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Fibroblast growth factor receptor is a mechanistic link between
visceral adiposity and cancer
D Chakraborty1, V Benham1, B Bullard1, T Kearney2, HC Hsia3, D Gibbon4, EY Demireva5, SY Lunt6 and JJ Bernard1

Epidemiological evidence implicates excess adipose tissue in increasing cancer risk. Despite a steeply rising global prevalence of
obesity, how adiposity contributes to transformation (stage a non-tumorigenic cell undergoes to become malignant) is unknown.
To determine the factors in adipose tissue that stimulate transformation, we used a novel ex vivo system of visceral adipose tissue
(VAT)-condition medium-stimulated epithelial cell growth in soft agar. To extend this system in vivo, we used a murine lipectomy
model of ultraviolet light B-induced, VAT-promoted skin tumor formation. We found that VAT from mice and obese human donors
stimulated growth in soft agar of non-tumorigenic epithelial cells. The difference in VAT activity was associated with fibroblast
growth factor-2 (FGF2) levels. Moreover, human and mouse VAT failed to stimulate growth in soft of agar in cells deficient in FGFR-1
(FGF2 receptor). We also demonstrated that circulating levels of FGF2 were associated with non-melanoma tumor formation in vivo.
These data implicate FGF2 as a major factor VAT releases to transform epithelial cells—a novel, potential pathway of VAT-enhanced
tumorigenesis. Strategies designed to deplete VAT stores of FGF2 or inhibit FGFR-1 in abdominally obese individuals may be
important cancer prevention strategies as well as adjuvant therapies for improving outcomes.
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INTRODUCTION
The carcinogenic impact of having excess adipose tissue is
profound but exactly how adiposity affects carcinogenesis has not
been fully uncovered.1,2 This is a significant issue, since 38% of
American adults and 17% of children are obese,3 and US obesity
rates are predicted to hit 42% by 2050.4 Moreover, obesity is
overtaking tobacco use as the number one preventable risk factor
for cancer.5 Adipose tissue does not merely store energy as fat. It is
metabolically active, secreting large numbers of adipokines,
cytokines and growth factors.6,7 Obesity and/or high-fat diets
(HFDs) alter adipose tissue metabolic and endocrine functions by
elevating plasma-free fatty acids and pro-inflammatory adipokines
and cytokines, increasing adipocyte size and stimulating immune
cell infiltration.8,9 Although mechanistic insights have informed
the roles of systemic inflammation, endocrine disruption and
adipose tissue dysfunction, such as macrophage infiltration and
increased secretion of pro-inflammatory cytokines, in cancer
progression,10–13 they fall short of explaining the epidemiological
link between obesity and increased cancer incidence.14,15 This
manuscript will address this knowledge gap by demonstrating
how adipose tissue can influence cell transformation (post-
initiation steps or stages a cell undergoes to become malignant).
Many of the changes observed in adipose tissue in obesity

preferentially influence visceral adipose tissue (VAT, around
internal organs); as opposed to subcutaneous adipose tissue
found underneath the skin.10–12,16 Although VAT has been
extensively explored as a risk factor for cardiovascular disease,
hypertension and type-2 diabetes,17 emerging epidemiology
demonstrates an association between VAT and cancer risk. Visceral

adiposity is independently and positively associated with cancer
risk in older men.14 Large waist circumferences and waist-to-hip
ratios, indicators of VAT, are strongly associated with colon and
breast cancer risk.15,18–22

Animal models have linked VAT in HFD-fed mice to skin and
colon cancer by showing a reduction in tumors with surgical
removal of VAT.23,24 Our previous studies have demonstrated that
parametrial adipose tissue removal in HFD-fed mice inhibited
ultraviolet B (UVB)-induced formation of squamous cell carcino-
mas by 75–80% when compared to sham-operated control
mice.24 Parametrial adipose tissue is the largest visceral fat pad
in female mice and closest analog to human omental adipose
tissue, the fat pad implicated in cardiovascular disease, hyperten-
sion and diabetes. Links between VAT and cancer at distant sites
(skin and breast) suggest a systemic mechanism. Other groups
have hypothesized that leptin, glucose, insulin and inflammatory
cytokines, systemic markers of obesity-associated adipose tissue
inflammation, may contribute to tumor promotion as well.8

