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Multi-omics Analysis Reveals Adipose-tumor
Crosstalk in Patients with Colorectal Cancer
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Obesity and obesity-driven cancer rates are continuing to
rise worldwide. We hypothesize that adipocyte-colonocyte
interactions are a key driver of obesity-associated cancers. To
understand the clinical relevance of visceral adipose tissue in
advancing tumor growth, we analyzed paired tumor-
adjacent visceral adipose, normal mucosa, and colorectal
tumor tissues as well as presurgery blood samples from
patients with sporadic colorectal cancer. We report that
high peroxisome proliferator-activated receptor gamma
(PPARG) visceral adipose tissue expression is associated
with glycoprotein VI (GPVI) signaling—the major signaling
receptor for collagen—as well as fibrosis and adipogenesis
pathway signaling in colorectal tumors. These associations
were supported by correlations between PPARG visceral
adipose tissue expression and circulating levels of plasma
4-hydroxyproline and serum intercellular adhesion mole-
cule 1 (ICAM1), as well as gene set enrichment analysis and
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joint gene-metabolite pathway results integration that
yielded significant enrichment of genes defining epithelial-
to-mesenchymal transition—as in fibrosis and metastasis—
and genes involved in glycolytic metabolism, confirmed this
association. We also reveal that elevated prostaglandin-
endoperoxide synthase 2 (PTGS2) colorectal tumor expres-
sion is associated with a fibrotic signature in adipose-tumor
crosstalk via GPVI signaling and dendritic cell maturation in
visceral adipose tissue. Systemic metabolite and biomarker
profiling confirmed that high PTGS2 expression in colorectal
tumors is significantly associated with higher concentrations
of serum amyloid A and glycine, and lower concentrations of
sphingomyelin, in patients with colorectal cancer. This
multi-omics study suggests that adipose—tumor crosstalk in
patients with colorectal cancer is a critical microenviron-
ment interaction that could be therapeutically targeted.
See related spotlight by Colacino et al., p. 803

Introduction

The pandemic rise of obesity worldwide is alarming, with
approximately 70% of adults in the United States considered to
be overweight or obese (1)—increasing their risk for developing
at least 13 distinct types of cancer, including colorectal can-
cers (2). Adipose tissue, particularly visceral adipose tissue
(VAT), not only functions as an energy storage compartment,
but is also a dynamic endocrine organ that actively secretes
proteins and metabolites involved in the regulation of energy
homeostasis and hormonal and inflammatory pathways (3-7).
Several obesity-associated cancers, including those of the
breast, colorectum, and other gastrointestinal organs, arise
either within or in close proximity to adipose depots (5),
suggesting that altered adipose tissue metabolism and function
may promote nearby tumorigenesis. Although the colon is
surrounded by metabolically active VAT in the tumor micro-
environment, the colonic epithelium and VAT are spatially
distinct (8, 9). Among patients with colorectal cancer, evidence
also suggests that body mass index (BMI) poorly correlates
with VAT expression profiles (8). However, the associations
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underlying a potential crosstalk between adipose and epithelial
tissues and its relevance to carcinogenesis in the colon and
other organs remain unknown.

Growth factors (10-13) and inflammatory (14-16) signaling

Table 1. Baseline clinical and demographic characteristics of the
colorectal cancer patient cohort: the ColoCare Study.

Patient cohort

Characteristic n %
pathways have been shown to be associated with colorectal
cancer development, but in vivo models suggest that obesity- 'Sr:;al 47
associated alterations in systemic components of these path- Male 37 787
ways only explain a fraction of adipose-tumor tissue interac- Female 10 213
tions (15, 17, 18). Here we show via multiple independent  Age at diagnosis
-omic measurements and integrated analyses, for the first time, <39 years 2 4.3
crosstalk between tumor-adjacent VAT and colorectal tumor 40-49 years 4 8.5
tissues in patients with colorectal cancer. These results are 20-59 vears 12 2>
60-69 years n 23.4
substantiated in presurgery blood samples by metabolomics 70-79 years 13 27.7
and systemic inflammatory and angiogenesis marker profiling. 80+ years 5 10.6
Findings from this multi-omics study suggest that therapeutic =~ ™Mean. years (SD) 635 (2.3
strategies aiming to effectively intervene in obesity-related Ra\j\?hite 47 100
colorectal carcinogenesis might benefit from targeting mole-  go4y mass index
cules at the nexus of adipose-tumor crosstalk. Normal (18.5-<25 kg/m?) 13 27.7
Overweight (25-<30 kg/mz) 24 511
Obese, class | (30-<35 kg/m?) 7 14.9
Materials and Methods Obese, class I (35-+ ka/m’) 3 6.4
Patient population Sm'ii?:é ksfg $S(SD) 274 G8)
This study population includes patients from the interna- Never smoker 19 404
tional prospective ColoCare Study cohort (Clinicaltrials.gov Former smoker? 22 46.8
Identifier: NCT02328677; ref. 19). The ColoCare Study cohort Current smoker 5 10.6
includes men and women ages 18-89 years who were diag- NSL'JA:E”SSVZD ! 21
nosed with a primary invasive colorectal cancer (American None 3 66.0
Joint Committee on Cancer clinical stages I-IV) undergoing Yes 13 277
surgery at clinics and sites internationally. The study was Unknown 3 6.4
approved by the ethics committee of the medical faculty at ~ Cancer history in first-degree relatives
the University of Heidelberg (Heidelberg, Germany). All study ":fsne 33 8123
participants provided written informed consent. Electronic Unknown 5 43
medical charts, including pathologic reports, were reviewed  Microsatellite instability
to document other clinical parameters. Forty-seven men and Stable (MSS) 47 100
women from the ColoCare Study who were recruited in ~ Tumor site
Heidelberg, Germany, between December 2010 and May ;Zlc(izm 22; gg';
2014 had available paired tumor-adjacent VAT, colorectal 1,0 grade '
tumor, and colorectal mucosa tissue samples, and preoperative Moderately differentiated 35 745
blood samples, and were diagnosed with microsatellite stable Poorly differentiated 6 128
(sporadic) colorectal cancer (Table 1). Unknown 6 12.8
Tumor stage
Tissues and blood sample collection :| ]g 35 31
Paired tumor-adjacent VAT (n = 47), colorectal tumor (n = n 18 383
47), and normal colorectal mucosa (n = 47) tissue samples were W% 10 213

