
ORIGINAL RESEARCH
published: 19 February 2019

doi: 10.3389/fimmu.2019.00265

Frontiers in Immunology | www.frontiersin.org 1 February 2019 | Volume 10 | Article 265

Edited by:

Pinyi Lu,

Biotechnology HPC Software

Applications Institute (BHSAI),

United States

Reviewed by:

Jason Roszik,

University of Texas MD Anderson

Cancer Center, United States

Chang Chen,

University of Illinois at Chicago,

United States

Xia Yang,

University of California, Los Angeles,

United States

*Correspondence:

Manuela Del Cornò

manuela.delcorno@iss.it

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Nutritional Immunology,

a section of the journal

Frontiers in Immunology

Received: 17 October 2018

Accepted: 31 January 2019

Published: 19 February 2019

Citation:

Del Cornò M, Baldassarre A, Calura E,

Conti L, Martini P, Romualdi C, Varì R,

Scazzocchio B, D’Archivio M,

Masotti A and Gessani S (2019)

Transcriptome Profiles of Human

Visceral Adipocytes in Obesity and

Colorectal Cancer Unravel the Effects

of Body Mass Index and

Polyunsaturated Fatty Acids on Genes

and Biological Processes Related to

Tumorigenesis.

Front. Immunol. 10:265.

doi: 10.3389/fimmu.2019.00265

Transcriptome Profiles of Human
Visceral Adipocytes in Obesity and
Colorectal Cancer Unravel the
Effects of Body Mass Index and
Polyunsaturated Fatty Acids on
Genes and Biological Processes
Related to Tumorigenesis

Manuela Del Cornò 1*†, Antonella Baldassarre 2†, Enrica Calura 3, Lucia Conti 1,

Paolo Martini 3, Chiara Romualdi 3, Rosaria Varì 1, Beatrice Scazzocchio 1,

Massimo D’Archivio 1, Andrea Masotti 2 and Sandra Gessani 1

1Center for Gender-Specific Medicine, Istituto Superiore di Sanità, Rome, Italy, 2 Research Laboratories, Bambino Gesù

Children’s Hospital-IRCCS, Rome, Italy, 3Department of Biology, University of Padua, Padua, Italy

Obesity, a low-grade inflammatory condition, represents a major risk factor for the

development of several pathologies including colorectal cancer (CRC). Although the

adipose tissue inflammatory state is now recognized as a key player in obesity-associated

morbidities, the underlying biological processes are complex and not yet precisely

defined. To this end, we analyzed transcriptome profiles of human visceral adipocytes

from lean and obese subjects affected or not by CRC by RNA sequencing (n = 6

subjects/category), and validated selected modulated genes by real-time qPCR. We

report that obesity and CRC, conditions characterized by the common denominator

of inflammation, promote changes in the transcriptional program of adipocytes mostly

involving pathways and biological processes linked to extracellular matrix remodeling,

and metabolism of pyruvate, lipids and glucose. Interestingly, although the transcriptome

of adipocytes shows several alterations that are common to both disorders, some

modifications are unique under obesity (e.g., pathways associated with inflammation)

and CRC (e.g., TGFβ signaling and extracellular matrix remodeling) and are influenced

by the body mass index (e.g., processes related to cell adhesion, angiogenesis, as well

as metabolism). Indeed, cancer-induced transcriptional program is deeply affected by

obesity, with adipocytes from obese individuals exhibiting a more complex response

to the tumor. We also report that in vitro exposure of adipocytes to ω3 and ω6

polyunsaturated fatty acids (PUFA) endowed with either anti- or pro-inflammatory

properties, respectively, modulates the expression of genes involved in processes

potentially relevant to carcinogenesis, as assessed by real-time qPCR. All together our

results suggest that genes involved in pyruvate, glucose and lipid metabolism, fibrosis

and inflammation are central in the transcriptional reprogramming of adipocytes occurring

in obese and CRC-affected individuals, as well as in their response to PUFA exposure.

Moreover, our results indicate that the transcriptional program of adipocytes is strongly
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influenced by the BMI status in CRC subjects. The dysregulation of these interrelated

processes relevant for adipocyte functions may contribute to create more favorable

conditions to tumor establishment or favor tumor progression, thus linking obesity and

colorectal cancer.

Keywords: obesity, body mass index, colorectal cancer, adipocyte, fatty acid, transcriptome, RNASeq

INTRODUCTION

The increase of obesity afflicting nowadays adults and children
worldwide has become a major global health challenge (1).
Obesity, as defined by an excessive accumulation of white
adipose tissue (AT), is characterized by a chronic low-grade
inflammatory status triggered by AT expansion and hypoxia.
AT is recognized as a key endocrine organ that regulates many
metabolic and immune processes and plays a central role in
obesity-associated morbidities including colorectal cancer (CRC)
(2, 3). This tissue is endowed with functional pleiotropism relying
on its capacity to synthesize and secrete a large array of mediators
including cytokines/chemokines, extracellular matrix proteins,
hormones, growth and vasoactive factors that influence, either
locally or systemically, a variety of physiological and pathological
processes (4). A central event in the etiology of obesity is the
AT dysfunctionality characterized by hypertrophy, exacerbated
inflammation, impaired extracellular matrix (ECM) remodeling
and fibrosis, altered vascular function and structure that strongly
contribute to the onset of obesity-associated comorbidities,
including several types of cancer (5).

Obesity is the result of a complex interaction of factors
of different nature such as genetic, metabolic, behavioral and
environmental ones. Of note, specific dietary patterns and obesity
degree have been associated with increased or decreased CRC
risk and epidemiological studies highlighted the importance of
nutrients in cancer risk or prevention (6, 7). Food components
able to modulate inflammation are of great interest in the
prevention of obesity-relatedmorbidities, including cancer, as the
condition of chronic inflammation represents a main risk factor
for tumors. Interestingly, dietary components as well as weight
loss have been associated with changes in gene expression of AT
(8). In this regard, the fatty acid (FA) profile of AT, in particular of
polyunsaturated fatty acids (PUFA), closely reflects their dietary
intake and may impact metabolic, inflammatory and immune
processes (9). PUFA consist of two families (ω3 and ω6) able to
modulate the inflammatory response (10). While ω3 PUFA have
been described to attenuate inflammation, ω6 PUFA, with a few
exceptions, are endowed with pro-inflammatory activity (11, 12).