Here we set out to investigate which factors released by VAT are
responsible for increasing cancer risk. To achieve this, we
performed gain- and loss-of-function studies together with
animal- and cell-based tests to demonstrate a potentially novel
function of VAT-secreted factors for stimulating epithelial cell
transformation. We utilized our previously published model of
HFD-promoted, UVB-induced skin tumor formation24 to study the
systemic effects of visceral adiposity in vivo. We also developed a
novel system to determine the ability of factors released and
filtered from VAT to stimulate cell transformation of non-
transformed but transformation-capable JB6 P+ (epidermal) and
NMuMG (mammary epithelial) cells. The mouse Balb/c epidermal,
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JB6 P+ cell line has been utilized as well-characterized in vitro
model for neoplastic transformation for tumor promoters.25–36

These cells and NMuMG cells are non-tumorigenic (they fail to
form tumors when injected into immunocompromised mice).37

We measure their transformation following promoter stimulation
using an anchorage-independent proliferation assay, in which
only transformed cells can grow to form colonies.37 When cells
from colonies are isolated, they form tumors when injected into
mice.37 Using this assay, we found that FGFR-1 is critical for
adipose tissue-stimulated transformation of skin and mammary
epithelial cells and that FGF2 is one of the critical players in
FGFR-1-driven transformation.
The rationale for investigating both skin and breast cancer is

that, first, they are among the most common cancers. Second,
epidemiological evidence implicates VAT in increasing pre- and
post-menopausal breast cancer.18–21 There is conflicting evidence
with regard to obesity and non-melanoma skin cancer (NMSC).
Only two of several studies have demonstrated positive associa-
tion between obesity and NMSC.38,39 There is speculation that the
positive association occurs mainly in countries with low UVR
exposure, assuming the impact of higher UVR is greater than
obesities,38 and based on obese individuals spending less time in
the sun.40 Adding to the complexity, HFDs, which can increase
VAT, increase NMSCs.41,42 Our mechanistic animal studies will help
clarify the relationship between VAT and NMSC risk. Despite the
weak epidemiological data, experimental skin carcinogenesis has
been used for a century to provide information on the
development of epithelial tumors in response to environmental
insults—it relates very well to other squamous cell carcinoma
models and has contributed to a better understanding of human
epithelial cancers in general. Therefore, our findings may inform
on the systemic effects of VAT on other epithelial cancers more
highly associated with obesity.
Our finding that VAT-derived factors stimulate cell transforma-

tion through FGFR-1 provides a novel mechanistic link between
visceral adiposity and associated tumor formation. Discovery of
such non-invasive biomarkers of VAT-associated tumor formation
could enable the identification of individuals that might be at an
increased risk of cancer.

RESULTS
Fat tissue filtrate from high-fat diet-fed mice stimulates JB6 P+ cell
transformation
To directly test whether VAT from mice fed different diets could
differentially promote cell transformation, animals were kept on
either a LFD (10% Kcal from fat) or HFD (60% Kcal from fat) for
4 weeks, after which VAT was collected to generate a filtered VAT-
conditioned medium (mouse fat tissue filtrate; MFTF). MFTF
(200 μg/ml) significantly stimulated JB6 P+ cell growth, measured
as percent colony formation in soft agar; however, HFD MFTF
stimulated significantly more transformation compared with LFD
MFTF (Figure 1a). HFD MFTF treatment stimulated cell transforma-
tion in JB6 P+ but not JB6 P− mouse epithelial cells in culture
(Figure 1a). JB6 P− cells are 1000 × less sensitive to tumor
promoters compared with JB6 P+ cells and lack the initiation
events (activated pro-1 and pro-2) needed for transformation.43

Thus, molecular events that occur in JB6 P+ cells in response to
MFTF are candidates for mediating tumor promotion, but not
complete carcinogenesis.
To probe what fraction of VAT possessed transforming activity,

HFD MFTFs were treated with either RNase, DNAse, lipase or
proteinase (Figure 1b). Incubation with proteinase K inhibited the
effect of the HFD MFTF on JB6 P+ growth in soft agar to baseline
levels (Figure 1b), while the remaining treatments had no effect.
Furthermore, a 30 min exposure of HFD MFTF to heat at 37, 42, 55
or 95 °C attenuated colony formation progressively (Figure 1c),

consistent with a thermal protein denaturation curve. Together,
these data demonstrate that the primary transformational activity
of MFTF is found in the protein fraction of the isolate.
To identify the proteins in HFD MFTF associated with