prospectively collected during primary tumor resection at the
University Hospital Heidelberg (Heidelberg, Germanys; ref. 20).
Tissue samples were processed by the Tissue Bank of the
National Center for Tumor Diseases (NCT, Heidelberg, Ger-
many) in accordance with the regulations of the tissue bank and
the approval of the ethics committee the University of Heidel-
berg (Heidelberg, Germany).

All samples underwent quality control checks to validate
VAT sections were without lymph node involvement and
tumor viability by a pathologist. Available nonfasting blood
samples collected for the ColoCare Study prior to surgery were

Abbreviations: NSAIDs, nonsteroidal anti-inflammatory drugs; SD, standard
deviation; ¢, centimeter; kg, kilogram; m, meter.

2Former smoker includes individuals who stopped smoking for >2 years.
PNSAID use in the last month.

also available for study inclusion from n = 47 patients. Our
final analysis cohort consisted of paired tumor-adjacent VAT,
colorectal tumor, and colorectal mucosa samples as well as
presurgery nonfasting blood samples collected from n = 47
patients with sporadic colorectal cancer.
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RNA extraction and transcriptome sequencing

Paired tumor-adjacent VAT, colorectal tumor, and normal
mucosa tissue sample preparation, data preprocessing, and
quality control/validation techniques are detailed in Haffa and
colleagues and Liesenfeld and colleagues (8, 20). Briefly, whole
RNA was isolated from fresh-frozen tissue samples using the
AllPrep DNA/RNA Mini Kit (Qiagen), and from fresh frozen
VAT and SAT samples using the AllPrep DNA/RNA/miRNA
Universal Kit (Qiagen) according to the manufacturer’s pro-
tocols. Tissues were disrupted and homogenized by high-speed
shaking with ceramic beads using the Precellys 24 Tissue Lyser
(PeqLab Biotechnology). Genomic DNA was removed by DNA
spin columns and flow-through was further processed.
Remaining DNA was digested by DNase I and whole RNA
was extracted using RNA spin columns. Samples obtained from
adipose tissue were treated with proteinase K and chloroform
to digest and remove proteins prior to the final step of RNA
isolation. RNA concentrations were measured using the Epoch
Microplate Spectrophotometer (BioTek). RNA quality was
determined via the RNA integrity number (RIN) using the
Bioanalyzer 2100 (Agilent Technologies). Samples had RINs
between 6.3 and 10, and were stored at —80°C until further
processing. Transcriptome profiling was performed using the
HumanHT-12 Expression BeadChip with 200 ng RNA accord-
ing to the manufacturer’s protocol (Illumina) at the Genomics
and Proteomics Core Facility, DKFZ (Heidelberg, Germany).

Plasma metabolomic profiling

Ethylenediaminetetraacetic acid presurgery blood plasma
samples from n = 47 ColoCare Study participants were col-
lected and processed within 4 hours, according to a standard-
ized protocol, and stored at —80°C as previously described in
Geijsen and colleagues (21) To assess data quality, intrabatch
and interbatch variabilities were calculated as coefficients of
variation for all metabolites based on results obtained for
quality control samples. Metabolites were excluded if coeffi-
cients of variation (intrabatch and interbatch) were greater
than 20%. In cases where a coefficient of variation was greater
than 20% for one of the two calculated values, interbatch
variability of the Biocrates quality control samples was exam-
ined to evaluate data validity. Concentrations below the cal-
ibration curve ranges were replaced by the median between
zero and the lower limit of quantification (if not more than 5%
of metabolite data were missing). Concentrations above the
calibration curve were replaced by upper limits of quantifica-
tion. For compounds semiquantified [Flow Injection Analysis
MS-MS (FIA/MS-MS); with one-point calibration), the limit
for reporting concentration values was the limit of detection,
set to three times the median intensity value of the three PBS
zero samples. Given that some compounds measured by FIA
with concentration values close to the limit of detection were
often detected in a small fraction of the samples, a detection
cutoff of less than 10% in n = 47 patient samples was used as
exclusionary criteria. After quality control, a total of n = 127
metabolites were finally retained for subsequent analyses.