The mechanisms underlying the detrimental link between
obesity and cancer are still a matter of debate. In this respect,
it has been postulated that this association may be due to

Abbreviations: AT, adipose tissue; AA, arachidonic acid; BMI, body mass

index; CRC, colorectal cancer; DET, differentially expressed transcripts; DHA,

docosahexaenoic acid; ECM, extracellular matrix; FA, fatty acids; Nw, normal

weight; NwCRC, normal weight affected by CRC; Ob, obese; ObCRC, obese

affected by CRC; PUFA, polyunsaturated fatty acids; SAT, subcutaneous adipose

tissue; VAT, visceral adipose tissue.

the large spectrum of mediators that are produced by AT
showing pro-inflammatory and cancer prone features. The
altered expression of these molecules or adipocyte functional
dysregulation promoted by obesity, play a critical role in the
impairment of body homeostasis. Obesity-related metabolic
alterations involved in carcinogenesis (i.e., the triggering of
insulin resistance and of immune function alterations, cell
proliferation, migration, angiogenesis and oxidative stress) may
contribute to the initiation and progression of CRC (13).
Several attempts have been made to investigate the molecular
mechanisms involved in obesity that may create a more favorable
environment to cancer establishment. Gene expression profiling
has been instrumental to characterize biological pathways
affected by either weight gain or loss. A number of transcriptomic
studies based on microarray technology have been carried out
on whole AT, mainly the subcutaneous AT (SAT), highlighting
pathways modulated by obesity, specific nutrient-enriched diet
or by weight loss (14–19). Only recently, the RNA sequencing
(RNASeq) technology has been used to assess obesity-related
modification of SAT transcriptome (20–22) but not to study
that of purified adipocytes from visceral AT (VAT). Interestingly,
accumulation of visceral fat correlates with metabolic syndrome
(23) and represents a main risk factor for CRC (24).

In this study, we analyzed RNASeq expression profiles of
human adipocytes purified from VAT of lean and obese subjects
affected or not by CRC. This approach highlighted changes in
adipocyte transcriptional program that are specifically associated
with obesity or CRC, or shared by both conditions. We
found that, the most relevant changes involved pathways and
biological processes linked to ECM remodeling, pyruvate, lipid
and glucose metabolism. Furthermore, we provided evidence
that body mass index (BMI) has an impact on adipocyte
cancer-specific transcriptional profile as well as on adipocyte
response to exogenous PUFA exposure. Overall, these results
add further evidence for a central role of AT dysfunction in
obesity-associated morbidities such as cancer, suggesting that
the deregulation of biological processes relevant for adipocyte
functions may contribute to create a more favorable environment
to tumor establishment.

METHODS

Patient and Sample Collection
Human visceral adipose tissue was collected from age-matched
lean and obese subjects undergoing abdominal surgery or
laparoscopy for benign (i.e., gallbladder disease without icterus,
umbilical hernia, and uterine fibromatosis) or CRC conditions
(histologically proved primary colon adenocarcinoma, stage
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TNM 0–III). The exclusion’s criteria were: clinical evidence of
active infection, recent (within 14 days) use of antibiotics/anti-
inflammatory drugs, pregnancy, hormonal therapies, severe
mental illness, autoimmune diseases, family history of cancer,
other neoplastic diseases. In the normal weight group, the BMI
range was 20–25 Kg/m2. In the obese group the BMI was ≥ 30
Kg/m2, and waist circumference > 95 cm for men and > 80 cm
for women. The number of subjects for RNASeq analysis was
six/category (five for the ObCRC group), or ranged from five to
nine samples for real-time quantitative PCR (qPCR) analysis, as
biological replicates, in addition to technical ones, were analyzed
for some categories. There were no significant differences in the
age between obese and lean control subjects (participants were on
average 39.7 years old). However, the age was significantly higher
for the CRC patients (participants were on average 65.3 years old)
included in both the RNASeq and real-time qPCR analyses. The
anthropometric characteristics of subjects enrolled in the study
are reported in Table 1.

Adipocyte Isolation and Culture
AT sampling was performed as previously described (25). Fifteen
to forty grams of AT biopsies were microdissected, rinsed
several times in 0.9% NaCl, and digested with 5ml of Krebs-
Ringer solution (0.12M NaCl, 4.7M KCl, 2.5mM CaCl2, 1.2mM
MgSO4, 1.2mM KH2PO4) containing 20mM HEPES pH 7.4,
3.5% BSA fatty acid-free, 200 nM adenosine, 2mM glucose
and collagenase (type 1) for 1 h (1 mg/g adipose tissue) at
37◦C in shaking water bath. After collagenase digestion the
adipocytes were isolated and cultured in low-glucose Dulbecco’s
modified Eagle’s medium [1,000 mg/L D-(+)-glucose]. In some
experiments (3 subjects/category), adipocytes were stimulated
for 18 h with docosahexaenoic acid (DHA) (Sigma Aldrich)
or arachidonic acid (AA) (Cayman Chemical Company), as
we previously described (26). DHA and AA were dissolved
under a nitrogen atmosphere in 100% ethanol to make 10mM
stock solutions, which were stored at −20◦C. Stock solutions
were diluted in culture media prior to the cell treatment. Final
concentration of ethanol in treated cells was<0.1%. To define the
lowest effective concentration of DHA and AA able to modulate
adipocyte activities, we carried out preliminary experiments,
incubating the isolated adipocytes with different concentration
of DHA (5–50µM) and AA (1–25µM) for different periods of
time (6–24 h). On the basis of the data obtained (not shown),
the experiments were carried out incubating the adipocytes with
10µMDHA and 5µMAA for 18 h, respectively.

mRNA Preparation and Sequencing
Total RNA was isolated with Total RNA Purification Plus Kit
(Norgen Biotek, Canada). RNA quality and quantity was assessed
by Agilent 2,100 Bioanalyzer and samples stored at −80◦C until
use. Total RNA (2µg) was used to prepare the library for Illumina
sequencing. Single-end reads (60M per sample) were produced
by Illumina HiSeq 2000.

RNASeq Data Preprocessing and
Differential Expression Analysis
The transcriptome reconstruction was performed by the Tuxedo
protocol. Reads were mapped to the human genome (hg38.p2

version) using HISAT2 (27). Human genome and annotations of
reference genes and transcripts (Ensembl 79) were provided as
input data. Alignments were then elaborated by StringTie (28),
which assembled and quantified the transcripts in each sample.
Subsequently, the sample-specific assembled transcriptomes
were merged together by a dedicated StringTie module, which
created a uniform set of transcripts for all samples. The
Gffcompare program was used to compare the genes and
transcripts to the existing annotations (28). We used RSEM to
estimate transcript abundances. Transcripts with <10 counts in
at least 60% of samples per group of subjects were filtered out.
Filtered raw countsmatrix can be found in Supplemental Data 1.
Differential expression (pairwise comparisons) was computed
by edgeR (version 3.18.1) from raw counts following authors’
instructions and the batch effect correction was applied by
RuvSeq (29), using standard procedure with factors of unwanted
variation optimized to k = 7. Multiple testing controlling
procedure was applied following Benjamini & Hochberg method
hereafter referred as False Discovery Rate (FDR). Transcripts
with a corrected p-value (FDR) ≤ 0.05 and log2(Fold Change)
≥ |2| were considered differentially expressed.

The datasets generated for this study can be found in the SRA
repository (SRA accession number: PRJNA508473).

