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Abstract: Obesity is a growing pandemic with an increasing risk of inducing different cancer types,
including breast cancer. Adipose tissue is proposed to be a major player in the initiation and pro-
gression of breast cancer in obese people. However, the mechanistic link between adipogenicity and
tumorigenicity in breast tissues is poorly understood. We used in vitro and in vivo approaches to
investigate the mechanistic relationship between obesity and the onset and progression of breast
cancer. In obesity, adipose tissue expansion and remodeling are associated with increased inflamma-
tory mediator’s release and anti-inflammatory mediators’ reduction.. In order to mimic the obesity
micro-environment, we cultured cells in an enriched pro-inflammatory cytokine medium to which
we added a low concentration of beneficial adipokines. Epithelial cells exposed to the obesity micro-
environment were phenotypically transformed into mesenchymal-like cells, characterized by an
increase in different mesenchymal markers and the acquisition of the major hallmarks of cancerous
cells; these include sustained DNA damage, the activation of the ATR-Chk2 pathway, an increase in
proliferation rate, cell invasion, and resistance to conventional chemotherapy. Transcriptomic analysis
revealed that several genes, including RhoJ, CCL7, and MMP9, acted as potential major players in the
observed phenomenon. The transcriptomics findings were confirmed in vitro using qRT-PCR and
in vivo using high-fat-diet-fed mice. Our data suggests RhoJ as a potential novel molecular driver of
tumor development in breast tissues and a mediator of cell resistance to conventional chemother-
apy through PAK1 activation. These data propose that RhoJ is a potential target for therapeutic
interventions in obese breast cancer patients.

Keywords: breast cancer; chronic inflammation; obesity; RhoJ; tumor micro-environment

1. Introduction

Obesity has become a worldwide concern because of its impact on public health. By
2025, global obesity prevalence is expected to reach 18% in men and more than 21% in
women [1]. Obesity is an excess of body fat, considered to be harmful to health and defined
by the World Health Organization (WHO) as a body mass index (BMI) (body weight in
kilograms (Kg) divided by height in meters squared (m2)) of >30 kg/m2 (class 1: 30–35,
class 2: 35–40, and class 3: >40), with overweight values at 25–29.9 kg/m2 and normal
values considered 18.5–24.9 kg/m2 [2]. The increased prevalence of obesity is influenced
by multifactorial conditions, but the main driver is believed to be an overall increase in
caloric intake [3] combined with a sedentary lifestyle [4]. Obesity is an established risk
factor for the development of multiple cancer types, including carcinomas of the breast,
colon, endometrium, esophagus, gall bladder, and kidney [5,6].
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Breast cancer is the most common cancer among women worldwide, with nearly
672,000 deaths registered in 2018 [7]. During breast carcinogenesis, mammary epithelial
cells undergo a series of molecular and morphological changes, resulting in their transfor-
mation into cancer cells. This phenomenon is reinforced by the composition of breasts (they
comprise three major components: fibrous tissue, glandular tissue, and adipose tissue) and
the interaction between these different compartments [8]. In obese people, excess energy is
stored as triglycerides in adipocytes, leading to their modification and expansion through
both hypertrophy and hyperplasia [9]. Once adipocytes undergo hypertrophy, they endure
mechanical stress from interaction with neighboring cells and extracellular matrix [10],
resulting in dysfunctional adipose tissue, marked by the elevated secretion of adipokines
and pro-inflammatory cytokines, which stimulate low-grade pathological inflammation in
the adipose tissue [11]. In this regard, the over-secretion of numerous pro-inflammatory
adipokines, such as leptin, tumor necrosis factor-alpha (TNF-α), plasminogen activator
inhibitor-1 (PAI-1), interleukin-8 (IL-8), hepatocyte growth factor (HGF), visfatin, and re-
sistin, combined with a decrease in beneficial adipokine secretion, including adiponectin
and omentin, have been reported in previous studies [12–16].

According to the literature, in several breast cancer cases, the connective tissue sep-
arating adipocytes from tumor cells is reduced, facilitating tumor cells to break through
the basement membrane. This results in the juxtaposition of adipocytes and breast cancer
cells, allowing their interaction [17]. It was shown that MCF-7 cell exposure to adipocyte-
secreted factors stimulated their migration and proliferation potential. In vivo, tumors
formed from SUM-159PT human breast adenocarcinoma cells co-injected with murine
adipocytes showed a significant increase in the size of the formed tumors when compared
to SUM-159PT cells co-injected with murine fibroblasts [18]. Micro-array analysis per-
formed on MCF-7 breast cancer cells treated with conditioned media formed from either
murine adipocytes or fibroblasts revealed that adipocyte-conditioned media upregulated
the genes involved in proliferation, invasion, and metastasis [18]. In addition, leptin, a
product of the Ob gene that is secreted by adipocytes, was found to be overexpressed in
nearly 92% of breast carcinomas. Interestingly, 31% of the cases showed the presence of a
distant metastasis accompanied by leptin overexpression [19]. The inflammatory cytokine
TNF-α was the first cytokine identified as being secreted by adipocytes [20]. In obese
individuals, an increase in circulating TNF-α due to an overall increase in fat tissue could
lead to breast cancer tumorigenesis by contributing to insulin resistance and IL-6 synthesis
regulation, considering that TNF-α was identified as a key regulator of IL-6 synthesis [21].
IL-6 is expressed and secreted by adipocytes. Its expression is proportional to BMI, where
IL-6 expression is found to be elevated in obese individuals [22]. Interestingly, it was shown
that IL-6 is able to promote cell migration through MAPK activation.

The key regulator of adipogenesis was found to be dysregulated in obese people,
leading to an increase in the production of the plasminogen-activator inhibitor-1 (PLAI-1).
PLAI-1 upregulation was associated with angiogenesis, the enhancement of cell adhesion,
migration, and the inhibition of apoptosis, and it is suspected to be responsible for the
breast micro-environment facilitating cancer development and metastasis [23–25].

In obesity, breast adipose tissue undergoes significant changes in the secretion of
both hormonal and inflammatory molecules, creating a mitogenic micro-environment [26].
Given the crosstalk between breast epithelial cells and the adipose tissue, it is plausible
to view this interaction as a significant player in the initiation and progression of breast
cancer in obese individuals [27]. In a study conducted by Vona-Davis et al., adipokines
were a major factor contributing to obesity-associated breast cancer [28,29]. Moreover, in
a meta-analysis study, low circulating adiponectin levels were associated with increased
breast cancer risk [30,31].

Rho GTPases are small guanine nucleotide-binding proteins that are known to be
critical regulators of the actin cytoskeletal structure and the dynamics that are required for
cellular migration [32]. Three prototypical members of this family, including RhoA, Rac1,
and CDC42, have critical roles in lamellipodia, stress fiber, and filipodia formation [33].
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RhoJ, also known as TCL (TC10-like), is a recently identified member of the CDC42 subfam-
ily GTPases [34]. Despite sharing structural similarities and common effector molecules
with other Rho GTPases, RhoJ has its distinct characteristics. RhoJ regulates cellular mi-
gration and invasion by altering actin cytoskeletal dynamics [35] and is involved in the
early stages of adipocyte differentiation [36]. All Rho GTPases can shuttle between the
GTP-bound active form and GDP-bound inactive form. The transition between active and
inactive forms is regulated by guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs). Guanine nucleotide dissociation inhibitors (GDIs) are known to
bind the GDP form of Rho GTPases and sequester them in the cytosol under their inactive
form [33].

