAFs. (n = 5). Scale bars, 100 um. D, Analysis of EMT induction in colorectal cancer cells by CAFs derived from OCRC and colorectal cancer
tissues. E, Promotion of colorectal cancer lung metastasis by CAFs derived from OCRC and colorectal cancer tissues. Statistical significance was determined by an unpaired
Student ¢ test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. FCRC, force-stimulated colorectal cancer-derived CAFs; FOCRC, force-stimulated OCRC-derived CAFs.
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AC and CAS/CAC (Supplementary Fig. S9A). Therefore, changes in
CAF content may be closely associated with abnormalities in lipid
metabolism.

Given the elevated PA level in OCRC samples and its significant
correlations with serum TG, CHOL, and LDLC levels in patients
with OCRC (Supplementary Fig. S5), it is crucial to investigate
whether the metabolic abnormalities that lead to increased intra-
tumoral PA also substantially affect CAF content and function. We
analyzed the correlations between the relative PA content in the
tumors of both groups and the CAF, MVD, and MLD levels in the
tumor tissue. As hypothesized, the relative content of PA was pos-
itively correlated with the CAF content and negatively correlated
with epithelial cell number, particularly in OCRC tissues (Supple-
mentary Fig. S9B). Moreover, mCAFs constitute the main compo-
nent of the OCRC matrix (Fig. 2; Supplementary Fig. S3).
Therefore, PA may be an important factor influencing CAF content
and function. Clarifying the mechanisms underlying the relation-
ship between PA and CAFs is crucial for controlling ECM remod-
eling and OCRC occurrence.

PA promoted CAF function and facilitated partial NF-to-mCAF
activation

To verify whether elevated PA can promote CAF proliferation and
functional conversion to mCAFs, we stimulated CAFs with different
concentrations of PA (25, 50, or 100 umol/L). Only at the highest
concentration (100 umol/L) did PA promote CAF proliferation, the
secretion of ECM-related matrix proteins, LOX, MMPs and TIMPs,
and the mRNA expression of FN1, LUM, and POSTN, whereas lower
concentrations had no significant effect (Fig. 4A; Supplementary Fig.
S10A-S10D). Although the highest concentration of PA increased
CAF proliferation and secretory function, this finding does not fully
explain the differences in ECM constitution and structure or the
alterations in CAF content and function in OCRC tissue. Conse-
quently, we wondered whether PA can directly stimulate NF prolif-
eration and activate NF to CAF or mCAF. Western blotting, qPCR,
and CCK-8 assays indicated that stimulation with different concen-
trations of PA neither induced the activation of NFs into CAFs and
mCAFs nor promoted NF proliferation (Supplementary Fig. SI0E-
S10G). Therefore, PA may promote activation of NFs into CAFs
following colorectal cancer cell stimulation. To test this hypothesis, we
stimulated LoVo and SW480 cells with different concentrations of
PA. Oil Red O staining revealed marked lipid deposition after 48 h of
PA stimulation (Supplementary Fig. S11A and S11B). Subsequently,
NFs were cocultured with PA-stimulated LoVo and SW480 cells to
determine whether PA can promote the activation of NFs into CAFs.
Immunofluorescence staining and Western blotting confirmed that
NF expression of FAP and aSMA was significantly elevated (Fig. 4B
and C). Both NF proliferation and the secretion of ECM-related
matrix proteins, MMPs, LOX, and TIMPs increased with increasing
PA concentration. Moreover, the protein and mRNA expression
levels of the mCAF marker genes FN1, LUM, and POSTN were also
increased (Fig. 4A; Supplementary Figs. S10C, S11C and S11D).
Additionally, cellular multiplex immunofluorescence staining also
confirmed that the number of FNI-positive CAFs was significantly
increased, revealing that NFs can be partially activated into mCAFs
(Supplementary Fig. S11E). Interestingly, the levels of secreted ECM-
related matrix proteins, MMPs, and LOX were significantly greater
following NF-to-CAF activation than following direct PA stimulation
of CAFs, further indicating that PA can promote partial activation of
NFs to mCAFs by stimulating colorectal cancer cells (Supplementary
Fig. SI1F).
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Nonetheless, the mechanisms whereby PA regulates NF activa-
tion to CAFs remain unclear. PA can induce the secretion of colony
stimulating factor 1 (CSF1), C-X-C motif chemokine ligand 8
(CXCLS8), and TGFp1 in hepatocellular carcinoma cells; these pro-
teins are thought to promote the activation of macrophages and
CAFs (26). To explore the mechanism by which PA regulates the
activation of NFs into CAFs, transcriptomic sequencing analysis of
SW480 cells after PA stimulation revealed that the expression levels
of ECM-related matrix proteins (COL3A1, MMP9, and TGFBI),
cytokines, and chemokines (CCL2, CXCL8, TNF, CSF, and CXCL2)
were significantly increased. Kyoto Encyclopedia of Genes and
Genomes and Gene Ontology enrichment analyses revealed that the
upregulated differentially expressed genes were associated mainly
with cytokine interactions and inflammatory pathways, and their
functions were related mainly to cytokine activity, the ECM, and the
chemokine response (Supplementary Fig. S12A-S12C). Therefore,
we wondered whether PA is involved in promoting the activation of
NFs to CAFs/mCAFs in colorectal cancer by regulating the secretion
of CSF1, CXCL8, and TGFf1 in tumor cells. Our qRT-PCR and
ELISA results confirmed that PA stimulation of LoVo and
SW480 cells promoted the mRNA and protein expression of CSF1,
CXCLS8, and TGFp1 (Fig. 4D). CM was subsequently extracted from
LoVo and SW480 cells stimulated with PA, and TGFp1, CSF1, and
CXCL8 inhibitors (ITD-1 (5 pmol/L), sotuletinib (0.5 umol/L),
and danirixin (12.5 nmol/L), respectively) were added and cocul-
tured with NFs. The cellular multiplex immunofluorescence staining
and Western blotting results revealed that the PA-induced activation
of NFs into CAFs/mCAFs was significantly inhibited following this
coculturing (Fig. 4E and F; Supplementary Fig. S12D). Therefore, PA
both directly enhanced CAF function and stimulated activation of
NFs to mCAFs by inducing colorectal cancer cells to secrete CSFI,
TGFp1, and CXCLS8.