AACRJournals.org
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Systemic inflammatory and angiogenesis biomarker
multiplexing in patient serum

Serum-based assays for multiplexed C-reactive protein,
serum amyloid A (SAA: measuring SAAI, SAA2, SAA3, and
SAA4), IL6, IL8/CXC-motif chemokine 8 (IL8/CXCLS), soluble
intercellular adhesion molecule 1/cluster of differentiation 54
(sICAM-1/CD54), soluble vascular adhesion molecule 1/cluster
of differentiation 106 (sVCAM-1/CD106), monocyte chemoat-
tractant protein-1 (MCP1/CCL2), VEGF A (VEGFA), VEGF D
(VEGED), CXC-motif chemokine 12/stromal cell-derived fac-
tor 1a (CXCL12/SDF1a), and tumor-necrosis factor-a (TNFA)
have previously been established on the Mesoscale Discovery
Platform (MSD) in Himbert and colleagues (22) Given that
selected inflammatory markers generally demonstrated a right
skewed distribution, log,-transformation was applied before
model fitting.

Tissue transcriptomic, plasma metabolomic, and serum
inflammatory and angiogenesis biomarker analyses

To discern expression changes unique to the colorectal
tumor from the mucosal tissue, differences in normalized
expression were calculated for each transcript as: Expression =
(Normalized tumor expression)-(Normalized mucosa expres-
sion). We used this parameter for all subsequent analyses
(further referred to as tumor expression). A step-by-step
description of our analysis pipeline is outlined in Supple-
mentary Fig. S1.

First, patients were classified as having high (n = 23) or
low (n = 24) expression of PTGS2 based on the mean
expression in tumor tissue. Next, these patient groups were
used to calculate the differential expression of VAT tran-
scripts and systemic biomarker levels using Wald tests.
Regression model coefficients () and P-values were esti-
mated for: (i) 47,107 VAT transcripts, (ii) 127 metabolites,
and (iii) 11 systemic biomarkers of inflammation and angio-
genesis, after adjustment for: patient age at surgery, sex,
tumor site (colon/rectum), and stage (I, I, III, IV). Because
of the exploratory nature of this research, P-values were not
FDR-adjusted. Brumo>0 indicates that increased expression
of a VAT transcript (plasma metabolite or systemic bio-
marker) is associated with high tumor expression of PTGS2.
Brumor<0 indicates that decreased expression of a VAT
transcript (plasma metabolite or systemic biomarker) is
associated with low expression of PTGS2 in the tumor, given
other adjustment factors were fixed.

In parallel, patients were classified as having high (n = 23) or
low (n = 24) VAT expression of peroxisome proliferator-
activated receptor gamma (PPARG) based on the mean expres-
sion in VAT. These patient groups were used to calculate the
differential expression of tumor transcripts, plasma metabo-
lites, and serum systemic biomarker levels using Wald tests.
Regression model coefficients () and P-values were estimated
for: (i) 47,107 tumor transcripts, (ii) 127 metabolites, and (iii)
11 systemic biomarkers of inflammation and angiogenesis,
after adjustment for: patient age at surgery, sex, tumor site,
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and stage. Because of the exploratory nature of this research, P-
values were not FDR-adjusted. By o1>0 indicates that increased
expression of a tumor transcript (plasma metabolite or sys-
temic biomarker) is associated with high VAT expression of
PPARG. By A1<0 indicates that decreased expression of a tumor
transcript (plasma metabolite or systemic biomarker) is asso-
ciated with low expression of PPARG in VAT, given other
adjustment factors were fixed.

Ingenuity pathway analysis

Transcripts with fold change [(25)21.2 or (ZB)SO.S] and
0:<0.05 were considered to be significant for further investi-
gation. Significant transcripts were entered into Ingenuity
pathway analysis (IPA) software (Ingenuity Systems). IPA was
used to map transcripts to unique genes, remove duplicate
genes, and to classify enriched functions, networks and reg-
ulators, diseases, and molecular pathways.

MetaboAnalyst gene-metabolite pathway
characterization

To characterize the system-level effects of metabolic and
transcriptomic profiles associated with adipose-tumor tissue
crosstalk, we integrated multiple -omics results into MetaboA-
nalyst software (http://www.metaboanalyst.ca/) for enrich-
ment analysis via a joint gene-metabolite pathway mode as
previously described in Holowatyj and colleagues (23). In
parallel, we imported significant genes (n = 249 genes) and
metabolites (n = 4 metabolites) from PPARG analyses for joint
gene-metabolite pathway characterization. Homo sapiens was
selected as the model organism. An overrepresentation anal-
ysis, to test if a particular group of compounds is represented
more than expected by chance within the compound set,
was implemented on the basis of hypergeometric testing to
examine whether a particular gene-metabolite set was repre-
sented more than expected by chance within the gene and
metabolite sets.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA; http://software.broad
institute.org/gsea/index.jsp) was performed to compute over-
laps between n = 17 significant genes intersected from PTGS2
and PPARG transcriptomic sequencing analyses and the Hall-
mark gene sets (1 = 50; ref. 24). A FDR g-value <0.05 was used
as a significance threshold to identify the biologically relevant
gene sets. This process resulted in a list of gene sets significantly
enriched in molecular signals at the nexus of adipose-tumor
crosstalk.