To date, direct mechanistic evidence that the altered obesity micro-environment can
induce mammary epithelium transformation is still lacking. We aimed to address this
research gap by investigating the transformation-associated morphological and molecular
changes of mammary epithelial cells exposed to a mimic of an obesity micro-environment.
By using a dual approach with in vitro cell culture and an in vivo mouse model of obesity,
we identified the Rho GTPase RhoJ as a major candidate driving breast cancer in an obesity
environment. Other potential molecules (CCR5, CCL7, PAK1, and MMP9) were identified
as potential RhoJ effectors, ensuring cancer cells resistance to conventional chemotherapy
and invasiveness and maintaining an inflammatory micro-environment.

2. Materials and Methods
2.1. Chemicals

The chemicals tested were selected based on the micro-environment generated in obese
people, which is enriched with inflammatory mediators, cytokines, and low concentrations
of adiponectin. These include leptin, Adiponectin, IL-6, TNF-a, and PAI-1. A conditioned
media protocol was adapted from [37]. The different chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The chemicals were dissolved, as recommended,
either with 100% dimethyl sulfoxide, nuclease-free water, or 1% BSA and stored as stock
solutions at −20 ◦C or −80 ◦C. doxorubicin and hydrogen peroxide were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Trypsin was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.2. Cell Lines and Cell Culture

MCF7 breast cancer cells (estrogen receptor (ER)-positive, progesterone receptor
(PR)-positive, human epidermal growth factor receptor 2 (HER2)-negative, and lumi-
nal A), MDA-MB-231 (ER-negative, PR-negative, HER2-negative, and triple-negative),
MDA-MB-361 (ER-positive, PR-negative/positive, HER2-positive, and luminal B), BT549
(ER-negative, PR-negative, HER2-negative, and triple-negative), and ZR751 (ER-positive,
PR-positive/negative, HER2-negative, and luminal A) [38] were cultured in Dulbecco’s
modified Eagle’s Medium Sigma-Aldrich (St. Louis, MO, USA), and immortalized nor-
mal epithelial cells HME1 (hTERT-HME1) were cultured in Dulbecco’s modified Eagle’s
Medium F-12 (DMEM F-12) (Sigma-Aldrich, St. Louis, MO, USA) with 50 U/mL Penicillin,
50µg/mL Streptomycin, and 10% FCS (fetal calf serum) at 37 ◦C, 5% CO2. The cells were
split according to their appropriate splitting ratio when the confluency reached 80–90%, as
instructed by the supplier.

HME1 cells were cultured in Dulbecco’s modified Eagle’s Medium F-12 (Sigma-Aldrich,
St. Louis, MO, USA) to which we added the different compounds at their appropriate
concentration: leptin (1000 ng/mL) [39], adiponectin (50 ng/mL), IL-6 (50 ng/mL) [40,41],
TNF-α (50 ng/mL) [42], and PAI-1 (20 ng/mL) [43]. The cells were split when confluency
had reached 80%, and the different molecules were added to the medium. This was
repeated twice a week for 2 months in a row.

To induce the differentiation of 3T3-F442A cells, the cells were grown in DMEM and
10% FCS with 50 U/mL penicillin and 50µg/mL streptomycin. Cells will differentiate into
adipocytes once confluent, which takes approximately 10 days until confluency (where
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they became differentiated into adipocytes). Cells became rounded and enlarged with
lipid droplet accumulation in their cytoplasm. For differentiation verification, the cells
were fixed with 10% (v/v) formalin in phosphate-buffered saline and then stained with
Oil Red O, as described by Kuri-Harcuch and Green (1978) [44]. The cells were considered
lipid-positive when the droplets were stained red.

The CM was collected, centrifuged at 300 g for 5 min, filtered through a 0.2 µm filter,
and stored at −20 ◦C before use.

2.3. Cell Lysis and Protein Quantification

Cells were rinsed twice with cold PBS (Sigma-Aldrich, St. Louis, MO, USA) and then
subjected to trypsin for 5 min at 37 ◦C. The cells were then collected with their appropriate
media and centrifuged at 1100 rpm for 5 min. The supernatant was discarded, and the
pellet was washed twice with cold, 1X PBS, and then re-suspended in 50–1000 µL of 2x
Laemmeli Buffer. Bradford protein assay (Bio-Rad, Hercules, CA, USA) was performed to
quantify protein concentration. The cell lysate was stored at −20 ◦C.

2.4. Western Blot Analysis

The protein lysates acquired from the cells were loaded into SDS-PAGE (20 µg per well)
along with molecular weight marker (BLUltra Prestained Protein Ladder) (BIO-HELIX,
New Taipei City, Taiwan). The gel with separated proteins was transferred onto (PVDF)
polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA). Membranes were
blocked with 5% BSA solution (Sigma-Aldrich, St. Louis, MO, USA) (TBS with 5% BSA and
0.1% Tween-20) for 1 h at room temperature. The primary antibodies diluted in TBS 0.1%
Tween-20 with 5% BSA were incubated with the membranes overnight at 4 ◦C. Membranes
were washed three times with TBS 0.1% Tween-20 (10 min each) and then incubated with
the secondary antibodies (Mouse or Rabbit) (Sigma-Aldrich, St. Louis, MO, USA) diluted
1:2000 in 5% BSA at room temperature for 1 h. Membranes were washed three times
with TBS 0.1% tween-20 for 10 min each. Membranes were incubated with HRP-labeled
substrate (Pierce™ ECL Western Blotting Substrate) (Thermo Scientific, Rockford, IL, USA)
for 2 min and exposed to medical film (CL-XPosureTM Film) (Thermo scientific, Rockford,
IL, USA). The table below summarizes the different antibodies used (Table 1).

Table 1. Different antibodies used and their dilutions.

Primary Antibodies Dilutions Species References Catalog Number

E-cadherin 1:1000 Rabbit Cell signaling, Danvers, MA, USA 3195

N-cadherin 1:1000 Rabbit Cell signaling, Danvers, MA, USA 13116

ZO-1 1:1000 Rabbit Cell signaling, Danvers, MA, USA 8193

ß-catenin 1:1000 Rabbit Cell signaling, Danvers, MA, USA 8480

Check1 1:1000 Rabbit Cell signaling, Danvers, MA, USA 2360s

Phospho-check1 1:1000 Rabbit Cell signaling, Danvers, MA, USA 2348s

Check 2 1:1000 Rabbit Cell signaling, Danvers, MA, USA 6334s

Phospho-check2 1:1000 Rabbit Cell signaling, Danvers, MA, USA 2197s

H2A X 1:1000 Rabbit Cell signaling, Danvers, MA, USA 7631s

Phospho-H2A x 1:1000 Rabbit Cell signaling, Danvers, MA, USA 9718s

Phospho-ATM 1:1000 Rabbit Cell signaling, Danvers, MA, USA 5883p

Phospho-ATR 1:1000 Rabbit Cell signaling, Danvers, MA, USA 2853p

p53 1:1000 Mouse Cell signaling, Danvers, MA, USA 48818s

Phospho-p53 (S15) 1:1000 Rabbit Cell signaling, Danvers, MA, USA 9286s

CCR5 1:1000 Rabbit Abcam, Cambridge, UK Ab65850

CCL7 1:1000 Mouse Biolegend, San Diego, CA, USA AF-456-SP

RhoJ 1:250 Mouse Abnova, Taipei, Taiwan H00057381-M01

ß-Actin 1:1000 Rabbit Cell signaling, Danvers, MA, USA 4970s
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2.5. Gene Expression Analysis Using qRT-PCR
2.5.1. RNA Extraction