transforming activity, angiogenesis and adipokine protein profiler
arrays were used to determine differences in the abundance of
proteins in MFTF generated either from LFD- or HFD-fed mice.
Several pro-inflammatory adipokines and growth factors were
induced in the VAT with 4 weeks of HFD feeding (Figure 1d). These
include osteopontin, Serpin E1, Serpin F1, leptin, thrombospondin-
2 (TSP-1), endoglin, hepatocyte growth factor (HGF), monocyte-
chemoattractant protein-1, CXCL-16, fibroblast growth factor-2
(FGF2; fibroblast growth factor basic), matrix metalloproteinase-9
(MMP-9) and nephroblastoma overexpressed (NOV). These pro-
teins constitute a candidate list of potential tumor promoting
signals released from VAT under conditions of HFD feeding.

Lipectomy reduces transformation-stimulating serum growth
factors in HFD-fed mice
To elucidate the role of VAT on skin tumor promotion in vivo,
serum proteins were compared in HFD-fed mice that were either
sham-operated or lipectomized (parametrial adipose tissue was
removed after 2 weeks of HFD feeding). Lipectomized mice had
significantly less UVB-induced tumors compared with sham-
operated mice24 and had reduced serum levels of several
measured pro-inflammatory adipokines and growth factors
compared with the sham-operated mice (Figure 2a). These data
suggest that the analyzed proteins are of VAT origin and
contribute to tumor formation. Adipokines and growth factors
were further screened for transforming activity in the JB6 P+

in vitro assay if they were induced with HFD feeding in VAT
(Figure 1d) and they were also reduced in the serum of
lipectomized mice compared to sham-operated mice (Figure 2a).
The proteins that met both these criteria included osteopontin,
serpin F1, leptin, HGF, CXCL-16 or FGF2. Only JB6 P+ cells cultured
with HGF or FGF2 (10 ng/ml) in soft agar showed significant
colony formation, compared to baseline (Figure 2b). In addition to
protein arrays, to quantify HGF and FGF2 in the MFTF and serum
of lipectomized mice, we performed ELISAs. Lipectomy prevented
the increase in serum HGF and FGF2 stimulated by HFD feeding
(Figure 2c), suggesting that the increase in circulating HGF and
FGF2 from HFD was derived from VAT. HFD significantly increased
both HGF and FGF in VAT however, FGF2 protein was 6 × higher
than HGF protein (4800 pg/ml FGF2 versus 802 pg/ml HGF).
Performing a dose response using recombinant HGF and FGF2
protein starting at 10 ng/ml and titrating down, we found that the
concentration of HGF present in VAT was insufficient to transform
cells. FGF2 was able to stimulate transformation at concentrations
that were present in both LFD and HFD VAT. The dose of FGF2
required to stimulate transformation was not mitogenic in liquid
cultures of cells suggesting that FGF2 has a direct effect on
transformation that is independent of proliferation
(Supplementary Figure 1). These data suggest that FGF2 in MFTF
is a primary driver of JB6 P+ transformation.

A role for the FGF2–FGFR-1 axis in cell transformation
To determine the respective contribution of FGF2 signaling to the
transforming activity of MFTF, JB6 P+ were incubated with an
antibody antagonist of the tyrosine kinase FGF2 receptor-1
(FGFR-1 Ab). Inhibiting FGFR-1 tyrosine kinase receptor activity
significantly attenuated MFTF-stimulated transformation by 48%
(Figure 3a). These data suggest that signaling through FGFR-1 is
required for optimal MFTF-stimulated transformation. Therefore,
we used CRISPR-Cas9 genome editing to generate JB6 P+ FgfR-1
knockout (KO) cells that lack all splice variants of FGFR-1, and we
hypothesized that this KO would attenuate FGF2-stimulated
transformation (Figure 3b and Supplementary Figure 2). Clonal
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JB6 P+ FgfR-1 KO lines were screened for FGFR-1 function and loss
of both alleles was validated by Sanger sequencing
(Supplementary Figure 2). FgfR-1 KO cells displayed no difference
in proliferation rate compared to wild-type (WT) cells, formed
colonies in response to HGF, but failed to form colonies above
background levels when cultured with either FGF2 or MFTF
(Figure 3c). To determine if FGF2 promotes in vivo tumorigenicity,
WT or FgfR-1 KO JB6 P+ cells were injected subcutaneously. The
following day, mice were dosed with FGF2 or vehicle daily for 7
consecutive days and the formation of subcutaneous (s.c.) tumors
was evaluated. WT JB6 P+ cells that were transformed in vitro with
VAT were injected s.c. as a positive control. Figure 3d demon-
strates that WT JB6 P+ cells fail to form tumors in vehicle-injected
mice, but proliferate and are tumorigenic in mice injected with
FGF2. Histological analysis of the s.c. tumors revealed polygonal
neoplastically transformed cells and immunofluorescence
revealed positive Ki67 staining (Supplementary Figure 3). The