Statistical analysis

The Spearman rank test was used to assess the correlation
between continuous variables. Hypothesis testing was done
using two-sided tests at a 95% significance level. All analyses
were conducted in R statistical software (version 3.1.2) or SAS
version 9.4 statistical software (SAS Institute). Graphs were
generated from MetaboAnalyst or using Graphpad Prism 7
software.

Results

Given the rising rates of obesity and the challenges for many
people to lose excess adipose tissue, an integrated approach to
characterizing the crosstalk between adipose and tumor tissues
in humans is needed to develop effective mechanism-based
strategies for the prevention and control of obesity-driven
colorectal cancers. We obtained paired tumor-adjacent VAT,
colorectal tumor, and colorectal mucosa tissues as well as
preoperative blood samples from patients with primary inva-
sive, microsatellite stable (sporadic) colorectal cancer enrolled
in the ColoCare Study (n = 47 patients). Tissue samples were
collected during surgery to assess for global gene expression,
and presurgery blood was collected from individuals to evaluate
plasma metabolic profiles (n = 46) and serum-based levels of
inflammatory and angiogenesis biomarkers (n = 43). Tran-
scriptomic profiling using paired colorectal tumor, tumor-
adjacent VAT, and colorectal mucosa RNA microarrays was
performed on 141 tissue samples (n = 47 patients). Fifty-five
percent of cases (n = 26) were diagnosed with cancers of the
rectum/rectosigmoid junction, and BMI of this patient popu-
lation was classified as overweight (27.4 kg/m?% Table 1).
Additional baseline clinical, demographic, and colorectal can-
cer risk factors of patients are described in Table 1.

Role of PPARG VAT expression in adipocyte-colonocyte
interactions to promote colorectal carcinogenesis

Obesity-associated proinflammatory cytokines produced in
VAT promote adipocyte hypertrophy by inhibiting adipogen-
esis in part via the suppression of PPARG—a master regulator
of adipogenesis. As such, we examined tumor-adjacent VAT
expression of PPARG to evaluate its role in adipocyte-
colonocyte interactions that promote colorectal carcinogenesis.
First, patients were grouped (n = 23 high; n = 24 low) by VAT
expression of PPARG (Fig. 1; Supplementary Fig. S1). To
examine paracrine effects of crosstalk between VAT and
colorectal tumor tissues, plasma-based levels of metabolites
and serum-based levels of systemic inflammatory and angio-
genesis biomarkers were measured in paired patient presurgery
blood samples.

While systemic inflammatory and angiogenesis biomarker
profiles did not substantially differentiate PPARG VAT expres-
sion groups after adjustment for patient age, sex, tumor site,
and stage (Fig. 2A; Supplementary Table S1)—consistent
with previous in vivo work (25), we observed that high PPARG
VAT expression was marginally associated with decreased
circulating levels of soluble intercellular adhesion molecule 1
(sICAM1) in humans (FC = 0.81, P = 0.08). Moreover,
independent interrogation of the paracrine effects of adi-
pose—tumor crosstalk by PPARG VAT expression groups via
plasma metabolomic profiles revealed 4-hydroxyproline as the
top ranked metabolite (FC = 1.53, P = 0.005; Fig. 2B; Sup-
plementary Table S2). Hydroxyproline is a major component
of fibrillar collagen (~13.5% of its amino acid composition),
plays a key role in collagen stability, and the quantification of
hydroxyproline is utilized to evaluate tissue fibrosis (26)—the
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Figure 1.

Schema of tissue transcriptomic, plasma
metabolomic, and serum-based biomarker
analyses by PPARG VAT expression group
(A) and PTGS2 colorectal tumor tissue
expression group (B), for patients with spo- /
radic colorectal cancer. *Regression model

coefficients and P-values were estimated for /
tumor transcripts after adjustment for: / 1
patient age, sex, tumor site, and stage. ) i

overgrowth of tissues attributed to excess deposition of extra-
cellular matrix components such as collagen. Together with the
knowledge that PPARG acts as a key regulator of fibrosis, these
findings suggest a role for signals associated with fibrosis
underlying adipose—tumor crosstalk in patients with colorectal
cancer.