Real-Time qPCR Validation of Differentially
Expressed Transcripts
Gene expression profiling was performed using a custom-made
Taqman R© low-density array (TLDA) to analyze 96 selected
candidate genes (including four housekeeping genes) that were
found in obese and CRC subjects by RNASeq analysis. Candidate
genes were selected among those belonging to the enriched
GO categories and pathways as well as on the basis of their
relevance to obesity- and CRC-linked processes. The synthesis
of cDNA from 1 µg of total RNA was carried out in 20 µL
reaction volume using the High Capacity cDNA kit (Applied
Biosystems) following the manufacturer’s instructions. The
reverse transcription conditions were as follows: 10min at 25◦C,
120min at 37◦C, and 5 sec at 85◦C. cDNA was mixed with 2
× TaqMan Universal PCR Master Mix (Applied Biosystems),
loaded on the TLDA card, and run on an QuantStudio 12K
Flex Real-Time PCR System (Applied Biosystems) following
the manufacturer’s instructions. Gene expression values were
normalized to the expression of GUSB (selected house-
keeping gene). GUSB has been selected as endogenous
control to normalize data owing to its lowest standard
deviation (0.97) compared to ACTB (1.83), GAPDH (1.82)
and 18S (1.98), in control lean subjects. For each sample, the
relative gene expression level was determined according to the
2 −11CT method.

Functional Analyses
To assess the function of differentially expressed transcripts
(DET), DAVID (Database for Annotation, Visualization and
Integrated Discovery) bioinformatic resource (30) was employed
to classify them into cellular component, biological process and
molecular function Gene Ontology (GO) categories. Significantly
enriched pathways of these DET were then determined by
KEGG (Kyoto Encyclopedia of Genes and Genomes) database.
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TABLE 1 | Anthropometric characteristics of subjects included in the study.

Lean/Nw Obese/Ob P obesity P cancer

Non-CRC CRC Non-CRC CRC Nw vs. Ob NwCRC vs. ObCRC Nw vs. NwCRC ObCRC vs. Ob

N (Male/Female) 6 (0M, 6F) 9 (4M, 5F) 8 (3M, 5F) 9 (7M, 2F) – – – –

Age 41.6 ± 3.4 62.9 ± 5.4 37.8 ± 6 67.7 ± 4.5 0.3603 0.4147 0.0027 <0.0001

Body weight (Kg) 57.3 ± 2.9 65.9 ± 5.4 110.7 ± 12.6 96.3 ± 4.5 <0.0001 0.0025 0.3887 0.1515

BMI (Kg/m2) 22 ± 1 23.5 ± 1 37.8 ± 2.1 33.8 ± 3.2 <0.0001 <0.0001 0.4719 0.1190

Data are mean ± SEM. BMI, body mass index. Statistical differences were analyzed by one-way ANOVA followed by Bonferroni post-hoc test.

Functional interactions between genes were predicted by
the GeneMANIA webserver (http://www.genemania.org) (31).
Given a query gene list, functionally similar genes were found
using a wealth of genomics and proteomics data by weighting
each functional genomic dataset according to its predictive value
for the query.

Statistical Analysis
Statistical comparisons of means from several experiments was
performed between the various categories of subjects by one-way
analysis of variance (ANOVA) with either Bonferroni post-hoc
tests by using GraphPad Prism 5 software for the analysis of
real-time qPCR data or the function p.adjust (package stats)
in R Bioconductor, that was employed to obtain corrected
FDR values for functional analysis of data. Differences were
considered statistically significant when p-values were ≤ 0.05.
Statistical significance is indicated with ∗p ≤ 0.05, ∗∗p ≤ 0.005
and ∗∗∗p ≤ 0.0005.

RESULTS

Differential Expression of Adipocyte
Transcripts in Obesity and CRC
The transcriptome of human adipocytes isolated from visceral
AT biopsies from control lean (normal weight, Nw) and obese
(Ob) subjects, affected or not by CRC (NwCRC and ObCRC,
respectively), was obtained using RNASeq analysis. Along with
the known transcripts, the analysis detected also many variants
of known transcripts, including novel splicing variants of know
transcripts and a small number of totally new elements (unknown
intergenic and novel antisense). After filtering weakly expressed
transcripts, 34,724 transcripts were reconstructed of which
19,082 are known and 15,642 are variants of known transcripts,
i.e., differing from the corresponding reference transcripts for at
least one base in at least one splice junction (Figure 1A). This
proportion is largely expected from a total RNA sequencing in
which in addition to the mature transcripts, unspliced or partially
unspliced transcripts are also measured.

DET across the four categories of subjects may provide clues
on themechanisms by which obesity can favor CRC development
as well as on how obesity-associated carcinogenesis differs from
that of lean individuals. To this aim, we compared the gene
expression profiles in the four categories of subjects, focusing
on the known transcripts (Figure 1B). Variants of known as
well as totally unknown transcripts were not considered for the

analyses hereafter. RNASeq analysis revealed 536 DET when
comparing adipocyte profiles from Ob and Nw subjects. Among
these genes, 153 were up-regulated (69 known transcripts) while
383 were down-regulated (187 known transcripts), highlighting a
different transcriptional behavior of adipocytes under these two
conditions. 869 DET were found in the adipocytes of NwCRC
compared to Nw subjects, of which 290 were up-regulated (121
known transcripts), while 579 (321 known transcripts) were
down-regulated. Conversely, a similar comparison of ObCRC
with Ob category of subjects revealed a higher number (1183,
557 known transcripts) of genes deregulated in the adipocytes
of ObCRC with respect to Ob subject counterpart suggesting
an interplay between obesity- and CRC-induced modulations of
adipocyte transcriptional program. Furthermore, in contrast to
what observed for NwCRC subjects, the majority of transcripts
(762 vs. 290, of which 380 were known transcripts) were up-
regulated while a smaller number was down-regulated (421 vs.
579, of which 177 were known transcripts) in ObCRC patients.

Finally, to the end of further defining the influence of BMI
on the changes of adipocyte transcriptional program in cancer,
we directly compared the transcriptome of ObCRC with that of
NwCRC patients. We found 850 DET of which 708 were up-
regulated (352 known transcripts), while only 142 were down-
regulated (63 known transcripts), confirming that CRC status
is associated with a different adipocyte transcriptional profile in
lean and obese subjects. The complete list of DET in the different
comparisons, along with additional information such as genomic
position, strand and transcript type when available, are shown in
Supplemental Data 2. Volcano plots showing themagnitude and
the significance of the expression changes are also provided in
Supplemental Data 3.

Gene Ontology and KEGG Pathway
Enrichment Analysis of DET
GO term enrichment and KEGG Pathway analysis by DAVID
bioinformatics tool was used to explore biological processes,
molecular functions, cellular components and pathways
significantly enriched (FDR ≤ 0.05) among the DET, focusing
on those most relevant to obesity and cancer. The complete list
of GO categories and KEGG pathways enriched in the different
comparisons is shown in Supplemental Data 4.