latency of tumor development is longer for WT JB6 P+ cells
transformed by FGF2 in vivo compared with WT JB6 P+ cells that
were transformed prior to injection (WT-Tr). FGF2 injected in vivo
failed to induce tumorigenicity in FgfR-1 KO JB6 P+ cells. These
data indicate that FGF2 signals specifically through FGFR-1 to
stimulate cell transformation.

cMYC activity is required for optimal MFTF-transforming capacity
and cMyc protein is stably overexpressed in transformed cells
To determine the downstream mechanisms of FGF2 signaling
responsible for MFTF-induced transformation, cellular lysates of
JB6 P+ cells treated with FGF2 (2.5 ng/ml) were analyzed by
western blotting with antibodies against phospho-ERK, ERK,
phospho-mTOR, mTOR and cMyc. Phospho-ERK was induced at
2, 4 and 8 h following FGF2 treatment (Figure 4a). Phosphorylation
of mTOR was optimally induced 2 h post treatment and declined
at 4 h and 8 h post treatment, but never returned to baseline

Figure 1. MFTF stimulates JB6 P+ cell transformation. SKH-1 mice (n= 5/group) were fed either a HFD or LFD for 4 weeks. Visceral (parametrial
and epididymal) adipose tissue was removed to make a filtered conditioned medium (MFTF). (a) Percentage of clones growing in soft agar (%
colony formation) significantly increases in JB6 P+ cells cultured with MFTF compared no treatment (control; Cont). No significant change in
the percentage of colony formation in soft agar is observed in JB6 P− cells cultured with MFTF. (b) JB6 P+ colonies growing in soft agar with
HFD MFTF is significantly inhibited with proteinase K, but not with lipase, RNase A or DNase A. (c) JB6 P+ colonies growing in soft agar
decrease as MFTF is exposed to increasing temperatures for 30 min prior to treating the cells in agar. (d) Protein Profiler angiogenesis array of
fat tissue filtrates of LFD-fed mice (top panel) and HFD-fed mice (bottom panel). HFD selectively upregulated protein levels of several key
adipokines, hormones and growth factors in MFTF, versus those seen in MFTF of LFD-fed mice (boxed proteins). Dot intensity was analyzed by
‘Image J’ software. Data are labeled as the percent of the control (reference) dots located in the upper left hand corner of the arrays. Data are
presented as mean± s.d. of values from triplicate. Statistical significance was determined using a one-way ANOVA (**Po0.01, ***Po0.001).
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(Figure 4a). Lastly, FGF2 stimulated a time-dependent induction of
cMyc (Figure 4a). These data demonstrate the activation of ERK,
mTOR and cMYC by FGF2. The expression levels of these proteins
were examined at 8 h following MFTF stimulation in WT and
FGFR-1 KO JB6 P+ cells. FGFR-1 KO cells had higher baseline levels
of ERK1 and mTOR, whereas baseline levels of cMYC were similar
to WT cells. When cells were stimulated with MFTF, there were no
changes in protein expression of phospho-ERK, phospho-mTOR,
mTOR in both cell lines at 8 h. Unlike WT cells, FGFR-1 KO JB6 P+

cells failed to induce cMYC protein expression in response to

MFTF, suggesting that cMYC may be a driver of MFTF-stimulated
transformation (Figure 4b). Inhibiting cMYC, activity in JB6 P+ cells
with a pharmacological inhibitor that blocks the cMYC–MAX (myc-
associated factor X) interaction significantly attenuated MFTF-
transforming activity (Figure 4c). Both ERK and mTOR inhibitors
also significantly attenuated MFTF-transforming activity although
to a lesser extent (Figure 4c). To further understand the
importance of cMYC in transformation, we compared cMYC
protein in non-transformed JB6 P+ cells to MFTF-transformed
JB6 P+ cells. MFTF-transformed JB6 P+ cells lines were generated