Next, transcriptomic analyses of paired colorectal tumor
tissue between patients grouped (n = 23 high; n = 24 low)
by VAT expression of PPARG was conducted, adjusting for
patient age, sex, tumor site, and stage (Fig. 1). A total of 249
unique tumor genes were differentially expressed and statisti-
cally significant between patient groups (Fig. 2C; Supplemen-
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tary Table S3). Among these tumor genes, over 83% (n = 207;
83.1%) were upregulated in association with high PPARG VAT
expression, including: 11 collagen type molecules (COLI14Al,
COL15A1, COL16A1, COL18A1, COL1A2, COL3A1, COL4Al,
COL5A2, COL6A1, COL6A2, COL6A3), dickkopf WNT sig-
naling pathway inhibitor 3 (DKK3), frizzled related protein
(FRZB), hypoxia-inducible factor 1-alpha (HIFI1A), IGF bind-
ing protein 7 (IGFBP7), mesenteric estrogen-dependent adi-
pogenesis (MEDAG), and WNT1-inducible signaling pathway
protein 3 (WISP3) genes. These 249 colorectal tumor genes
were then curated into IPA software to distinguish enriched
molecular pathways. Glycoprotein VI (GPVI) signaling—the
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Figure 2.

Joint gene-metabolite pathways

Elevated PPARG VAT expression is associated with tissue fibrosis among patients with sporadic colorectal cancer. Serum-based inflammatory and angiogenesis
biomarker levels (A) and plasma metabolic concentrations (B) associated with differential PPARG VAT expression. Differential expression of systemic biomarker
levels between high versus low PPARG VAT expression patient groups was computed using Wald tests and ranked by fold change. Regression model coefficients and
P-values were estimated for serum-based biomarkers after adjustment for: patient age, sex, tumor site, and stage. C, Volcano plot of gene expression changes in
colorectal tumors associated with differential PPARG VAT expression. Differential expression of tumor transcripts between high versus low PPARG VAT expression
groups of patients was computed using Wald tests. Transcripts with absolute value fold change (2P)>1.2 and 0:<0.05 (dashed lines) were considered to be statistically
significant. D, IPA results of molecular pathways statistically significantly enriched in the n = 249 genes differentially expressed in colorectal tumor tissue by PPARG
VAT expression (high vs. low). E, Overrepresentation analysis graphical results of joint gene-metabolite pathways for the significant gene (n = 249 colorectal tumor
genes from transcriptomic analysis) and metabolite (n = 4 metabolites from plasma metabolomics analysis) set. Hypergeometric testing conducted using
MetaboAnalyst 4.0 software. Node color shading based on P-value and node radius defined by impact values from pathway topology analysis.

major signaling receptor for collagen—emerged as the top
ranked canonical pathway (z-score = 3.46, P = 9.55 x
10™% Fig. 2D; Supplementary Table S4). Notably, differentially
expressed and statistically significant tumor genes (n = 249)
were significantly enriched in fibrosis and adipogenesis
pathway signaling (P = 1.58 x 10~"%; P = 0.025; respec-
tively; Supplementary Table S4). PPARG ligands and pros-
taglandins are known to inhibit tyrosine phosphorylation of
multiple components of GPVI signaling, indicative of cor-
egulation of several cancer-associated inflammatory path-
ways identified in our analyses. Together, these findings
propose that interacting pathways associated with inflam-
mation, fibrosis, and adipogenesis may be involved in adi-
pose-tumor crosstalk.

To evaluate potential metabolites secreted into plasma by
VAT and colorectal tissues, we integrated paired colorectal
tumor transcriptomic and plasma metabolomic signatures
that distinguish PPARG VAT expression groups. Joint gene-

metabolite pathway analysis, including these n = 249 VAT
genes and n = 4 plasma metabolites, was conducted via
MetaboAnalyst 4.0 software (Supplementary Tables S2 and
$3). Glycolysis and gluconeogenesis was the top significantly
overrepresented pathway in the colorectal tumor transcrip-
tomic and plasma metabolomic set that distinguishes PPARG
VAT expression groups (impact score = 0.31, P = 0.02; Fig. 2E;
Supplementary Table S5). Importantly, as HIFIA activates
PPARG and glycolytic genes in response to pathologic
stress (27, 28), our transcriptomic findings demonstrate that
increased expression of HIFIA was also associated with
high PPARG VAT expression among patients (Supplement-
ary Table S3). As HIFIA signaling has been implicated in
promoting the fibrotic phenotype of macrophages through the
production of profibrotic mediators, including IL6, our inde-
pendent findings from multiple -omic profiles reveal that
adipose-tumor crosstalk mediates fibrosis among patients with
sporadic colorectal cancer.
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PTGS2/COX2 colorectal tumor expression and a fibrotic
signature in adipose-tumor crosstalk