As shown in Figure 2A, pathways associated with cellular
energy metabolism (e.g., pyruvate, glucose and FA metabolism)
as well as with inflammation were deregulated in obese with
respect to lean control subjects. The most enriched category
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FIGURE 1 | RNASeq analysis. (A) numbers of different types of transcripts in the reconstructed transcriptome. (B) up- and down-regulated differentially expressed

transcripts obtained by the comparison of healthy lean (Nw), obese (Ob) and CRC-affected groups [n = 6 subjects/category with the exception of obese affected by

CRC (ObCRC) group in which n = 5]. Differentially expressed transcripts are divided in: known transcripts, variants of known transcripts and unknown transcripts.

“Pyruvate metabolism” reflected the modulation of genes
encoding for enzymes, mostly dehydrogenases, involved in
the interconversion of pyruvate and lactate (LDHB, LDHD),
detoxification of aldehydes generated by alcohol and lipid
peroxidation (ALDH7A1, ALDH3A2), and FA oxidation

(ACACB), while in the category “PPAR signaling pathway” were
genes involved in FA and lipid transport (SLC27A6, CD36 and
SCP2) and peroxisomal lipid metabolism (ACOX3). Among
genes in the category “AMPK signaling pathway” were LEP,
ADIPOR2, CD36, and IGF1, also recapitulated in the category
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“Adipocytokine signaling pathway,” while the categories “Positive
regulation of glucose import” and “Cellular response to insulin
stimulus” shared the genes CAPN10 and RHOQ. Finally, the
“Platelet degranulation” category included among others CD9,
CALM3 and ECM1.

In NwCRC group (Figure 2B) the three most enriched
categories with respect to the lean counterpart were
“Extracellular matrix,” “Purine metabolism” and “TGFβ
receptor signaling pathway” reflecting the modulation of genes
involved in ECM remodeling, such as matrix metalloproteinases
or structural components (ADAMTSL4, ECM1, LAMB2 and
LMNA), cyclic nucleotides, ATP metabolism (PDE1A and 7A,
AK2 and 3, AMPD2, ATPR, ATP5A1), and several members
of TGFβ receptor signaling pathway (TGFB1 and 3, TGFBR2,
LTBP2, SMAD6). Genes involved in metabolic processes
(LDHD, ALDH1A2, ALDH7A1, ALDH3A2) drove the enriched
category “Oxidation-reduction process.” Categories of cellular
components, biological processes and molecular functions
related to cell-cell interaction and communication (“Cell-cell
adhesion,” “Cadherin binding involved in cell-cell adhesion,”
“Cell-cell adherens junction,” “Integrin binding”) were also found
enriched, driven by genes contributing to the obesity-associated
remodeling of AT (19) such as ECM2, encoding for an ECM
protein predominantly expressed in AT, and ADAM15, encoding
for a transmembrane glycoprotein involved in cell adhesion and
cytokine/adhesion molecule processing were also among genes
enriching this category. “Platelet degranulation” was further
enriched and included common (CD9, ECM1 and ACTN1)
and unique (ISLR, PSAP, TGFB3, SERPINA3, TTN) genes with
respect to Ob group.

In keeping with the observation that patient BMI status
may affect adipocyte transcriptional program in CRC condition,
DAVID analysis of those DET arising from the comparison
of ObCRC with the Ob group (Figure 2C) revealed that
a higher number of biological processes are modulated
when CRC develops in Ob individuals. In particular, shared
processes related to cell adhesion were further enriched in
ObCRC with respect to NwCRC patients, involving either
common or unique genes, such as collagens (COL4A2,
COL12A1 and COL18A1) or integrins (ITGAV, ITGA8), as
well as additional related categories of processes like “Collagen
binding” and “Focal adhesion” that includes genes involved
in tissue remodeling and fibrosis. Among others were DDR1,
PCOLCE2 and SPARC genes.. Other categories, although
remaining similarly represented (e.g., “TGFβ receptor signaling
pathway” and “AMPK signaling pathway”), differed for the
modulation of SREBF1, encoding for a transcription factor
that regulates the expression of critical elements of glucose
uptake and lipogenic pathways in AT. Furthermore, a number
of categories not found to be enriched in NwCRC with respect
to Nw individuals were instead modulated in ObCRC with
respect to Ob subjects including “Glucagon signaling pathway,”
“Estrogen signaling pathway,” “PI3K-Akt signaling pathway,”
“Notch signaling pathway,” “Platelet activation,” “Angiogenesis,”
and “Wnt signaling pathway.” In these enriched categories genes
involved in FA synthesis (ACACA), gluconeogenesis (PCK2)
and insulin signaling (AKT2) were included. Other transcripts

deregulated in ObCRC group compared to Ob subjects are
COL4A2, ANXA2 and ACVRL1 involved in angiogenesis,
GNAS and FYN associated with tumorigenesis. The biological
processes “Platelet degranulation,” “Positive regulation of glucose
import” and “Cellular response to insulin stimulus,” already
found modulated in obesity (PDGFB, SERPING1 ADIPOQ,
PIK3R1, IGF1) were further enriched in ObCRC with respect
to Ob individuals.

Finally, to the end of further defining the influence of
BMI on adipocyte transcriptional program of CRC patients,
ObCRC and NwCRC transcriptomes were directly compared
(Figure 2D). The results of this analysis revealed that a
number of pathways already enriched in the comparison of
CRC patients with their non-CRC counterparts (Figures 2B,C)
(“Cell-to-cell adhesion,” “Cadherin binding involved in cell-
cell adhesion,” “Extracellular matrix organization,” “Glucagon
signaling pathway,” “Platelet activation”) were found further
enriched when directly comparing ObCRC with NwCRC
patients, highlighting a stronger dysregulation of these processes
in the obese background. Furthermore, some categories of
genes associated to processes linked to adipocyte metabolism
(“Fatty acid alpha-oxidation,” including the gene SLC27A2 and
ALDH3A2; “Insulin signaling pathway,” including the gene
SREBF1 and AKT2) were selectively modulated in ObCRC with
respect to NwCRC patients.