mRNA was extracted using RNAeasy Mini Kit (Qiagen, Hilden, Germany). Cells were
harvested when they reached 80% confluency. Cells were washed twice with warm PBS
and trypsinized, then centrifuged for 5 min at 1100 rpm. The pellet was resuspended in
350 µL of RLT buffer. The same volume of 70% ethanol was used. The total volume was
transferred to an RNase spin column placed in a 2 mL collecting tube. The column was
centrifuged for 15 s at >10,000 rpm at room temperature, the flow through was discarded,
and different buffers were added: 700 µL of washing buffer (RW1), followed by 500 µL
of RPE buffer, every time the column was centrifuged for 15 s at >10,000 rpm at room
temperature. A total of 500 µL of RPE buffer was added, and the column was centrifuged
at 11,000 rpm for 2 min at 23 ◦C. The total mRNA was collected by adding 30–50 µL of
RNase free to the column membrane and then centrifuged for 1 min at 11,000 rpm. The
RNA concentration was measured by Nanodrop (Colibri Microvolume Spectrometer from
Titertek-Berthold) by direct absorbance at A280. The collected RNA extraction was kept for
long storage at −80 ◦C.

2.5.2. Reverse Transcription

cDNA was synthetized using QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany). A total of 1 µg of RNA was mixed with 2 µL of gDNA wipeout buffer, Rnase-free
water was added to a final volume of 14 µL. Then, the samples were heated for 2 min at
42 ◦C. A total of 1 µL of Quantiscript Reverse transcriptase, 1 µL RT primer mix, and 4 µL
Quantiscript RT Buffer were added to each of the resultant samples from the previous step.
The samples were heated for 15 min at 42 ◦C and then 3 min at 95 ◦C. cDNA was kept at
−20 ◦C for storage.

2.5.3. qRT-PCR

qRT-PCR was performed using 5x HOT FIREPol® EvaGreen® qPCR Mix Plus (ROX)
(Solis BioDyne, Tartu, Estonia). mRNA expression levels were amplified using the QuantStu-
dio3 system by loading 50 ng of cDNA per well, mixed with 1x HOT FIREPol EvaGreen
qPCR Mix and 0.2 µM of the corresponding primer. GAPDH and RPL18 were used as an
internal control, and 2−∆∆ct was used to calculate mRNA relative expression. The below
table summarizes the different primers used and their sequences (Table 2).

Table 2. List of the different primers used and their sequences.

Primers Sequences (Homo Sapiens)
Wnt10A forward GTGCTCCTHTTCTTCCTACTGC
Wnt10A reverse CCTGGCAATGTTAGGCACACTG

RhoJ forward TTGCTCGGACTGTATGACACCG

RhoJ reverse CCTGGACATTGTGGTAAGAGGC

CCR5 forward TCTCTTCTGGGCTCCCTACAAC
CCR5 reverse CCAAGAGTCTCTGTCACCTGCA

MMP9 forward GCCACTACTGTGCCTTTGAGTC
MMP9 reverse CCCTCAGAGAATCGCCAGTACT
CCL7 forward ACAGAAGGACCACCAGTAGCCA
CCL7 reverse GGTGCTTCATAAAGTCCTGGACC

GAPDH forward GTCTCCTCTGACTTCAACAGCG
GAPDH reverse ACCACCCTGTTGCTGTAGCCAA
RPL18 forward GCAGAATCCACGCCAGTACAAG
RPL18 reverse GCTTGTTGTCCAGACCATTGGC
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2.6. RNA Sequencing

Total mRNA was isolated from both cells (HME1 and HME1) (AK + I) and then sub-
mitted to MedGenome Labs Pvt Ltd., Bangalore, India, by the local dealer: Genetrics, Dubai,
UAE. RNA samples were quantified using Qubit RNA Assay HS (Invitrogen, Cat# Q32852).
RNA purity was checked using QIAxpert, and RNA integrity was assessed on TapeStation
using RNA ScreenTapes (Agilent Technologies, Santa Clara, CA, USA, Cat# 5067-5579). All
RNA samples passed the QC and were passed for the RNA library prep.

2.6.1. RNA Library Prep Protocol

NEB Next Ultra RNA Library prep kit (NEB, Ipswich, MA, USA, #E7530L) was used to
prepare the libraries for RNA sequencing. First, mRNA was selected using Poly-A selection
kit (Lexogen, Vienna, Austria, # K39.100) from Lexogen. Following purification, the mRNA
was fragmented using divalent cations under elevated temperatures. The cleaved RNA
fragments were copied into first-strand cDNA using reverse transcriptase. Second-strand
cDNA synthesis was performed using DNA Polymerase I and RNase H enzyme. The cDNA
fragments were then subjected to a series of enzymatic steps that repair the ends, tailing the
3′ end with a single ‘A’ base, followed by the ligation of the adapters. The adapter-ligated
products were then purified and enriched using the following thermal conditions: initial
denaturation 98 ◦C for 30 s; 12 cycles of −98 ◦C for 10 s and 65 ◦C for 75 s; final extension of
65 ◦C for 5 min. PCR products are then purified and checked for fragment size distribution
on TapeStation using D1000 DNA ScreenTapes (Agilent Technologies, Santa Clara, CA,
USA, Cat# 5067-5582).

2.6.2. Sequencing Protocol

Prepared libraries were quantified using Qubit High Sensitivity Assay (Invitrogen,
Cat# Q32852). The obtained libraries were pooled and diluted to a final optimal loading
concentration before cluster amplification on an Illumina flow cell. Once the cluster genera-
tion is completed, the cluster flow cell is loaded into an Illumina HiSeq 4000 instrument to
generate 60 M, 100 bp paired-end reads. More than 2000 dysregulated genes were selected
and classified into two groups: upregulated and downregulated genes. This list of genes
was filtered twice, keeping only the significant genes with a p value of <0.05 and a fold
change of greater than 1.8.

These different genes were then classified into pathways by using Panther version 16.0,
and the gene panel selected for our study was based on the pathways involved in chronic
inflammation and carcinogenesis with the most significant fold change.

2.7. Invasion Assay

A QCM TM High-Sensitivity Non-cross-linked Collagen Invasion Assay kit was used
for invasion assays (Millipore, MA, USA). Modified chambers with filter inserts (pore size:
8 µm) coated with Matrigel in 24-well dishes were used. A total of 300 µL of serum-free
media was added per chamber for 30 min at room temperature. A total of 250 µL of the
media were removed from the inserts. About 0.5 million cells in serum-free media were
added into the 250 µL serum-free media per chamber (top chamber), and 500 µL of 10%
FBS-containing media was placed in the bottom chambers. After 24 h of incubation, the
remaining cells in the top chamber were removed with a pipette, and the cells were stained
by adding 400 µL of cell stain for 15 min. After several washes with distilled water, the
inserts were dried and viewed under the microscope to monitor their morphology and
abundance. Then, 200 µL of extraction buffer was added and incubated for 15 min at room
temperature. The dye mixture was then assessed by a plate reader at 492 nm and 630 nm.