The adipocyte-macrophage paracrine loop promotes and
sustains systemic inflammatory changes in association with
visceral adiposity, including prostaglandin-endoperoxide
synthase 2 (PTGS2 or COX2) upregulation (29). Therefore, it
is critical to understand how VAT genes are associated with
differential PTGS2 colorectal tumor expression—a key driver
of tumor inflammation. In parallel, patients were grouped (n =
23 high; n = 24 low) by PTGS2 tumor expression (Fig. 1;
Supplementary Fig. S1). Independent, adjusted comparisons of
plasma metabolic profiles (n = 127 metabolites; Supplemen-
tary Table S6) by PTGS2 tumor expression groups revealed that
n = 2 metabolites had significantly different plasma concen-
trations between patients with high versus low expression of
tumor PTGS2. Significantly higher concentrations of glycine
and lower concentrations of sphingomyelin in patients with
sporadic colorectal cancer were observed in patients with
high PTGS2 tumor expression (FC = 1.23, P = 0.02; FC =
0.85, P =0.047, respectively; Fig. 3A; Supplementary Table S6).
Furthermore, independent investigation of systemic inflam-
matory and angiogenesis biomarker profiles between patients
grouped (n = 23 high; n = 24 low) by PTGS2 tumor expression
revealed that individuals with high expression of PTGS2 in
colorectal tumors were significantly more likely to have higher
levels of serum-based SAA—an apolipoprotein and adipokine
with potential to enhance lipolysis (FC = 2.13, P=0.039)—and
higher levels of IL6, although these findings did not reach
statistical significance (FC = 2.38, P = 0.11; Fig. 3B; Supple-
mentary Table S7). As prior studies have reported that inhi-
bition of PTGS2 sequentially activates sphingomyelinase in
human colon carcinoma cells and sphingolipid signaling has
been shown to regulate tissue fibrosis (30-32), these results
posit a link between PTGS2 tumor tissue expression and a
fibrotic signature in adipose—tumor crosstalk.

Next, independent multivariable adjusted transcriptomic
analyses of paired tumor-adjacent VAT between patient groups
were conducted (Fig. 1). In total, n = 129 unique VAT genes
were differentially expressed between patients grouped (n = 23
high; n = 24 low) by PTGS2 tumor expression and reached
statistical significance (Fig. 3C; Supplementary Table S8). Of
these VAT genes, 91% (n = 117) were found to be upregulated
in association with high tumor expression of PTGS2. Notably,
upregulated VAT genes included: serum amyloid A2 (SAA2),
collagen type genes (COL1A1, COL1A2, COL3A1, COL5AI,
COL6AI), C-X-C motif chemokine ligand 12 (CXCL12), and
PTGS2. These n = 129 VAT genes were also independently
curated into IPA software to classify enriched molecular path-
ways. Mapping of n = 129 VAT genes to canonical pathways
identified GPVI signaling as one of the top significant, activated
pathways (z-score = 2.45, P = 0.046; Fig. 3D; Supplementary
Table S9). Furthermore, dendritic cell maturation was of
particular interest, as it was the top upregulated pathway in
patients with high PTGS2 tumor expression (z-score = 3.0, P <
0.0001; Fig. 3D; Supplementary Table S9). Transcriptomic
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results also substantiated serum-based inflammatory biomark-
er profile findings (Fig. 3B), revealing increased expression of
SAA2 and enrichment of IL6 signaling (z-score = 2.0, P =
0.0002) associated with high tumor PTGS2 expression among
patients with sporadic colorectal cancer (Supplementary
Tables S8 and S9). As downregulation of PPARG signaling
has been shown to result in SAA-induced lipolysis (33), den-
dritic cells are also known to mediate fibrosis (34, 35), and AT
can promote systemic inflammation via IL6 (36), these findings
substantiate that fibrotic signaling may be a key regulator of
adipose-tumor crosstalk.

Enrichment of signals associated with fibrosis and
glycolytic metabolism at the nexus of adipose-tumor
crosstalk

Finally, we sought to gain insight into the biological
pathways and potential associations through which molec-
ular signals may mediate adipose-tumor tissue crosstalk. Of
the 129 altered genes associated with differential PTGS2
tumor expression and the 249 genes associated with differ-
ential PPARG expression in VAT that reached statistical
significance (Supplementary Tables S3 and S8), 17 genes
were commonly upregulated (Table 2). The number of
overlapping genes identified (n = 17) was substantially
higher than the expected number by chance (n = 1.6), and
we sought to investigate central biological processes in
which these 17 signals at the nexus of adipose-tumor tissue
crosstalk are enriched. We performed GSEA on “hallmark”
gene sets (n = 50; ref. 24) which yielded six significant gene
sets (Table 2). Significantly enriched sets included: genes
defining epithelial-to-mesenchymal transition, as in fibrosis
and metastasis (FDR g-value = 1.31 x 10 '%); and genes
encoding proteins involved in glycolysis and gluconeogen-
esis (g = 0.02). Together, these integrated findings posit a
key role for signals associated with fibrosis and glycolytic
metabolism underlying adipose-tumor crosstalk in patients
with colorectal cancer.