Common or Unique Genes and Biological
Processes Are Modulated in Obesity and
CRC
Obesity and CRC are multifactorial disorders/diseases
characterized by an inflammatory status. In obesity, visceral AT-
associated inflammation is considered an important determinant
in the development of obesity-related morbidities including CRC
(32). On the other end, inflammation is a hallmark of cancer
representing a condition that can favor carcinogenesis or be
a consequence of the tumor onset/treatment (33). To identify
genes/processes modulated in obesity- and/or cancer-related
inflammation, Venn diagrams were used to assess the number
of DET and their overlap/uniqueness among the experimental
groups of Ob, NwCRC and ObCRC subjects. As shown in
Figure 3A, the comparison of the transcriptomes of Ob and CRC
groups with that of non-CRC controls revealed that the majority
of DET were uniquely modulated in the different categories (126
in obesity, 358 and 427 in CRC affected lean and obese patients,
respectively), 90 were obesity-specific since shared by Ob and
ObCRC groups, while 58 were cancer-specific as common to
CRC patients regardless the BMI. Lastly, 42 genes were common
to Ob and NwCRC subjects suggesting that they might be
related to the inflammatory condition shared by these groups of
subjects. Interestingly, only 22 genes, listed in Figure 3A, were
common to all groups. Among them are genes involved in cell
adhesion/migration processes (PEPD), migratory potential of
cancer cells (ACTN1), ECM (LTBP2, PRG4, ADGRL1, CD9),
or in metabolic processes (LDHD, ALDH7A1), as well as
proto-oncogenes or their ligands/inhibitors (FYN, PPP1R13L).
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FIGURE 2 | Functional analysis of differentially expressed transcripts. Histograms represent significant (FDR ≤ 0.05) GO terms and KEGG pathways of genes

modulated by obesity (Ob) vs. normal weight (Nw) (A), normal weight affected by CRC (NwCRC) vs. normal weight (Nw) (B), obese affected by CRC (ObCRC) vs.

obese (Ob) (C), and in obese affected by CRC (ObCRC) vs. normal weight affected by CRC (NwCRC) individuals (D). FDR have been reported on X axis and dotted

line represent the FDR cut-off (≤ 0.05).

To determine the interrelationship among this core set
of genes, we applied GeneMANIA network analysis, the
results of which are displayed in Figure 3B. This analysis
emphasized the presence of many sub-networks. In particular,
we found two sub-networks made by 5 interacting genes (i.e.,
LTBP2-CD9-PEPD-FYN-MMS19 and TBC1D10A-ALDH7A1-
PRG4-FYN-MMS19), another one with 4 genes (i.e., LTBP2-
CD9-PEPD-ACTN1) and the smallest with 3 interacting
genes (i.e., PPP1R13L-NFATC1-KLC1). Furthermore, additional
interconnected genes were predicted by GeneMania (BioGRID
data) to be functionally related to the identified sub-networks.
The identification of a network of functional interactions among
the 22 genes shared by all pathological conditions, suggested
that these genes (and their interactors) could be involved in
pathogenic processes relevant for obesity and CRC.

To further highlight similarities or differences between
obesity and CRC conditions, we performed GO and KEGG
Pathway enrichment analyses on the genes obtained from
the comparisons (i.e. Ob/ Nw vs. NwCRC/Nw; Ob/Nw vs.
ObCRC/Ob; ObCRC/Ob vs. NwCRC/Nw) shown in Figure 3A,
focusing on the overlapping regions. Results are listed in
Supplemental Data 5 and summarized in Figure 4. Based on
the hypothesis that dysfunction of AT in obesity may be a
condition favoring CRC, we searched for candidate genes and
biological processes that may contribute to the obesity-CRC

link. To this aim GO and KEGG pathway analysis of the
64 genes shared by Ob and NwCRC condition with respect
to the healthy lean group (Figure 4A), revealed a number of
processes modulated in both obesity and cancer condition,
including: “Pyruvate metabolism,” “Cellular aldehyde metabolic
process,” “Platelet degranulation,” and “Regulation of apoptotic
process.” These processes likely include obesity-associated genes
that may favor cancer establishment. Similarly, the genes
shared by Ob and ObCRC groups (112 DET) with respect to
their lean or obese controls (Figure 4B) belong to “Pyruvate
metabolism” and “Platelet degranulation” categories, and to
additional biological processes, including: “Extracellular matrix,”
that could contribute to the AT fibrotic process observed in
obesity, and “Calcineurin-NFAT signaling cascade,” an important
regulator of immune system and inflammatory responses.

Finally, to go deeper in understanding the impact of
BMI on the transcriptional profile of adipocytes under CRC
condition, the same analysis was performed on DET [80] shared
by ObCRC and NwCRC patients with respect to their non
CRC counterparts (Figure 4C). The majority of them encoded
proteins mainly belonging to ECM and cell adhesion categories
(“Extracellular matrix,” “Adherens junction,” “Cell-cell adhesion,”
“Focal adhesion,” “Integrin binding,” “Cadherin binding involved
in cell-cell adhesion”). Moreover, categories related to lipid
metabolism (“Fatty acid degradation”) and apoptosis (“Apoptotic
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FIGURE 3 | Analysis of genes shared by obese and CRC-affected individuals. (A) venn diagram showing unique or shared genes resulting by the comparison of DET

from all pathological conditions vs. healthy lean subjects. Each comparison is represented by a circle. The numbers in the region of the overlapping circles indicate the

genes that are expressed in two or more conditions. The complete list of the 22 genes shared by obesity and CRC, regardless of BMI, is shown on the right. (B) gene

network functional interactions obtained by GeneMANIA. The network was constructed starting from the 22 genes common to all pathological conditions (in red) that

are functionally connected with the main interactors.

process”) were also found to be enriched. The genes associated
to the selected GO categories and pathways shown in Figure 4,
and potentially involved in the complex relationship between
adiposity and CRC, are listed in Supplemental Data 6.

Gene Expression Validation by Using
Real-Time Quantitative PCR
In this study, we used RNASeq to define the general landscape
of processes occurring in the different categories of subjects. As
a further step to validate the observed transcript modulations,
we performed real-time qPCR by selecting 92 genes among the
identified DET. Candidate genes were selected among those
belonging to the enriched GO categories and pathways, shared
or unique, in obese and/or CRC conditions, as well as on the
basis of their relevance in metabolism, lipogenesis, fibrosis and
AT microenvironment. The complete list of genes and probes
for real-time qPCR analysis is shown in Supplemental Data 7.
Out of 92 analyzed genes, 36 were found to be significantly
modulated by real-time qPCR in adipocytes from the different
categories of subjects (obese and CRC affected) with respect to
healthy lean subjects (Figure 5). Although the correspondence
between gene expression data achieved by the two different
methods was not complete, in most cases data obtained by real-
time qPCR had a similar directional pattern. Within this set
of genes, the modulations observed in RNASeq analysis that
were not confirmed by real-time qPCR ranged from 0 to 11%
depending on the comparison, while an opposite modulation
was observed in 5,5 to 16 % of genes, depending on the
comparison. As shown in Figure 5, the modulated genes were
found to be either specific for obesity or CRC or shared by
both conditions, similarly to what observed for the biological
processes. Among the latter (Figure 5, upper panel) we found