2.8. Annexin V-FITC/PI Staining

An annexin V-FITC/PI staining kit was obtained from BD Biosciences (San Jose, CA,
USA). HME1 and HME1 (AK + I) were grown in 25 cm2 cell culture dishes for 24 h and used
for annexin V-FITC/PI experiments. Briefly, the cells were trypsinized, washed twice with
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PBS, and collected at a concentration of 1 × 105 cells/mL in 1X binding buffer. Cells were
then incubated with 5 µL of FITC annexin V and 5 µL PI for 15 min at room temperature in
the dark. Cells were analyzed with a BD FACS Aria III (BD Biosciences, San Jose, CA, USA)
using excitation/emission wavelengths of 488/525 nm and 488/675 nm for annexin V and
PI, respectively. Live, apoptotic, and necrotic cells were determined by calculating the
sum of the percentage of cells present in the annexin V +ve/PI –ve and annexin V +ve/PI
+ve quadrants.

2.9. Soft Agar Colony Formation

A total of 5 × 103 of HME1, HME1 (AK + I), and Hela cells were mixed with 0.6%
agarose (mixed with the adequate medium v:v) and were plated over a 1% agarose layer
(mixed with the adequate medium v:v) (Sigma-Aldrich, St. Louis, MO, USA). The medium
was renewed twice weekly by adding 200 µL of media alone to the HME1 and Hela
cells and media with the adipokine and inflammatory mediators for HME1 (AK + I).
After 21–30 days, colonies had formed; they were fixed using 4% PFA, washed, and further
stained with 0.05% crystal violet solution (Sigma-Aldrich, St. Louis, MO, USA). The colonies
were photographed at 40× magnification using a camera fitted with an inverted microscope.
Cell colonies were counted manually in four randomly selected magnification fields; the
data represent the number of colonies. Three independent experiments were performed.

2.10. Cell Viability and Proliferation

A total of 2 × 103 HME1 and HME1 (AK + I) were seeded per well in 96-well plates.
After 24 h incubation in their appropriate media (DMEM-F12 or DMEM-F12 supplemented
with cytokines, inflammatory mediators, and adiponectin), the cells were either treated
(or not) in triplicate with doxorubicin overnight. MTT (bioWORLD, Irving, TX, USA) was
added, and the cells were incubated for 2–4 h at 37 ◦C. Then, MTT was removed, and
100 µL of 100% DMSO was added per well. Cells were kept at room temperature, shaking
for 5 min; the readings were taken at 570 nm using Corning® 96-well clear flat bottom
polystyrene TC-treated microplates (Costar®, Kennebunk, ME, USA).

2.11. Immunofluorescence

Cells were plated on a glass coverslip at ~25% confluence and maintained under
culture conditions (described above) either with DMEM-F12 alone or with cytokines,
inflammatory mediators, and adiponectin. Cells were washed twice with PBS and fixed at
room temperature with 4% paraformaldehyde for 5–10 min, followed by three additional
washes in ice-cold 1X PBS and permeabilized with PBS containing 0.1% triton X-100%
Sigma-Aldrich (St. Louis, MO, USA). Subsequently, cells were treated with blocking
buffer (1% BSA containing 0.05% Tween-20) for 30 min at room temperature, followed
by overnight incubation with the primary antibody. The next day, the cells were washed
three times with 1X PBS (0.05% Tween-20) for 10 min each, followed by 1 h incubation
in the dark with the secondary antibody. Cells were washed three times with 1X PBS
(0.05% Tween-20) for 10 min each. Coverslips were mounted on glass slides (VWR, Radnor,
PA, USA). Quantification was performed by counting 100 cells per condition for three
independent experiments (Table 3).

Table 3. List of the different antibodies used for immunofluorescence.

Antibodies Dilutions Species References Catalog Number

Active Caspase-3 1:500 Rabbit BD Biosciences, San Jose, CA, USA 559565

Alexa fluorTM 594 goat
anti-rabbit IgG (H + L) 1:250 Rabbit Invitrogen, Waltham, MA, USA A32740

Alexa fluorTM 488goat
anti-mouse IgG (H + L) 1:250 Mouse Invitrogen, Waltham, MA, USA A32723
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2.12. Animals and Diet

Female, wild-type c57BL/6j mice were maintained under specific pathogen-free condi-
tions, housed as three mice/cage in a 12:12 (light:dark) cycle; they were provided with food
and water ad libitum, as described previously [45]. From 16 weeks of age, the mice were
divided into two groups, including a control group fed on a chow diet (Purina, St. Louis,
MO, USA) and an experimental group fed on a 60% high-fat diet (C1090-60) (Altromin,
Lage, Germany) for 14 weeks to induce obesity [46]. The mice were monitored daily for
measurements of body weights and any potential signs of distress. At sacrifice, mice were
euthanized via cervical dislocation, and the mammary glands were immediately excised,
snap-frozen, and stored at −80 ◦C for further analysis. The Animal Care and Use Com-
mittee of the Sharjah Institute of Medical Research, University of Sharjah, approved the
experimental protocol.

2.13. Protein Extraction from Mammary Gland

Mammary glands were extracted and collected in 2 mL, labeled Eppendorf tubes, and
snapped frozen with liquid nitrogen. The tissue was then minced using a motor and pestle.
Approximately 500 µL of RIPA lysis buffer was added per sample and kept on ice for 20 min.
Samples were then sonicated for 10 s for three rounds. Samples were centrifuged for 30 min
at 14,000 rpm. The fat was removed, and the proteins were collected and quantified. Protein
lysates acquired from the tissues were loaded into SDS-PAGE (30 µg per well) along with
molecular weight marker (BLUltra Prestained Protein Ladder) (BIO-HELIX, New Taipei
City, Taiwan).

2.14. Statistical Analysis

ImageJ (1.53i 24 March 2021) was used for protein band intensity quantification. The
quantification reflects the relative amounts as a ratio of each protein band relative to the
lane’s loading control.

GraphPad Prism (version 9.0.0) was used for graph preparation and value analysis. A
p value of <0.05 is represented by one star (*), p < 0.01 is represented by two stars (**), p < 0.001
is represented by three stars (***). The error bars were based on the standard deviation.

3. Results
3.1. Obesity Micro-Environment Promotes Cellular Morphology Changes,
Epithelial-to-Mesenchymal Transition, and Invasion