Discussion

Adipose tissue, as an endocrine organ, maintains a key role in
energy homeostasis and secretes growth factors, hormones,
and proinflammatory cytokines that promote a favorable niche
for the pathogenesis of colorectal cancer (3, 5, 6, 37). Further-
more, the accumulation of VAT and adipocyte hypertrophy
can also promote tumor development (7, 15, 29). However, the
underlying associations linking obesity and colorectal cancer
remain unknown. Here, via multiple independent -omic mea-
surements of paired tumor-adjacent VAT, colorectal tumor
tissues, and presurgery blood samples from patients diagnosed
with sporadic colorectal cancer, integrative analyses reveal that
fibrosis, GPVI signaling, and glycolytic metabolism, are at the
nexus of crosstalk between adipocytes and colonocytes within
the tumor microenvironment and may promote colorectal
tumor growth.
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High PTGS2 expression in colorectal tumor tissue is linked to a fibrotic signature in adipose-tumor crosstalk among patients with sporadic colorectal cancer. Plasma
metabolic concentrations (A) and serum-based biomarker levels (B) associated with differential PTGS2 colorectal tumor expression. Differential expression of
plasma metabolites and biomarker levels between high versus low PTGS2 tumor expression patient groups was computed using Wald tests and ranked by fold
change. Regression model coefficients and P-values were estimated for plasma metabolites and serum-based inflammatory and angiogenesis biomarkers after
adjustment for: patient age, sex, tumor site, and stage. Dashed line indicates significance threshold with P-value of 0.05. C, Volcano plot of VAT gene expression
changes associated with differential PTGS2 tumor expression. Differential expression of VAT transcripts between high versus low PTGS2 tumor expression patient
groups was computed using Wald tests. Transcripts with absolute value fold change >1.2 and 0:<0.05 (dashed lines) were considered statistically significant. D, IPA
results of molecular pathways significantly enriched in the n =129 genes differentially expressed in VAT by PTGS2 tumor expression (high vs. low). Dashed line

indicates P-value threshold of 0.05.

Abdominal AT accumulation has been associated with
metabolic dysfunction and has been shown in animal mod-
els (38), in healthy individuals (7), and in patients diagnosed
with colorectal cancer (20). PPARG is involved in complex
systemic physiologic regulatory networks (39, 40). PPARG is a
nuclear receptor that pairs with retinoid X receptor (RXR) to
initiate transcription in multiple tissues, including VAT. After
binding to the PPRE DNA binding domain, the PPARG-RXR
heterodimer mediated transcription is further regulated by
coactivators and corepressors in both a ligand-dependent and
independent manner. In the brain, PPARG can contribute to
weight gain by stimulating food intake as well as increasing
adipose tissue mass, along with contributing hepatic insulin
sensitivity. In muscle, PPARG also influences insulin sensitiv-
ity. Previous studies have posited a role for PPARG in the
obesity-induced colorectal cancer link (41), as PPARG has been
shown to regulate the expression of molecular mediators

involved in the inflammatory response and lipid metabo-
lism (42). Aligned with this evidence, we showed that differ-
ential PPARG expression in tumor-adjacent VAT is associated
with distinct metabolic networks in colorectal tumors, includ-
ing pathways of glycolytic metabolism. Interestingly, a near-
universal component of tumors is the upregulation of glycolysis
as an adaptation for hypoxic conditions to promote uncon-
trolled proliferation and invasion (43, 44). Glycolytic metab-
olism-related proteins have been associated with tumor main-
tenance and progression in patients with colorectal cancer (45),
and as revealed here, colorectal tumor and VAT genes involved
in adipose-tumor crosstalk are enriched in pathways contrib-
uting to glycolysis and lipid metabolism.

Preclinical models have also shed light on glycolysis as the
major contributor to proinflammatory activation of AT macro-
phages (46), as AT macrophages from obese mice have been
characterized by higher rates of glycolysis and upregulation of
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Table 2. Molecular signals at the nexus of adipose-tumor crosstalk (n = 17) are enriched in genes defining epithelial-to-mesenchymal
transition, genes encoding proteins involved in glycolysis and gluconeogenesis, and genes regulated by NFxB in response to TNF

signaling. GSEA results of n =17 significant genes intersected from PTGS2 and PPARG transcriptomic sequencing analyses and the GSEA
Hallmark gene sets (n = 50). A FDR g-value <0.05 was used as a significance threshold to identify the biologically relevant gene sets.

Epithelial-to- Response to
mesenchymal ultraviolet Glycolysis and
Pathway transition radiation Angiogenesis Apoptosis gluconeogenesis
P 2.63E-15 2.13E-07 2.98E-07 2.77E-05 _ 0.002
FDR g-value 1.31E-13 4.97E-06 4.97E-06 3.46E-04  0.021
Gene symbol and name COL3A7  Collagen, type lll, alpha 1
PDGFRB Platelet-derived growth factor
receptor, beta
COLIA2  Collagen, type |, alpha 2
DAB2 Disabled homolog 2, mitogen-
responsive phosphoprotein
LUM Lumican
VCAN Versican
DCN Decorin