genes involved in lipid metabolism (i.e., FA metabolism and
AMPK pathway). Interestingly, de novo synthesis of FA is
a major event in the metabolic transformation that leads to
cancer (34). The expression of genes of the FA desaturase
(FADS1 and FADS2) and the FA synthase (FASN) families
was down-regulated in both obese and CRC affected subjects
regardless of BMI, with the exception of FADS5 expression that
is reduced in the ObCRC group only. In addition, ACACB
gene encoding for acetyl-CoA carboxylase 2, which allows the
acetyl-CoA/malonyl-CoA conversion, rate-limiting step in FA
synthesis, was over-expressed in all groups. Within the AMPK
signaling pathway, SREBF1, coding for sterol regulatory element
binding protein-1, the master regulator of FA and triacylglycerol
synthesis, as well as ACACA, another key lipogenic enzyme, were
also found to be up- and down-regulated, respectively, in all
groups. The AMPK pathway also includes CD36, an important
regulator of cell adhesion and FA transport, and LEP gene,
a major regulator of energy homeostasis, whose transcription,
as expected, was up-regulated in obesity. Similarly, genes
involved in processes related to ECM remodeling, angiogenesis,
pyruvate metabolism and TGFβ signaling, potentially linked
to tumorigenesis, were also predominantly regulated under
obesity. As shown in Figure 5 (lower panel), the expression of
the ECM components ECM2, encoding for an ECM protein
predominantly expressed in AT, and SPARC, a key regulator of
collagen-mediated signaling, were up-regulated in Ob subjects,
COL4A2 in both Ob and ObCRC conditions, while another
collagen family member, COL6A3, and the collagen-dependent
receptor tyrosine kinase DDR1, mediating cell adhesion to
collagen, were specifically down- and up-modulated, respectively,
in CRC-affected obese subjects. Moreover, deregulation of the
TGFβ signaling pathway was confirmed by the up-regulation
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FIGURE 4 | Functional analysis of differentially expressed transcripts shared among obesity and/or CRC. Significant GO terms and KEGG Pathway enrichment

analysis (FDR ≤ 0.05) of shared genes and Venn diagrams resulting by the overlap between, (A) obese (Ob) and normal weight affected by CRC (NwCRC) groups

compared to normal weight (Nw) group. (B) obese (Ob) compared to normal weight (Nw) or obese affected by CRC (ObCRC) groups. (C) CRC groups (NwCRC or

ObCRC) compared to their non-CRC counterparts (Nw or Ob). FDR have been reported on X axis and dotted line represent the FDR cut-off (≤0.05).

of SMAD4 and BMPER in obese groups, and AKT2 in
all pathological conditions. Finally, genes implicated in the
regulation of angiogenesis (ANGPT1, ANXA2), pyruvate and
glucose metabolism (aldehyde dehydrogenase genes ALDH2
and ALDH7A1, and MTHFR) and calcineurin-NFAT signaling
cascade (CALM3), as well as the tumor suppressor PTEN, were
also found up-regulated in obese condition (Figure 5, upper
and lower panels). In keeping with the results of GO analysis,
some of the validated genes were found selectively regulated
in obese subjects affected by CRC. Among them, genes of the
glucose metabolism, such as CAPN10, encoding for calpain,
a calcium-sensitive cysteine protease associated with type 2

diabetes, and its inhibitor CAST, involved in obesity-induced
AT inflammation, were up-regulated in this subject group. The
ObCRC group is also characterized by an altered expression
of a number of genes involved in lipid metabolism (GNAS,
LIPE, PIK3R1, ARNTL) as well as of genes which have a
documented role in carcinogenesis, like the atypical cadherin
FAT1 and the proto-oncogene FYN (Figure 5, lower panel). On
the other hand, genes relevant for pyruvate metabolism, such
as the phosphoenolpyruvate carboxykinase genes PCK1 and 2,
main control points for the regulation of gluconeogenesis, as well
as SMAD6, involved in TGFβ signaling, were specifically up-
regulated in adipocytes from lean CRC patients. In addition to
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FIGURE 5 | Validation by real-time qPCR of selected genes. Real-time qPCR analysis on adipocytes from normal weight (Nw), obese (Ob), normal weight and obese

individuals affected by CRC (NwCRC and ObCRC, respectively). Selected genes involved in adipocyte metabolism or linked to tumorigenesis, were quantified and

normalized to Normal weight control. *p ≤ 0.05, **p ≤ 0.005, and ***p ≤ 0.0005.

the above described gene expression alterations common to all
the pathological conditions, lean CRC patients were also found to
share with the Ob group the up-regulation of NFATC2 involved
in calcineurin-NFAT signaling cascade.

ω3 and ω6 PUFA Differentially Affect Gene
Expression in Adipocytes From Lean and
Obese Subjects
Several dietary factors, in particular FA have been previously
associated with changes in gene expression in AT (35) and
dietary patterns/diet components have been linked with a higher
or lower cancer risk (36, 37). Based on the observation that
obesity deregulates genes involved in FA metabolisms and on
our previous results that specific PUFA profiles characterize
the AT in lean or obese condition and correlates with the
frequencies of total resident Treg and NKT-like cells and that
ω3 and ω6 PUFA can influence the inflammatory status of
AT (25, 26, 38), we then assessed whether these latter could
influence the transcriptional program of visceral adipocytes,
including the expression of genes deregulated in obesity. To
this end, freshly isolated adipocytes from a subset of individuals
within the lean and obese subject categories, were incubated with
the anti-inflammatory ω3 PUFA DHA or pro-inflammatory ω6
PUFA AA, and the expression of a panel of genes previously
selected for RNASeq validation was assessed 18 h later by real-
time qPCR. As shown in Table 2, adipocytes from lean and obese
individuals showed a different responsiveness to DHA and AA
exposure. In particular, adipocytes from lean subjects exhibited a
greater overall response to DHA, with most of the genes being
up-regulated, compared to those from Ob subjects, where the
number of DHA regulated genes was smaller and showed a

general down-regulation. Conversely, a small number of genes
were up-regulated in lean subjects after AA exposure, while obese
individuals showed a greater response in terms of number of
genes modulated and extent of induction. In particular, DHA
up-regulated FADS1 and FADS2 in the lean subject category
whose expression was found to decrease in Ob with respect
to lean subjects (Table 2 and Figure 5). Likewise, DHA acted
on genes like BMPER3, NFATC4 and ADAM15, belonging to
categories deregulated under obesity adding further evidence for
a potential role of this PUFA in attenuating obesity-related AT
inflammation. Furthermore, the expression of CD36, ADIPOR2,
ACACA and DDR1 was up-regulated by DHA in lean subjects.
ACACA and DDR1, genes involved in the biosynthesis of FA and
among other functions in the modulation of insulin signaling,
showed an opposite modulation in Ob vs. Nw (down- and up-
modulated, respectively). Conversely, AA modulated a different
set of genes involved in ECM remodeling (SPP1, ECM1, LTBP2,
TNC) in obese subjects, with the exception of CAST, that was
up-regulated in both lean and obese subjects. Genes involved in
AT inflammation (HP, IL6ST) and the proto-oncogene FYN were
also up-modulated by AA in obese subjects.

DISCUSSION

Obesity and CRC, whose prevalence is in constant increase,
have become a very concerning public health issue. These
multifactorial disorders/diseases are strongly interconnected and
their relationship is also reinforced by the importance of
nutrition especially in this type of cancer (39, 40). Despite
the strong association of CRC with lifestyle factors and the
identification of some biomarkers of CRC risk, the mechanisms
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TABLE 2 | PUFA modulation of selected adipocyte genes in lean and obese

subjects.