In order to establish the relationship between breast cancer and the obesity micro-
environment, we first cultured human mammary epithelial (HME1) cells in their normal
medium with a low concentration of adiponectin and high concentrations of leptin, IL-6,
TNF-α, and PAI-1 (these cells were labeled as HME1 (AK + I) for adipokines + inflam-
matory mediators). The selection of adipokines and inflammatory mediators was based
on the accumulated data in the literature regarding the stimulation of an obesity micro-
environment. To our knowledge, a combination of the above-mentioned adipokines and
inflammatory mediators has never been investigated before. We tested adipokine alone
(conditioned media) as a control or in combination with inflammatory mediators. The
selected dose range was guided by the literature data, with a focused dose that showed an
impact on cell proliferation [47–49]. We ran a pilot study using cell viability, cytotoxicity,
and apoptosis assays to test the impact of these conditions on the mammary epithelial cells.
We selected the condition that exerted the most favorable effect on cell cytoskeleton changes.
Technically, cell transformation is a long process that usually takes years. For this purpose,
the HME1 cells were exposed to the obesity micro-environment conditions for two months
until we started to see morphological changes [50]. The HME1 (AK + I) cells developed
a mesenchymal phenotype with visible cellular elongation and protrusions (Figure 1A)
compared to the HME1 cells cultured in their standard medium. The immunofluorescence
images showed a clear expression of N-cadherin in the HME1 (AK + I) cells compared
to HME1 (Figure 1A). Based on these observations, we next checked if any changes at
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the molecular level supported the cytoskeleton rearrangements observed. We screened
both the HME1 and HME1 (AK + I) cells for the markers of epithelial-to-mesenchymal
transition (EMT) using Hela cells as a positive control, and we also investigated their
invasive potential. We detected the significant upregulation (p < 0.05) of the mesenchymal
markers Zonula occludens (ZO-1), ß-catenin, and N-cadherin and the downregulation of
the epithelial marker E-cadherin (p < 0.001) (Figure 1B,C) in HME1 (AK + I), which is in
contrast to the control HME1 cells. ZO-1 is a major component of adherents and tight
junctions, and its downregulation in most cancers has always been associated with cellular
motility. However, the dual role of ZO-1 as a pro- and anti-angiogenic molecule has also
been appreciated [51].
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Figure 1. Obesity micro-environment promotes epithelial-to-mesenchymal transition, promoting cell
invasion. (A) Epithelial cells undergo cytoskeleton changes in the obesity micro-environment. The
HME1 cells were cultured in an obesity micro-environment: adipokines and inflammatory mediators
are indicated as HME1 (AK + I) or HME1 when cultured in their normal media. HME1 (AK + I)
acquired mesenchymal morphology. The phase-contrast images were taken at 100× magnification.
HME1 and HME1 (AK + I) cells were stained for N-cadherin expression (red). Nuclei were stained
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with DAPI (blue). Scale bar: 100 µm. (B) HME1 cells lose their epithelial properties in the obesity
micro-environment. Both cell types, HME1 and HME1 (AK + I), were lysed, and the extracts were used
for Western blotting. Actin was used as a loading control. (C) EMT markers quantification. Values are
represented as mean ± SEM, n = 3 (3 biological × 3 technical). Paired T test; * p < 0.05, *** p < 0.001.
(D) HME1 cells acquired invasive properties. HME1 and HME1 (AK + I) cells were grown in a
Boyden chamber with collagen-coated base–trans-well cell invasion assay, as described in Materials
and Methods. Quantitative evaluation of invasive potential after dye elution and spectrophotometric
reading at 560 nm. Values are represented as mean ± SEM, n = 3 (3 biological × 3 technical).
Paired T test; * p < 0.05. (E) Pictures were taken under the microscope after crystal violet staining
(60× magnification) to visualize the morphology of the invasive cells across the collagen-coated
membrane. Scale bar: 1 mm. The highly invasive Hela cell line served as a positive control. HME1
(AK + I) exhibited a greater number of invading cells compared to HME1.

We next investigated the cellular motility and collagen invasion potential. Metastasis
is a key feature of cancer cells and a final step in tumor progression. Invasion is the very
first step of cell metastasis. It is a process through which malignant cells detach from the
tumor mass, acquire motility, and invade surrounding tissues [52]. Consistent with our
previous data, the collagen invasion assay showed a higher invasion rate (p < 0.05) after
cell exposure to adipokines and inflammatory mediators compared to the HME1 cells
cultured in their appropriate medium alone (Figure 1D). The microscopy images revealed
that the HME1 (AK + I) cells were denser than the HME1 cells, showing a more aggressive
phenotype, especially in the presence of pleomorphic, polygonal, or hyperchromatic cells
with cytoplasmic extensions (Figure 1E). Moreover, according to our qRT-PCR results,
the matrix metalloproteinase-9 (MMP9) was overexpressed in the HME1 (AK + I) cells
compared to HME1 (eight-fold change) (Figure 4B). MMP9 plays an important role in
extracellular matrix (ECM) remodeling and is associated with tumor invasion, metastasis,
and tumor micro-environment modulation [53,54]. MMP9 overexpression in obesity-
exposed HME1 cells can explain increased cell invasiveness and motility.

When taken together, these results indicate that the exposure of HME1 cells to the
obesity micro-environment induces their transformation from epithelial to mesenchymal
status, acquiring the ability to become invasive.

3.2. Obesity Micro-Environment Induces DNA Damage Accumulation in Cultured Epithelial Cells

DNA damage accumulation and repair failure are well-defined events in cancer cells. In
response to DNA damage and stress, cells activate different signaling networks to either medi-
ate cell cycle arrest and DNA repair or trigger apoptosis. DNA damage response is initiated by
activating the ataxia telangiectasia-mutated (ATM) and ATM and Rad3-related (ATR) kinases.
Additionally, downstream kinases are activated, such as checkpoint kinases 1 and 2 (Chk1 and
Chk2), which are encoded by the CHEK1 and CHEK2 genes, respectively [55]. Both pathways
can phosphorylate p53 protein at serine 15 to enhance its transactivating/transcriptional
activity [56]. In order to check the presence of DNA damage in the obesity micro-environment-
exposed cells, we investigated the activation of these pathways in HME1 and HME1 (AK + I)
cells. Contrary to HME1, the HME1 (AK + I) cells showed strong ATM phosphorylation and
slight ATR phosphorylation (p < 0.05). Interestingly, only the downstream pathway of ATM
was activated (Figure 2A,B). Hence, we report both Chk2 phosphorylation and p53 phos-
phorylation at serine 15, indicating its activation. In addition, we checked histone H2A.X
phosphorylation, which is a key DNA damage response component located downstream
of Chk2. Upon DNA damage, H2A.X is phosphorylated by ATM, and this is positively
associated with the degree of DNA damage [57]. In HME1 (AK + I) cells, histone H2A.X
was robustly phosphorylated. When taken together, we conclude that, upon exposure to
the obesity micro-environment, HME1 cells exhibit evident DNA damage accumulation
that triggers the activation of the ATM-Chk2-H2A.X pathway.
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Figure 2. Exposing cells to the obesity micro-environment promotes DNA damage accumulation
and chemotherapy resistance. (A) Obesity-exposed cells accumulate DNA damage by activating the
ATM-Chk2-H2A pathway. HME1 and HME1 (AK + I) cells were lysed and subjected to Western blot
analysis for the indicated proteins. Hydroxyurea (1 mM, 48 h), a DNA damage reagent, was used as
a positive control, and actin was used as a loading control. (B) DNA damage band quantification.
Values are represented as mean ± SEM, n = 3 (3 biological × 3 technical). Paired T test; * p < 0.05.
(C) Exposure to the obesity micro-environment promotes cellular resistance to chemotherapy. HME1
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and HME1 (AK + I) cells were treated overnight with 1 µM of doxorubicin, and then an annexin V–PI
test was performed according to the manufacturer’s recommendations. Values are represented as
mean ± SEM, n = 3 (3 biological × 3 technical). Paired T test; * p < 0.05. (D) Chemotherapy-resistant
cells prevent active-Caspase-3 nuclear localization. Active Caspase-3 (cleaved Caspase-3 form) was
detected by immunofluorescence. HME1 and HME1 (AK + I) cells were either treated (or not) with
1 µM of doxorubicin before active Caspase-3 analysis. HME1 and HME1 (AK + I) cells were stained
for active Caspase-3 (red). Nuclei were stained with DAPI (blue). Scale bar: 100 µm. (i) Zoomed
image of HME1 cells; (ii,iii) zoomed image of HME1 (AK + I) cells. Arrows indicate active Caspase-3
localized in the cytosol. (E) Active Caspase-3 quantification in cytosol vs. nucleus. Graph with
the statistical representation of the number of cells showing active Caspase-3 in the nucleus vs. the
number of cells showing active Caspase-3 in the cytosol in both HME1 and HME1 (AK + I) cells
treated with doxorubicin. Values are represented as mean ± SEM, n = 3 (3 biological × 3 technical).
The count comprised 100 cells for each condition. Scale bar: 200 µm. Paired T test; * p < 0.05 and
*** p < 0.001. (F) PARP1 cleavage is compromised under obesity conditions. HME1 and HME1 (AK + I)
cells were cultured and treated overnight with 1 µM of doxorubicin. Cells were collected and lysed.
Cell extracts were analyzed using Western blotting for PARP1 activation. Actin was used as a loading
control. (G) PARP1 band quantification. Values are represented as mean ± SEM, n = 3 (3 biological ×
3 technical). Paired T test; * p < 0.05 and *** p < 0.001.