SERPINHI Serpin peptidase inhibitor,
clade H, member 1

PLAU Plasminogen activator,
urokinase

EGR2 Early growth response 2

COL6AT  Collagen, type VI, alpha 1

CYBB Cytochrome b-245, beta
polypeptide

MAF v-maf musculoaponeurotic
fibrosarcoma oncogene
homolog

ARHGDIB Rho GDP dissociation inhibitor
(GDD) beta

CPXM1 Carboxypeptidase X, member 1

CD248 CD248 molecule, endosialin

EMILINZ  Elastin microfibril interfacer 2

the key metabolic/inflammatory regulator HIFIA, compared
with lean mice (47). Furthermore, in vitro and in vivo experi-
ments have shown that NF«kB is a critical transcriptional
activator of HIFIA, as basal NFkB activity is essential for
HIFIA accumulation under hypoxic conditions (48). In line
with this, we also demonstrated among patients with colorectal
cancer that high PPARG VAT expression is associated with the
expression of adhesion molecules in tumors via HIF1A and the
TNF signaling pathway. We detected activation of the HIFIA-
PPARG axis (28) in our cohort of patients with colorectal
cancer, as a significant increase in HIFIA tumor expression was
associated with high expression of PPARG in VAT. In addition,
a marginal association between PPARG VAT expression and
circulating levels of [CAM1 together with GSEA and joint gene-
metabolite pathway findings confirmed this enrichment. Our
data also indicate that molecular signals at the nexus of visceral
adipose-tumor crosstalk are enriched in genes encoding pro-
teins involved in glycolysis and gluconeogenesis, and genes
regulated by NF«B in response to TNF signaling. These find-
ings support our hypothesis that adipocyte-colonocyte inter-
actions are a key driver of colorectal cancer. Preclinical studies
are warranted to investigate the causal roles of these associa-

AACRJournals.org

tions in obesity-induced colorectal cancer progression, and
these ongoing studies may lead to novel therapeutic targets to
intercept adipocyte—colonocyte crosstalk in colorectal cancer.

Collagens are a highly enriched extracellular matrix com-
ponent of AT Collagens are a highly enriched extracellular
matrix component of AT that provides mechanical support and
signaling functions for adipocytes, which are embedded in this
matrix (49). Previous in vitro work has implicated AT fibrosis
as a hallmark of metabolically challenged adipocytes, as hyp-
oxic AT increases profibrotic gene expression and leads to
tissue fibrosis (36). In the inflammatory state, the activation of
platelets via GPVI signaling has been reported to induce
formation of platelet-derived microparticles in the blood—
suggesting a key role for GPVI signaling in the amplification of
inflammation. Aligned with evidence that platelet micropar-
ticles are known to include transcription factors (e.g., PPARG)
and cytokines and chemokines (e.g., IL1), and are hypothesized
to function in interactions with other cells (50-53), our multi-
omics study reports that key VAT signals from molecular
pathways upregulated in patients with high PTGS2 tumor
expression involve interacting pathways associated with fibro-
sis, including GPVI signaling, dendritic cell maturation, and
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inflammation in patients with colorectal cancer. Our findings
were substantiated via independent serum-based inflammatory
biomarker profiling, as the elevated expression of SAA2 and
enrichment of IL6 signaling were also associated with high
tumor PTGS2 expression. Together, these results suggest that
genes related to GPVI signaling and fibrosis support crosstalk
between adipocytes and colonocytes within the tumor micro-
environment to drive colorectal tumor growth.

Previous in vitro work by Dovizio and colleagues has also
suggested that direct cell-cell communication and PTGS2
overexpression synergistically induced gene expression mod-
ifications associated with EMT (51), and that detachment of
platelet aggregates from colorectal tumor cells may be a con-
sequence of shedding platelet GPVI receptors. In vivo studies
have gone on to report specific active targeting of GPVI to
fibrotic sites during chronic inflammation, as GPVI binds to
collagen fiber and most extracellular matrix proteins. Concordant
with these results, here we identified that signals associated with
tissue fibrosis, including hydroxyproline, GPVI signaling, sphin-
golipid signaling, and PPARG, underlie adipocyte-colonocyte
interactions in patients with colorectal cancer.

We acknowledge the limitations of our study. While our
study is the first to discover adipose-tumor crosstalk as a
critical interaction between tumors and their surrounding
microenvironment in patients with sporadic colorectal cancer,
our associations remain descriptive in nature. In addition,
our sample size was limited and consisted of predominant
rectal cancers, and we were unable to consider other systemic
factors—including the influence of the liver on potential
PPARG crosstalk via circulation. By including only patients
with pathologically confirmed microsatellite stable colorectal
cancers, we have eliminated genome-wide tumor differences by
microsatellite instability status; however, data on colorectal
cancer molecular subtypes (e.g., KRAS/BRAF mutation status)
were not available for this study. We also acknowledge the
potential for surgery-associated bias in this study, given the lack
of noncancer controls and potential for an acute inflammatory
response with surgery-bowel preparation procedures, antibio-
tics, incisions, and tissue trauma. However, noncancer-related
colonic resections are often due to inflammatory causes (e.g.,
inflammatory bowel disease) that would introduce bias. As all
patients underwent surgical resection for colorectal cancer, any
impact from surgery would not differ by the factors investi-
gated. Any nondifferential misclassification would attenuate
the observed associations between adipocyte-colonocyte inter-
actions within the tumor microenvironment.

Together, our multi-omics findings characterize the molec-
ular phenotype of signals underlying the association between
adiposity and colorectal cancer among patients. These results
reveal that fibrosis, GPVI signaling, and glycolytic metabolism
are at the nexus of crosstalk between adipocytes and colono-
cytes within the tumor microenvironment and may contribute
to colorectal tumor growth. Therapeutic strategies aiming to
effectively intervene in obesity-related colorectal carcinogen-
esis might benefit from targeting molecules at the nexus of the

adipose—tumor crosstalk to help reduce the burden of obesity-
driven colorectal cancer in patients.
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