Subjects group FA treatment

DHA Ob vs. Nw

Gene FC p-value Gene FC p-value

Normal weight ACACA 4.06 0.002 ACACA 2.31 0.010

PIK3CD 2.84 0.018 PIK3CD 0.64 ns

ADIPOR2 2.41 0.017 ADIPOR2 1.32 ns

FADS1 2.30 0.032 FADS1 0.45 0.000

LPIN2 1.83 0.002 LPIN2 1.35 ns

FADS2 1.80 0.000 FADS2 0.52 0.001

CD36 1.77 0.017 CD36 2.55 0.050

DDR1 1.56 0.017 DDR1 1.59 ns

COL4A2 1.54 0.001 COL4A2 2.58 0.003

AKT2 1.52 0.028 AKT2 1.50 0.001

SMAD2 1.39 0.001 SMAD2 1.41 ns

ANGPT1 0.50 0.029 ANGPT1 4.55 0.006

Obese CD9 1.63 0.050 CD9 14.09 ns

NFATC4 0.78 0.000 NFATC4 1.01 ns

ACACA 0.69 0.050 ACACA 2.31 0.010

DDR1 0.55 0.007 DDR1 1.59 ns

ADAM15 0.26 0.039 ADAM15 6.58 ns

BMP3 0.25 0.007 BMP3 1.87 ns

AA Ob vs. Nw

Gene FC p-value Gene FC p-value

Normal weight CAST 2.01 0.002 CAST 1.23 ns

LTBP2 1.74 0.034 LTBP2 1.10 ns

TNFSF10 0.40 0.009 TNFSF10 1.55 ns

Obese TNC 7.58 0.028 TNC 0.65 ns

CCND1 5.35 0.000 CCND1 1.85 ns

SPP1 4.23 0.008 SPP1 14.63 ns

HP 3.20 0.018 HP 1.02 ns

IL6ST 2.65 0.050 IL6ST 1.11 ns

FYN 2.13 0.039 FYN 1.87 ns

ECM1 1.80 0.013 ECM1 0.83 ns

CAST 1.67 0.007 CAST 1.23 ns

In the left columns, results summary from the real-time qPCR analysis of lean and obese

subjects after DHA and AA exposure (n = 3 subjects/category). In the right columns,

results from the comparison between non treated adipocytes from obese and lean

subjects are reported.

ns, not significant.

underlying the higher susceptibility to cancer development and
the poorer cancer prognosis documented for obese individuals
are still a matter of debate. The correlation between obesity
and CRC is strongly supported by epidemiological evidence,
which clearly indicates that the risk of developing CRC is
enhanced by obesity, leading to a worse prognosis after
diagnosis and to increased mortality (2, 41, 42). Adipose
tissue-associated inflammation, is nowadays recognized as an
important determinant of the risk of developing obesity-
related CRC. Specifically, VAT has an important role in the

establishment of obesity-associated cancer due to its privileged
localization to portal circulation and its capacity to secrete
key bioactive substances (43). Although a direct relationship
between obesity, AT dysfunction and CRC has been hypothesized
in recent years, no definitive conclusions have been reached
regarding the factors and processes involved therein. We
approached this issue by analyzing the whole transcriptome
of human visceral adipocytes by RNASeq, a powerful tool for
studying the mechanisms underlying complex diseases. Of note,
only few studies have evaluated the transcriptomic changes
occurring in human adipocytes purified from VAT underlying
obesity, as well as the effects of obesity or cancer status
on their transcriptional program. Obesity-associated alterations
of adipocyte transcriptome have been mainly investigated in
whole SAT to assess the effects of bariatric surgery or low-
calorie diets on gene expression (14, 20–22). In this regard
it is noteworthy that in obesity the visceral fat is known to
become more pro-inflammatory and is more directly linked to
the risk of developing CRC rather than SAT, thus highlighting
the importance of studying this fat compartment (22). In
this study, we aimed to shed light on biological processes
that are dysregulated in obesity and might contribute to set
the basis for a more tumor-prone microenvironment. To the
best of our knowledge this is the first study that performed
a comparative transcriptomic analysis on human visceral
adipocytes to assess how obesity, alone or combined to CRC,
affects their transcriptional program, and to assess the influence
of BMI on the adipocyte transcriptional program in CRC.
Although the average age of CRC patients is higher than that
of non-CRC subjects, the strong modulation of gene expression
observed suggests that age-related differences may have exerted
only a limited influence on the results achieved. Furthermore,
the differences found between lean and obese subjects, as well
as between lean subjects affected by CRC and obese subjects
affected by CRC, suggest that the described obesity effects are
irrespective of age.

Transcriptomic analysis revealed marked differences in the
transcriptional program of adipocytes in obesity, with a large
number of genes down-regulated rather than up-regulated.
In keeping with the observed obesity-associated metabolic
alterations, the dysregulated genes belonged to pathways and
biological processes related to FA, glucose and pyruvate
metabolism. In this regard, Klimcakova and colleagues found
that the progression from lean to the obese state and further
progression to metabolic syndrome was associated with a
coordinated repression of fat cell metabolism in both VAT and
SAT (18). Furthermore, Franck and colleagues reported that
genes involved in lipogenesis, protein synthesis and insulin
resistance are of critical importance in adipocyte response
to changes in caloric intake (44). In this study, we extend
this knowledge by providing a model in which the transition
from a lean to an obese condition parallels a transcriptional
reprogramming of fat cells and AT remodeling, through the
modulation of inflammation (Adipocytokine signaling pathway,
Platelet degranulation) and lipid metabolism (Pyruvate and
glucose metabolism, PPAR and AMPK signaling pathway).
Moreover, our results point to Pyruvate metabolism as central
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process in disease-induced adipocyte dysfunction, being shared
between obesity and cancer-affected groups.

We also report that BMI has an impact on the transcriptional
program of adipocytes under CRC condition as different
pathways and biological processes are differently enriched in
lean and obese subjects affected by CRC. Although obesity
and CRC appear to affect different biological processes in
visceral adipocytes when analyzed independently, cancer-
induced transcriptional program is deeply affected by obesity,
with adipocytes from Ob individuals exhibiting a more complex
response to the tumor, in term of number of genes and processes
found to be deregulated. Our results suggest the involvement
of lipid metabolism, glucagon and insulin signaling pathways
in obesity-driven alterations of adipocyte functions related to
carcinogenesis. However, it remains to be determined whether
these pathways may set the basis for the negative influence of
obesity in disease progression, prognosis or response to therapy.