Dietary PA intervention promoted CAF activation, enhancing
ECM stiffness and tumor proliferation

To investigate the biological effects of PA on colorectal cancer, we
established two subcutaneous tumor models in C57BL/6 or BALB/c
mice and an orthotopic tumor model in Apc™* mice. All the mice
were fed a diet containing 10% PA (with a total caloric intake
equivalent to that of normal chow). The PA-fed mice presented
significant increases in subcutaneous tumor volume and weight.
Similarly, the orthotopic colorectal cancer model exhibited a notable
increase in the number of tumors (Fig. 5A; Supplementary Fig.
S13A). Following dietary PA intervention, intratumoral lipid de-
position, PA, CAF, and collagen fiber contents were significantly
elevated in both the subcutaneous and orthotopic tumors relative to
those of controls. Biomechanical analysis of the ECM indicated that
the tumor elastic modulus (E, n = 3) was markedly greater in the
PA group than in the control group (Fig. 5B-E; Supplementary Fig.
S13B-S13E). Interestingly, immunofluorescence staining analysis of
subcutaneous and in situ tumor tissues revealed significantly ele-
vated expression levels of aSMA and FN1 within the intratumoral
matrix, with the proportion of FN1-positive CAFs increasing sig-
nificantly after PA intervention (Fig. 5F; Supplementary Fig. S14A
and S14B). These results further suggest that PA may increase the
production of mCAFs.

Finally, we assessed whether PA can influence CSF1, CXCL8, and
TGFp1 secretion in the mice. Given the controversial nature of
CXCL8 expression in mice, we instead measured the levels of
CXCL1/KC. Serum and tumor tissue samples were collected from
both groups. These results suggest increased serum and tumor levels
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PA promoted CAF function and facilitated partial NF-to-mCAF activation. A, Changes in ECM protein secretion function in CAF and NF following PA stimulation (n = 5).
B and C, Cellular immunofluorescence staining (B) and Western blotting (C) verified that PA-stimulated colorectal cancer cells promote partial activation of NFs into
CAFs. Scale bars, 5 um. D, PA-induced alterations in mRNA and protein expression levels of CSF1, CXCL8, and TGFp1 in LoVo and SW480 cells. E and F, Cellular
immunofluorescence staining (E) and Western blotting (F) confirmed that neutralizing antibodies against CSF1, CXCL8, and TGFf1 inhibit PA-mediated activation of
NFs to CAFs. Scale bars, 5 um. Statistical significance was determined by one-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.000T; ns, not significant.
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Figure 5.