3.3. In the Obesity Micro-Environment, Cells Become Resistant to Conventional Chemotherapy

Different mechanisms are involved in acquiring drug resistance in cancer cells, such
as drug inactivation, multidrug resistance, apoptosis inhibition, epigenetic changes, drug
metabolic reprogramming, changing drug targets, DNA repair enhancement, and tar-
get gene amplification [58]. We monitored cellular sensitivity to doxorubicin in HME1
vs. HME1 (AK + I) cells. The cells were cultured in their appropriate media (standard
media, with the addition of adipokines and inflammatory mediators, or with the adipocyte-
conditioned medium) and then treated overnight with 1µM of doxorubicin (IC50). As is
evident from the annexin-FITC results (Figure 2C), nearly 60% of the HME1 cells treated
with doxorubicin died compared to the HME1 cells without any treatment. Interestingly,
the HME1 cells cultured in the obesity micro-environment were less sensitive to doxoru-
bicin, showing only 30% cell death. This is consistent with the fact that obese individuals
develop drug resistance and become less responsive to conventional chemotherapy. The
HME1 cells exposed to conditioned media only showed an insignificant increase in cell
survival compared to HME1 (AK + I).

Caspase activation is a common signaling cascade in apoptosis. Once activated,
through cleaving and activating effector caspases, such as the poly(ADP-ribose)polymerase
1 (PARP1), caspases initiate cell death [59]. We investigated Caspase-3 and PARP-1 ac-
tivation and degradation upon exposure to chemotherapeutic drugs under the obesity
micro-environment. Since the nuclear translocation and accumulation of active Caspase-3
are hallmarks of apoptosis [60,61], we monitored the subcellular localization of Caspase-3.
Both the HME1 and HME1 (AK + I) cells were stained for active Caspase-3 in the presence
or absence of doxorubicin. In both HME1 and HME1 (AK + I), we did not detect any
active Caspase-3 signal. Interestingly, once the cells were treated with doxorubicin, active
Caspase-3 was almost fully localized in the nuclei of the HME1 cells, with 91 cells out
of 100 total showing active Caspase-3 accumulation in the nucleus, while only nine cells
showed active Caspase-3 accumulation in the cytosol. As for the HME1 (AK + I) cells, a
significant pool of active Caspase-3 remained in the cytosol, with 85 cells out of 100 showing
this phenotype. Interestingly, only 15 cells out of 100 showed active Caspase-3 in the nu-
cleus (Figure 2D,E). These results are in accordance with the MTT assay (Figure 3A), where
we showed that HME1 cells treated with doxorubicin exhibit more sensitivity to the treat-
ment (40% of cell death) compared to HME1 cells exposed to the obesity micro-environment
where we see a very mild effect (nearly 20% of cell death). We next investigated the caspase
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substrate PARP-1 under these conditions (Figure 2F,G). Consistent with our earlier findings,
the HME1 cells exposed to adipokines and the inflammatory mediators demonstrated less
sensitivity to doxorubicin, indicated by less PARP-1 cleavage, which was not the case for
the HME1 cells exposed to conditioned media.
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Figure 3. Adipokines and inflammatory mediators promote cellular proliferation. (A) Adipokines and
inflammatory mediators promote cellular proliferation. The effect of the obesity micro-environment
on HME1 cells proliferation was measured using the MTT colorimetric method. Values represent cell
density based on the measurement of the optical density at 570 nm using a 96-well plate normalized
to the control cells (HME1). HME1 (CM) cells cultured in a conditioned medium collected from
pre-adipocytes cells 3T3-F442A. Details about the conditioned medium can be found in Materials
and Methods in the cell culture section. Values are represented as mean ± SEM, n = 3 (3 biological
× 3 technical). Paired T test; ** p < 0.01 and *** p < 0.001. (B) Obesity micro-environment favors
colony formation. We tested the effect of obesity micro-environment on anchorage-independent cell
growth/colony formation in soft agar. Single-cell suspensions of Hela, HME1, and HME1 (AK + I)
were seeded in soft agar, as described in Materials and Methods. Hela cell line was used as a positive
control. Photographs represent microscopic fields of soft agar-grown colonies observed on day 30
after seeding. Scale bar: 1 mm. (C) The graph represents the number of colonies formed by the HME1
and HME1 (AK + I) cells. Values represent mean ± SEM, n = 3 (3 biological × 3 technical). Paired T
test; ** p < 0.01.
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3.4. Obesity Micro-Environment Promotes Cellular Proliferation and Anchorage-Independent
Cell Growth

Unlimited cell proliferation, anchorage-independent growth, and invasiveness are
predominant features of cancer cells [62]. Therefore, we tested the proliferation, trans-
formation ability, and clonogenic capacity of the HME1 and HME1 (AK + I) cells. As
shown in Figure 3A, the HME1 (AK + I) cells had a higher proliferation rate compared
to HME1, where the cells show 40% more proliferation. When compared to the HME1
(AK + I) and HME1 cells, the HME1 cells exposed to adipocyte conditioned media alone
without inflammatory mediators showed no increase in the proliferation rate. Figure 3B,C
represent the colony-forming ability of the cells. The Hela cells were used as a positive
control (186 colonies); as for HME1 cells, they formed 10 colonies (compared to 371) once
they were cultured in the obesity micro-environment. This data demonstrates that ex-
posing cells to the obesity micro-environment can increase cell proliferation, ultimately
resulting in malignant transformation marked by anchorage-independent cell growth and
collagen invasion.

3.5. Gene Expression Analysis Uncovered a New Pathway Involved in Breast Cancer Development
in Obese Individuals

After characterizing the HME1 (AK + I) cells at different levels (both phenotypically
and molecularly), and after showing that these cells carry distinct hallmarks of cancerous
cells, we next submitted both HME1 and HME1 (AK + I) for transcriptomic analysis
using next-generation sequencing (NGS) to define the different target genes and possible
pathways involved in cellular transformation and invasion (Figure 4A). The dysregulated
genes were classified into different groups according to their cellular functions. Several
interesting genes were identified, and a few were selected for validation by qRT-PCR
(Figure 4B) (Supplementary Figure S1) based on their expression level, their role in breast
cancer development, and the potential connection between them. All five genes (CCL7,
CCR5, RhoJ, MMP9, and PAK1) were the top-regulated genes in the HME1 (AK + I) cells
based on the NGS results. These results were confirmed by qRT-PCR.

According to the literature and based on our data, we next intend to understand
whether CCL7, CCR5, RhoJ and MMP9 are involved in HME1 cellular transformation, and
the potential link between them.