Obesity-associated AT modifications often resemble
those observed within the tumor microenvironment (e.g.,
inflammation, leukocyte infiltration, hypoxia, angiogenesis).
In obesity AT contributes to tumor initiation and progression
by functioning as an endocrine organ, through the release of
soluble mediators of cancer development like adipokines, pro-
inflammatory cytokines, growth and proangiogenic factors, and
ECM constituents, or metabolites acting as an energy reservoir
for cancer cells (e.g., free FA, lactate), collectively providing a link
between obesity and cancer (45). Furthermore, the ubiquitous
distribution of AT in the body determines that many solid
tumors grow in proximity or in close contact with adipocytes.
Thus, cancer cells own the potential to reprogram adipocytes to
support tumor growth (46).

RNASeq represents a valuable tool to reduce the complexity
of and reveal biological processes/pathways in genome-wide
expression studies and to narrow down the panel of genes to
be further analyzed. However, the technical/statistical features
of RNASeq output may lead to bias in the results when
compared to other methods. In this study, we used RNASeq
to define the general landscape of processes occurring in the
different categories of subjects and refined the results by real-
time qPCR. In consideration of the higher sensitivity of the
latter, as well as of its capacity to quantify gene expression
without discriminating among transcript variants with respect
to RNASeq, we based our data interpretation on the results
achieved by real-time qPCR analysis. In this context it is of
interest that among genes deregulated under CRC conditions, the
majority are involved in cell adhesion/migration processes and
ECM remodeling, such as collagens (e.g., COL4A2, COL6A3),
or genes encoding for structural and non-structural matricellular
proteins (e.g., ECM2, SPARC and DDR1). In addition, the
“Extracellular matrix” category resulted to be enriched when
the genes shared between Ob and ObCRC as well as NwCRC
and ObCRC subjects were considered (Figure 4). Of note,
adipocyte function and survival is tightly regulated by both
the molecular composition and mechanical properties of the
ECM (47). Reduced tissue oxygenation induces changes in
the transcriptional program of adipocytes leading to excessive
deposition of ECM components, triggering adipocyte necrosis,

attracting pro-inflammatory immune cells (19) and ultimately
leading to fibrosis development (48). Indeed, AT of obese subjects
exhibits a higher degree of fibrosis than lean subjects (49) and
hypoxia-induced fibrosis is associated with the onset of metabolic
perturbations and non-resolved inflammation in adipocytes (50,
51). Furthermore, it has been suggested that ECM remodeling
occurring in obesity has important metabolic consequences,
damaging impact on glucose homoeostasis and may contribute
to insulin resistance (52, 53). In addition, interaction of adipose
matrix molecules with their cognate receptors by a diverse
array of AT cells further contributes to metabolic deteriorations
in obesity (54). In particular, collagen components processed
within the AT to produce pro-angiogenic factors, together with
alterations of TGFβ signaling further favor AT vascularization,
and inflammation (43, 55). In this regard, angiogenesis represents
a key event in carcinogenesis and, in the transition from
lean to obese state, is critical to promote AT accumulation
(56). Accordingly, we found that genes related to angiogenesis
(e.g., ANGPT1, ANXA2), as well as to TGFβ signaling (e.g.,
SMAD4, BMPER, AKT2) are modulated in obesity condition.
Hence, obesity-induced AT ECM changes may provide a more
favorable environment to developing tumors, thus providing a
link between excessive adiposity and cancer.

Growing evidence highlights an association between
metabolic factors and increased risk of colorectal carcinogenesis
with the local metabolic alterations in AT in individuals with
obesity resulting in multiple systemic metabolic alterations,
such as insulin resistance, hyper-glycaemia, dyslipidemia and
chronic inflammation (57). Accordingly, we found that genes
belonging to pyruvate and FA metabolism, are dysregulated
in both obesity and CRC. The observed alteration of genes
encoding for key enzymes in these processes, such as PCK1
and PCK2, ALDH3A2, ALDH2, ALDH7A1, LDHB, LDHD,
FADS1, FADS2, FADS5 and FASN may reprogram glucose
metabolism and lipogenesis leading to AT dysmetabolism,
and have profound pathophysiological effects to critically
shape the tumor microenvironment. Finally, it is of interest
that the majority of the genes shared by obesity and CRC are
organized into small networks of functional interactions or
enrich categories of biological processes that are related to
metabolic processes, fibrosis and inflammation.

Although we did not observe any dysregulation of NLRP3
inflammasome-related genes previously described in SAT
adipocytes or whole SAT (16, 17), inflammation-related genes
were also found dysregulated in VAT adipocytes from obese
and CRC subjects. It is also of interest that processes linked to
platelet degranulation/activation are significantly modulated in
all pathological conditions. In this regard, besides contributing
to thrombosis, platelets have emerged as potent influencers of
cancer-associated inflammation as upon activation, they release
a plethora of factors that modulate the tumor microenvironment
and can promote tumor progression, ECM remodeling and
angiogenesis (58). Modulation of other inflammation-related
pathways, such as the NFAT signaling cascade, known to be
involved in inflammasome activation and in the regulation of
adipokine transcription in AT of animal models (59, 60), and the
CAPN10/CAST system, known to influence multiple functions
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including apoptosis, fibrosis and inflammation (61), and the
FYN gene, shown to be an important regulator of inflammatory
signaling in AT (62), was also observed in obesity and obesity-
associated CRC conditions.

Based on our previous studies showing that PUFA endowed
with pro- or anti-inflammatory properties modulates the
adipocyte inflammatory status (26, 38), in this study we
further investigated the effects of AA and DHA on adipocyte
transcriptional program. The results achieved indicate that
DHA and AA induce different transcriptional changes in
adipocytes from lean vs. obese subjects. While DHA has a more
pronounced capacity to up-regulate genes in lean adipocytes,
the opposite is observed in obese subjects highlighting the
BMI-dependent differential response of adipocytes to food
components. Moreover, our results provide further evidence
for a potential role of DHA in attenuating obesity-related
AT inflammation since this PUFA exhibit the capacity to
counteract the detrimental effects of obesity on some genes
mainly related to metabolism and ECM remodeling. Of note,
these genes were previously found to be modulated by weight
loss achieved both by dietary or bariatric surgery interventions
(20–22, 44, 63). In summary, our data provide further support
for the central role of AT functional alterations in linking
obesity to cancer. Obesity-associated transcriptional changes
of visceral adipocytes may contribute to tumor promoting
processes including inflammation, lipid and glucose metabolism,
fibrosis, cell-cell communication, release of circulating factors
to signal to other tissue and coordinate energy metabolism.
Although computational analysis allows to identify candidate
genes relevant to many biological process, their description is
correlative and no causality can be directly established. Indeed,
the relationship between obesity and CRC is complex and the
comprehension of the underlying mechanisms requires further
experimental and functional studies. Nonetheless, components
of the interrelated processes and pathways unraveled by our
study represent promising mechanism-based targets for breaking
the links between obesity and its metabolic dysregulation, and
cancer. In this scenario, the regulatory action of dietary PUFA
on AT genomics adds further evidence for a role of diet in

the modulation of AT inflammation, metabolism and ECM
remodeling and for its application in cancer chemoprevention.
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