Dietary PA intervention promoted CAF activation, enhancing ECM stiffness and tumor proliferation. A, Effects of PA-enriched high-fat diet on subcutaneous
tumor growth in C57BL/6 (n = 20) and BALB/c mice (n = 10) and orthotopic tumors in Apc’"’”ﬂ mice (n = 8). B, Detection of lipid deposition, collagen fiber
content, CAF abundance, and biomechanical properties in subcutaneous tumors of C57BL/6 mice. Scale bars, 1 mm and 50 um; AFM, 10 um. C-E, Semi-
quantitative analysis of lipid deposition, collagen fiber content, CAF abundance, and biomechanical changes in ECM of subcutaneous and orthotopic CRC in
C57BL/6 (C), BALB/c (D), and Apc’”’"/* (E) mice models. F, Tissue immunofluorescence staining analysis of mMCAFs in subcutaneous colorectal cancer of BALB/c
mice. Green, FNT; red, aSMA. Scale bars, 1 mm and 20 um. Statistical significance was determined by an unpaired Student ¢ test. *, P < 0.05; **, P < 0.0;
*** P < 0.001. CVF, collagen volume fraction.
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of CSF1, TGFP1, and CXCL1/KC in the PA group (Fig. 6A-C).
Therefore, using mouse subcutaneous and orthotopic colorectal
cancer models, we confirmed that PA can regulate cytokine secretion
in tumor cells, increasing CAF content in the TME and altering the
physicochemical properties of the ECM, further promoting colorectal
cancer progression.

PA enhanced fatty acid -oxidation and protein kinase C
activation in colorectal cancer cells, regulating cytokine
secretion via the NF-xB pathway

Our in vivo and in vitro experiments revealed that PA enhanced
CSF1, CXCL8, and TGFp1 secretion in colorectal cancer cells. To
elucidate the specific regulatory mechanisms involved, we con-
ducted digital RNA-seq analysis of subcutaneous tumors (n = 5)
from the two groups. These finding revealed that PA enhanced fatty
acid oxidation in tumors (Fig. 6D), and consistent results were also
obtained with tissue transcriptome sequencing and untargeted
metabolomics analysis (Supplementary Fig. S5). Elevated levels of
free fatty acids induce NF-kB activation via ROS generated by mi-
tochondrial p-oxidation and accumulated diacylglycerol-activated
protein kinase C (PKC), in turn regulating the secretion of several
cytokines (27-29). Moreover, colorectal cancer cell transcriptome
sequencing analysis revealed that differentially expressed genes were
significantly enriched in the NF-kB signaling pathway after PA
stimulation of SW480 cells (Supplementary Fig. S12B). Therefore,
we hypothesized that PA regulates tumor cell CSF1, CXCL8, and
TGEFp1 secretion via this pathway.

To test this hypothesis, we first examined whether the PA stim-
ulation enhances reactive ROS production in colorectal cancer cells.
The ROS levels increased proportionally to PA concentration
(Fig. 6E). We next examined the association between PA stimula-
tion and PKC activation. Western blotting revealed that PA
significantly enhanced PKC phosphorylation in colorectal cancer
cells (Fig. 6F). Consequently, we hypothesized that PA influ-
ences the secretion of CSF1, CXCL8, and TGFp1 by colorectal
cancer cells via the NF-kB pathway. To further elucidate the
involvement of the NF-kB pathway, colorectal cancer cells were
treated with 100 umol/L PA and an NF-kB pathway inhibitor
(QNZ, 160 nmol/L). Western blotting revealed a significant in-
crease in the expression of phosphorylated IKK /B, phosphor-
ylated p65, TGFP1, CSF1, and CXCL8 in LoVo and SW480 cells
after PA stimulation, whereas the effects of PA were significantly
attenuated by the addition of the inhibitor QNZ (Fig. 6G).
ELISAs also confirmed that PA can promote the secretion of
CSF1, TGFpI1, and CXCLS8 in colorectal cancer cells and that this
effect can be inhibited by QNZ (Supplementary Fig. S14C and
S14D). Therefore, our findings support the hypothesis that PA
influences CSF1, CXCL8, and TGFpl secretion in colorectal
cancer cells primarily by activating the NF-xB pathway.