3.5.1. CCR5 and CCL7

The pathologic expression of CCR5 has been found in numerous tumors [33,34,63–69].
In breast cancer, CCR5 is overexpressed compared to normal tissues, and its expression
correlates with an increased migratory potential [70]. In mice, CCR5-positive breast cancer
cells have an increased ability to form mammospheres and, consequently, form tumors [67].
The expression of the ligands of this receptor is responsible for lymphocytes’ attraction
to the tumor micro-environment. CCL7 is one of many chemokines capable of binding
and activating the CCR5 receptor [71–73]. In our lab, we compared both CCR5 and CCL7
expression levels in HME1 cells when exposed (or not) to the obesity micro-environment
(Figure 4B,C). Our results showed CCR5 and CCL7 expression only in the obesity context
(a 4-fold change and 15-fold change, respectively), while the HME1 cells cultured in the
normal media without any additives showed no expression. We sought to confirm these
data in vivo (Figure 4E,F); for this purpose, six female c57Bl/6 mice were divided into two
groups of three mice each. One group of control mice was fed a standard diet, whereas
the second group was fed a high-fat diet (HFD) to promote obesity. After 14 weeks, the
HFD-fed mice weighed nearly twice that of the control group, 45 g to 25 g, respectively
(Supplementary Figure S2A,B); the mice were sacrificed, and the mammary gland was
collected for protein analysis. CCR5 expression showed no difference between the two
groups of mice. Interestingly, CCL7 was only detected in the HFD-fed mice, indicating
the potential activation of the CCR5 receptor in obesity conditions only. The difference in
CCR5 expression in vitro and in vivo could be related to the difference in CCR5 expression
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regulation that can be related to genetic factors: factors involved in the activation, signaling,
and trafficking of the receptor or to environmental triggers [74]. We assume that, in vivo,
despite the expression of the CCR5 receptor in both groups of mice, its activation is
associated with the presence of its ligand CCL7, which was observed in obese mice only.
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Figure 4. Expression validation of the selected genes after HME1 exposure to obesity micro-environment.
(A) RNA sequencing. The figure contains a scatter plot for HME1 and HME1 (AK + I) comparison,
which displays the LOG2-fold changes and statistical significance of each gene calculated by per-
forming a differential gene expression analysis. Every point in the plot represents a gene. Red points
indicate significant upregulated genes; blue points indicate downregulated genes. (B) Micro-array
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validation. Real-time PCR measurement of MMP9, RhoJ, CCL7, CCR5, and Wnt10A expression
in HME1 and HME1 (AK + I) cells. Graphs represent the fold change of each gene in both cell
lines. Values represent mean ± SEM, n = 3 (3 biological × 3 technical). Paired T test; * p < 0.05 and
** p < 0.01. (C) RhoJ-MMP9 as a potential pathway responsible for epithelial cells transformation
in obese individuals. HME1 and HME1 (AK + I) cells were collected and lysed. Total cell extract
was analyzed using Western blot for the indicated proteins. Actin was used as a loading control.
(D) Target protein quantification. Values represent mean ± SEM, n = 3 (3 biological × 3 technical).
Paired T test; * p < 0.05. (E) Pathway validation in vivo. Two groups of mice were used, with three
mice per group. One group of mice was given normal food (control diet), and the other group was
given high-fat diet food (HFD diet) for nearly 4 months. Every 10 days, the mice were weighed until
the HFD diet group mice weight doubled that of the control diet group mice. Mice were sacrificed,
and the mammary tissue was collected, lysed, and homogenized. An equal amount of protein was
loaded, and antibodies against PAK1/P-PAK1, RhoJ, CCR5, and CCL7 were used. Actin was used as a
loading control. Tissues were collected from three different control mice and three different HFD mice.
(F) In vivo protein expression quantification. Graph representing protein quantification based on band
intensity. Values are represented as mean ± SEM, n = 3 (3 biological × 3 technical). Unpaired T test;
** p < 0.01 and *** p < 0.001. (G) RhoJ is activated in the obesity micro-environment. HME1 and HME1
(AK + I) cells were stained for RhoJ (green). Nuclei were stained with DAPI (blue). The top panel
represents the HME1 cells; the bottom panel represents the HME1 (AK + I) cells. Scale bar: 100 µm.
(i) Zoomed image of HME1 cells; (ii,iii) zoomed images of HME1 (AK + I) cells. Arrows indicate
RhoJ activation.

3.5.2. RhoJ and PAK1

Recent studies indicate that the RhoJ regulates cell migration and invasion through
altering actin cytoskeletal dynamics in malignant melanoma [33]. Based on these findings,
we investigated the expression and activation of RhoJ and PAK1 in both our conditions.
Interestingly, in our model, and as was expected, RhoJ expression was upregulated in the
HME1 cells exposed to the obesity micro-environment (4-fold change) compared to HME1
cells at both the mRNA and protein levels (Figure 4B,C). Next, we sought to verify the
status of RhoJ activation under our experimental conditions. Most Rho GTPase family
members contain a hydrophobic lipid tail, promoting the proper subcellular localization of
active Rho GTPase to the plasma membrane [33]. Studies have shown that constitutively
active RhoJ is specifically localized in the plasma membrane [70]. Moreover, Ackerman
et al. have shown that RhoJ distribution and activation indicate GTP loading at or near the
plasma membrane [67]. In order to check if RhoJ is not only stabilized in HME1 (AK + I)
cells but is also active, we monitored RhoJ localization within the cells by immunoflu-
orescence. As depicted in Figure 4G, contrary to HME1, HME1 (AK + I) showed RhoJ
localization in the plasma membrane, indicating its activation. Furthermore, we checked
PAK1 phosphorylation status and activation. PAK1 is the direct downstream target of RhoJ.
As expected, we observed PAK1 phosphorylation in the HME1 (AK + I) cells, indicating
RhoJ activity (Figure 4C). RhoJ accumulation and activation were monitored in vivo as
well, where the HFD-fed mice showed the distinct upregulation of RhoJ levels (p < 0.01)
and PAK1 phosphorylation (p < 0.001) compared to the control mice (Figure 4E,F).

3.6. Breast Cancer Cell Line Screening

Finally, we checked whether the pathway we uncovered is a general aspect of breast
cancer development or if it is only related to obesity-mediated breast cancer. For this
purpose, we investigated CCL7, CCR5, RhoJ, and MMP9 expression in different breast
cancer cells: MCF7, MDA-MB-231, MDA-MB-361, ZR751, BT549, and TD47D by using
HME1 as a control. Interestingly, both the ligand (CCL7) and its receptor (CCR5) were
upregulated in T47D (3-fold and 16-fold change, respectively (p < 0.01)), and the upregula-
tion of both RhoJ and MMP9 was observed in the MDA-MB-231 cells (122-fold and 12-fold
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change, respectively (p < 0.05) (Figure 5). Both T47D and MDA-MB-231 are metastatic
cell lines, which is consistent with our hypothesis. However, none of the cell lines tested
showed the upregulation of all four targets at the same time, which is the case in the HME1
(AK + I) cells.
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Figure 5. Gene expression screening in a panel of breast cancer cell lines. Normalized relative
expression CCR5, CCL7, MMP9, and RhoJ genes in the seven breast cell lines included in this study.
Gene expression was determined using Real-Time Quantitative Reverse Transcription PCR (Real-
time RT PCR). Each cell line was assayed three times from independent batches of extracted RNA.
Graphs represent the fold change of each gene in each cell line. Values represent mean ± SEM, n = 3
(3 biological × 3 technical). Paired T test; * p < 0.05 and ** p < 0.01.