Vanillylacetone inhibited PA-induced CAF activation, ECM
stiffness, and OCRC development

Various phytochemicals and natural products possess antioxi-
dant, antitumor, and anti-inflammatory properties mediated by
signaling pathways such as the Wnt/B-catenin, NF-kB, and MAPK,
demonstrating significant therapeutic potential (30, 31). In this
study, PA regulated cytokine secretion from colorectal cancer cells
via the NF-kB pathway, thereby promoting the activation of CAFs
and alterations in the ECM. To explore this further, we established a
specialized natural chemical library (L2000-Z761734) aimed at
inhibiting the NF-kB pathway in colorectal cancer to identify

AACRJournals.org

Palmitic Acid Induces Obstruction in Colorectal Cancer

compounds that could inhibit CAF activation and ECM remodeling.
Drug-screening identified the natural chemical compounds pyro-
gallol and vanillylacetone as inhibitors of PA stimulation-induced
CSF1, CXCL8, and TGFp1 secretion in colorectal cancer cells
(Fig. 7A). Subsequent validation via QRT-PCR, Western blotting,
and ELISA confirmed that vanillylacetone, but not pyrogallol, ef-
fectively inhibited PA-induced secretion of CSF1, CXCLS8, and
TGFp1 in colorectal cancer cells by modulating the NF-kB pathway
(Fig. 7B; Supplementary Fig. S15A-S15D).

To further validate the efficacy of vanillylacetone, we established
two subcutaneous colorectal cancer models in C57BL/6 and BALB/c
mice. The experimental group received a PA-containing diet (10%
PA) and intraperitoneal injections of vanillylacetone (25 mg/kg).
Posttreatment assessments revealed significant reductions in both
tumor volume and weight in the vanillylacetone-treated group
compared with the PA-fed and control groups, indicating that
vanillylacetone effectively inhibited colorectal cancer progression
(Fig. 7C; Supplementary Fig. S16A). The extent of ECM alteration,
lipid deposition, CAF levels, collagen fiber content, and the ECM
E-modulus were significantly lower in the vanillylacetone-treated
mice than in the PA and control groups (Fig. 7D and E; Supple-
mentary Fig. S16B and S16C). Intratumoral PA testing revealed that
vanillylacetone treatment significantly reduced the increase in PA
levels caused by the PA diet (Supplementary Fig. S16D). In addition,
the intratumoral and serum CSF1, CXCL1/KC, and TGFp1 levels
were substantially lower in the vanillylacetone-treated group than in
the PA-treated and control groups (Supplementary Fig. S17A and
S$17B). Additionally, tissue immunofluorescence staining revealed a
decreased proportion of FNI-positive CAF cells in subcutaneous
tumors treated with vanillylacetone, suggesting that vanillylacetone
inhibits mCAF activation resulting from PA stimulation (Fig. 7F;
Supplementary Fig. S17C and S17D). These preliminary findings
indicate that vanillylacetone inhibits PA-induced mCAF activation,
ECM stiffness, and OCRC development by suppressing cytokine
secretion in colorectal cancer cells through NF-«xB pathway. Inter-
estingly, we found that the use of vanillylacetone in the control
group of mice also inhibited tumor progression. Based on this ob-
servation, we propose that NF-kB, a common signaling pathway
that promotes tumor progression, can be targeted by vanillylacetone
to suppress tumor growth. Although the NF-kB is a common sig-
naling pathway, in the TME with high PA levels, it serves as the
primary route through which PA promotes ECM stiffness and the
occurrence of OCRC. Identifying the main signaling pathways in
different TME:s is crucial for controlling tumor progression.

Discussion

Patients with OCRC had a significantly poorer prognosis than
patients with colorectal cancer in our cohort. The OCRC and co-
lorectal cancer samples exhibited considerable differences in ECM
constitution, with OCRC samples exhibiting greater CAF content
and activity than colorectal cancer samples. Metabolically, OCRC
and colorectal cancer samples differed significantly. PA, one of the
most common fatty acids, accumulated in OCRC tissue, and its
levels were highly correlated with the mCAF content. The fact that
some of the patients with OCRC did not exhibit hyperlipidemia
indicates that their PA accumulation was caused by abnormal lipid
metabolism in colorectal cancer cells. Mechanistically, despite nu-
merous regulatory mechanisms of tumor ECM remodeling, our
multiomics analysis and experimental validation revealed that the
pathway most significantly associated with PA accumulation—
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Figure 6.