4. Discussion and Conclusions

The association between obesity and cancer is very well-established in the human
population. This link has been supported by animal models as well. In our work, we
sought to establish the link between obesity and cancer at a molecular level, which can be
useful in the future for the prevention of cancer development in obese people and, most
importantly, therapeutic intervention.

We adopted a wider perspective whereby we combined the two hallmarks of obesity—
tissue dysfunction, marked by a decrease in adiponectin secretion, and chronic inflamma-
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tion, marked by an increase in the secretion of inflammatory mediators. Our aim was to
understand how these two factors engender carcinogenesis at the molecular level. In order
to achieve this aim, we cultured HME1 cells, a mammalian mammary epithelial cell line in a
special medium to mimic the obesity micro-environment by combining low concentrations
of adiponectin and different inflammatory mediators together (leptin, adiponectin, TNF-α,
IL-6, and PAI-1). To note, each of these molecules was tested separately, and their role
in EMT, cancer cell migration, and invasion has been extensively studied: Leptin [75–77],
IL-6 [78,79], TNF-α [80,81], PAI-1 [82], and adiponectin [83,84]. To our knowledge, this is
the first study where all of these have been combined together with the aim of understand-
ing the role of the obesity micro-environment regarding cancer biogenesis and development
(rather than the role of one molecule or another in an isolated setting).

Once exposed to the obesity micro-environment, the HME1 cells showed a drastic
rearrangement in their cytoskeleton. The cells acquired a mesenchymal phenotype, accom-
panied, at the molecular level, by the upregulation of mesenchymal markers. In order to
further characterize these transformed cells, we checked different hallmarks of cancerous
cells [85]. The obesity micro-environment-exposed cells showed DNA damage accumula-
tion via the activation of the ATM/Chk2 pathway, leading to histone phosphorylation and
p53 accumulation and activation. Additionally, the cells showed a higher proliferation rate
and acquired anchorage-independent growth and colony formation abilities. Interestingly,
these cells also acquired resistance to conventional chemotherapy treatment compared to
their matching control. The caspase cleavage of PARP1 occurs in the nucleus under DNA
damage signals [86]. We showed a pathological alteration in Caspase-3 activity in obesity
conditions, characterized by its localization in the cytosol, accompanied by a decrease in
PARP1 cleavage, which, consequently, led to the evasion of apoptotic cell death. After their
characterization, both the HME1 and HME1 (AK + I) cells were sent for RNA sequencing.
We have chosen different targets from the list according to their role in cancer progression
and their potential relationship to each other.

Recent studies have explored the role of RhoJ in melanoma, where RhoJ was found to
regulate cell migration and invasion through altering actin cytoskeletal dynamics [35]. Its
depletion was shown to be associated with both increased actomyosin contractility and
an increased level of active RhoA and phosphorylated light chain (p-MLC). Recent data
showed that RhoJ could induce endothelial inflammation when endothelial homeostasis is
disrupted. Under physiological conditions, high shear stress downregulated the mRNA
and protein levels of RhoJ in endothelial cells, and the siRNA silencing of endogenous
RhoJ expression in HUVECs (primary human umbilical vein endothelial cells) downreg-
ulated proinflammatory vascular cell adhesion molecule 1 (VCAM-1) and intercellular
cell adhesion molecule 1 (ICAM-1) [87]. Furthermore, studies have shown that RhoA
depletion enhances CCR5 expression and breast cancer metastasis [88]. In knowing that
RhoJ depletion increases RhoA levels and RhoA depletion promotes CCR5 overexpression,
we wonder if, in the obesity micro-environment, RhoJ overexpression facilitates the up-
regulation of CCR5 and, consequently, its ligand CCL7. We hypothesize that the obesity
micro-environment leads to RhoJ overexpression, leading to the enhanced expression of
CCR5 and CCL7 and increased monocyte recruitment, creating a favorable environment for
cell transformation and tumor progression. Further experiments are needed to demonstrate
this hypothesis. It was reported that Rho GTPases could modulate the activity of CREB
as well, and CCR5 is a well-established transcription target of the cAMP/PKA/CREB
pathway. We propose that RhoJ may promote CCR5 and CCL7 overexpression through one
or more of these signaling pathways [89,90]; further investigation will be needed to make a
clear statement.

Hsiang Ho et al. suggested that RhoJ might play a role in regulating chemoresistance
by activating PAK1 in melanoma [91]. Interestingly, PAK1 was found to be upregulated
in some breast cancers, and its overexpression was observed in 34 out of 60 breast tumor
specimens [92]. PAK1 expression in human breast tumors correlates with tumor grade [93],
and it was shown to increase breast cancer cell invasion [68]. According to our results,
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we proved that HME1 cells exposed to an obesity micro-environment did not respond
effectively to conventional chemotherapy compared to HME1 cells, where they showed
resistance to apoptosis. Moreover, we have demonstrated the expression of RhoJ and
its activation in these cells through PAK1 phosphorylation. The elevated resistance to
chemotherapy in HME1 (AK + I) cells suggests that RhoJ, through its direct activation of
PAK, might be responsible for cell chemoresistance potential and cellular cytoskeletal rear-
rangement in the obesity micro-environment, especially considering that PAK1 regulates
LIMK, cofilin, and p41-ARC (ARP2/3 complex subunit) [94].

The major limitation of this study was that we could not quantify the total protein
content of ATR and ATM. However, we measured the amount of phosphorylation of these
proteins, which may be biologically more relevant than the total protein content.

In conclusion, we propose that in obesity, RhoJ plays a dual role: its upregulation pro-
motes CCR5 and, subsequently, CCL7 overexpression, leading to CCR5-positive monocyte
recruitment. This can potentially create a non-stop loop of chronic inflammation, leading
to acute inflammation. Consequently, a micro-environment rich in cytokines contributes to
cellular transformation and a malignant phenotype. At the same time, during obesity, RhoJ
is overexpressed and is constitutively active, which leads to phosphorylation and activation.
PAK1, in turn, increases cellular resistance to conventional chemotherapy. We also propose
that PAK1 promotes cellular invasion through MMP9 activation. According to a study
performed on breast cancer, PAK1 was shown to increase MMP-1 and -3 and downregulate
MMP-9 [95]. The induction of each MMP is complex and is regulated differently according
to its context. Therefore, we propose that, in the context of obesity, PAK1 could activate
MMP-9 (Figure 6).
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Figure 6. Schematic representation of the different pathways involved in carcinogenesis in obesity
conditions. Upon exposure to the obesity micro-environment, we propose that RhoJ is overexpressed
and activated, leading to both CCR5 overexpression and activation through CCL7 ligand expression;
this creates a closed loop of inflammation and PAK1 phosphorylation and activation, leading to cell
chemoresistance and invasion through MMP9 activation.
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Our work provides experimental evidence that the obesity micro-environment can
transform human mammary epithelial cells, unraveling new mechanisms that involve
molecular candidates and potential pathways; this opens new perspectives on the rela-
tionship between obesity and cancer. These data support the efforts to prevent cancers
via the prevention and treatment of obesity. The pathways and markers identified here
help identify potential markers with diagnostic potentials that can be used to evaluate the
precancerous phenotype in obesity conditions. Moreover, these pathways and markers can
be used as targets for developing new therapies for obesity-related breast cancer.
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