PA enhanced fatty acid p-oxidation and protein kinase C activation in colorectal cancer cells, regulating cytokine secretion via the NF-kB pathway. A-C, Comparative
analysis of CSF1, CXCL8, and TGFp1 expression levels in subcutaneous and orthotopic tumors and serum in the PA and control groups. D, Enrichment analysis of gene
set enrichment analysis pathway in subcutaneous tumors of PA-treated and control C57BL/6 mice (n = 5). NES, normalized enrichment score. E, ROS production in
colorectal cancer cells following PA stimulation. Scale bars, 100 um. F, Western blotting demonstrating enhanced phosphorylation PKC in colorectal cancer cells after
PA intervention. G, Western blotting validation of PA-induced regulation of CSF1, CXCL8, and TGFp1 secretion via the NF-xB pathway in colorectal cancer cells.
Statistical significance was determined by an unpaired Student ¢ test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001.
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staining analysis of mMCAFs in colorectal cancer subcutaneous tumors of C57BL/6 mice after vanillylacetone treatment. Green, FNT1; red, aSMA. Scale bars, 1 mm
and 50 um. Statistical significance was determined by one-way and two-way ANOVA. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. CVF,
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induced ECM stiffness was the NF-kB pathway. The use of QNZ
significantly inhibited the biological effects of PA. Additionally, we
discovered that the natural chemical vanillylacetone also affects the
NE-«B pathway, inhibiting the biological effects of PA. Therefore,
although the NF-«xB pathway is a common cellular pathway, it can
exhibit unexpected protumor effects in different tumor microen-
vironments. Elucidating the primary mechanisms occurring
within various TMEs is highly important for controlling tumor
progression.

Obstruction is a risk factor for poor prognosis in patients with
colorectal cancer (32, 33). Consistent with this finding, OCRC
exhibited a poorer prognosis in our study. Unfortunately, although
various clinical modalities have been used to improve OCRC
treatment, its prognosis has not been effectively improved and the
underlying mechanisms remain unclear (34). Our results imply that
targeting hyperlipidemia or PA accumulation may alleviate the risk
of obstruction in OCRC and improve patient prognosis. Consid-
ering that an nonnegligible number of patients with colorectal
cancer with in situ primary lesions experience colonic obstruction
during preoperative therapy, further examination of the clinical
effects of targeting PA accumulation is warranted.

OCRC is often considered a consequence of tumor progression,
with colon cancer stages III and IV being more susceptible to ob-
struction than stages I and II owing to their larger tumor size and
greater invasiveness. However, although our current findings indi-
cate that there is no direct correlation between T stage and ob-
struction risk, we observed significant differences between OCRC
and colorectal cancer in the constitution, structure, and biome-
chanics of the ECM. Therefore, OCRC may be associated with ECM
alterations, which are closely associated with tumor development in
various solid tumors (6-10). On the basis of our findings, changes in
the ECM alter the biological function of colorectal cancer. There-
fore, OCRC, a consequence of tumor progression, is likely to occur
via a mechanism related to changes in the ECM.

Disorders in ECM homeostasis can cause novel cell-matrix in-
teractions in the TME. CAFs, major producers of ECM and para-
crine signals, play a significant role in regulating ECM remodeling
and tumor progression, and changes in the physicochemical prop-
erties of the ECM can enhance CAF activation (9, 35, 36). In non-
small cell lung cancer, CAFs can regulate tumor ECM stiffness and
remodeling to promote cancer cell proliferation and metastasis (37).
In a colorectal cancer liver metastasis model, increased liver stiffness
triggered stellate-cell differentiation into myofibroblasts, thus pro-
moting tumor progression (38). TGFP release by pancreatic cancer
cells induces CAFs to form adhesive ECM and activates myoblasts,
promoting tumor progression (39). In this study, changes in CAF
function altered ECM homeostasis, in turn promoting tumor pro-
gression and increasing the risk of OCRC. Therefore, differences in
CAFs between OCRC and colorectal cancer may be crucial for ECM
alterations and colonic obstructions. Consequently, the functional
heterogeneity of CAFs and their role in OCRC and colorectal cancer
warrant further study.

Our findings indicate that mCAFs constitute a principal com-
ponent in OCRC, corroborating our earlier hypothesis centered on
their primary roles in ECM remodeling. Additionally, mCAFs in
OCRC have been found to facilitate tumor invasion, metastasis,
angiogenesis, and the EMT process. Different types of CAFs are
known to play distinct roles across various tumors. For example,
iCAFs express hepatocyte growth factor to promote the progression
of intrahepatic cholangiocarcinoma via MET, and myofibroblasts
express hyaluronidase 2 to promote the progression of intrahepatic
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cholangiocarcinoma (40). In high-grade serous ovarian cancer,
mCAFs express proteins such as aSMA and vimentin, promoting
cancer progression through EMT mechanisms (41). vCAFs have
been observed to secrete substantial amounts of IL6, inducing sig-
nificant epigenetic modifications in cholangiocarcinoma cells, no-
tably enhancing EZH2 expression, which furthers tumor
progression (42). In pancreatic cancer, apCAFs specifically activate
CD4" T cells and modulate tumor immunity (43). Given that ECM
remodeling is a hallmark of OCRC, the influence of mCAFs is
undeniable. Thus, targeting mCAFs for the diagnosis and thera-
peutic management of OCRC is a promising strategy.

The functional heterogeneity of CAFs in the TME may be asso-
ciated with metabolic reprogramming, a hypoxic microenvironment,
and their origin (44). In this study, OCRC samples presented sub-
stantial accumulation of PA, and PA levels were strongly correlated
with mCAF content. Emerging evidence indicates that PA, as a sig-
naling molecule, can regulate tumor progression via various pathways
and that the affected pathway depends on differences in metabolic
reprogramming among cancers (45). For example, in pancreatic
cancer cells, PA activates the TLR4/ROS/NF-kB/MMP9 signaling
pathway, thereby increasing tumor invasiveness (46). In liver cancer,
PA induces cytokine secretion by tumor cells and promotes stromal
cell activation, facilitating tumor progression (26). In this study, we
demonstrated that PA activated CAFs and promoted the transfor-
mation of NFs into mCAFs, ultimately affecting ECM homeostasis
and leading to the development of obstruction. This study provides
the first systematic exploration of the potential mechanisms of in-
teractions among between PA, NFs, and mCAFs in colorectal cancer.
Notably, the natural compound vanillylacetone inhibited PA-induced
ECM stiffness in colorectal cancer. Vanillylacetone, which is isolated
from ginger plants, has numerous health benefits, including hypo-
glycemic, hypolipidemic, and anti-inflammatory effects (47-50). In
our research, we found that vanillylacetone (25 mg/kg) inhibited the
PA stimulation-induced secretion of CSF1, TGFp1, and CXCL8 by
colorectal cancer cells. Therefore, cancer progression, which may
involve biological processes such as lipid metabolism and changes in
CAF function, may be inhibited by vanillylacetone. The therapeutic
potential of vanillylacetone against cancer should be urgently be ex-
amined, and novel combination therapies, with a particular focus on
OCRC, should be developed.

There are several limitations to our study. First, although the
concentration of PA in the in vitro experiment was calculated ex-
perimentally, there may still be some differences from the actual
physiologic situation. In addition, there are differences between the
actual obstructive type of colorectal cancer and the in vivo animal
model of colorectal cancer that we constructed, which cannot
completely simulate the occurrence and development of the entire
OCRC. However, our study still has important clinical implications.
In our study, clinical stiffness induced by PA, CAF content and
OCRC were found to be closely related. We found that PA could
regulate the secretion of colorectal cancer cytokines through the NF-
kB pathway and promote the activation of NFs into CAFs/mCAFs
and stiffness of the ECM. In addition, the biological effects of PA
could be inhibited by vanillylacetone, which systematically reveals
the potential mechanism of OCRC and provides new ideas for
controlling the occurrence and development of OCRC.

These findings highlight the role of ECM stiffness in OCRC
progression, suggesting that the clinical manifestation of ob-
struction may be a milestone in matrix-remodeling progression.
OCRC provides an appropriate model for studying matrix
remodeling, as it is clinically common and readily diagnosable,
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with ECM stiffness notably correlated with poorer prognosis. In
terms of ECM-remodeling mechanisms, the accumulation of PA in
colorectal cancer cells primarily promotes the transformation of
NFs into mCAFs via the NF-«kB pathway, activating matrix
remodeling and driving the development of obstruction and ma-
lignancy in colorectal cancer. These results provide a novel ther-
apeutic strategy for patients with colorectal cancer, especially
those at risk of obstruction.
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