Figure 2. Lipectomy reduces transformation-stimulating serum growth factors in HFD-fed mice. (a) SKH-1 mice were fed either a HFD or LFD
for 2 weeks, and half the mice had their parametrial adipose tissue removed or received a sham operation (n= 20/group). After 33 weeks of
UVB exposure, serum was isolated. Protein Profiler angiogenesis array of pooled sera of HFD-fed sham-operated mice (top panel) and HFD-fed
lipectomized mice (bottom panel). HFD-fed mice that had the surgical removal of parametrial adipose tissue showed a decrease in several
pro-inflammatory proteins in the circulation. Boxed proteins were those found to be both reduced with lipectomy and induced in the MFTF
with HFD (Figure 1d). Dot intensity was analyzed by ‘ImageJ’ software. Data are labeled as the percent of the control (reference) dots located in
the upper left hand corner of the arrays. (b) Proteins found in a were tested for their transforming activity in the soft agar assay. HGF
(10 ng/ml) and FGF2 (10 ng/ml) significantly stimulated colony formation in soft agar. 12-O-tetradecanoylphorbol-13-acetate (TPA, 10 ng/ml)
was used as a positive control. (c) HGF and FGF2 levels in MFTF from Figures 1a and d were quantified by ELISA. HFD feeding increases the
levels of both HGF and FGF2. (d) SKH-1 mice were treated as described in a. Serum was isolated and analyzed for HGF and FGF2 by ELISA. (e)
Dose response of HGF and FGF2 on JB6 P+ cell transformation. Data are presented as mean± s.d. of values from triplicates and statistical
significance was determined using a one-way ANOVA (b–e) followed by a Tukey’s test for multiple comparisons (d) (*Po0.05, **Po0.01,
***Po0.001).
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Figure 3. Knockout of FGFR-1 in JB6 P+ cells inhibits the effect of mouse fat tissue filtrate on transformation in vitro. (a) HFD MFTF-stimulated
JB6 P+ cell transformation is partially dependent on FGF2 signaling through the fibroblast growth factor receptor-1 (FGFR-1). Cells were
treated with a FGFR-1 neutralizing antibody (Ab) (2 μg/ml) and then treated with MFTF. Growth in soft agar was measured after 14 days. (b)
FGFR-1 immunofluorescence (red) in WT JB6 P+ cells and Fgfr-1(− /− ) JB6 P+ cells. Specific staining of FGFR-1 is localized to the cell membrane
in the WT cells as indicated by white arrows. Membrane FGFR-1 is absent in the KO cells. Images were taken at ×40 magnification. Details of
generation of the FGFR-1 KO are in Supplementary Figure 2. (c) JB6 P+ cells deficient in FGFR-1 fail to grow in soft agar above baseline when
cultured with FGF2 and MFTF in soft agar. Percentage of clones growing in soft agar (% colony formation) significantly increases in JB6 P+ cells
deficient in FGFR-1 cultured with HGF compared no treatment (Untx). (d) Nude mice were subcutaneously inoculated with either WT or FgfR-1
KO JB6 P+ cells. A JB6 P+ transformed clone (WT-Tr) was injected as a positive control. The following day, FGF2 (200 mg/kg) or vehicle was
injected i.p. once per day for 7 consecutive days. Photos show s.c. carcinomas induced by FGF2. (e) Growth rates of s.c. tumors formed by WT
or FgfR-1(− /− ) (KO) JB6 P+ cells injected into nude mice (n= 5) that were either injected with saline (vehicle; Veh) or FGF2. A JB6 P+ transformed
clone (WT-Tr) was injected as a positive control. The tumor was monitored everyday and tumor volume was recorded on days 5, 12 and 20.
Volume of the tumor was calculated using the formula: V= length ×width2 ×0.5. Tumors from FGF2-treated mice inoculated with WT cells are
compared to tumors from Veh-treated mice inoculated with WT cells (Po0.01 at 12 days and Po0.001 at 20 days), and tumors from Veh-
treated mice inoculated with WT-Tr cells (Po0.01 at 12 days and Po0.05 at 20 days). Data are presented as mean± s.d. of values from
triplicates and statistical significance was determined using a one-way ANOVA followed by a Tukey’s test for multiple comparisons (a)
(*Po0.05, **Po0.001, ***Po0.0001).
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by isolating colonies from soft agar. Transformed cells demon-
strated higher cMYC nuclear expression compared to non-
transformed cells (Figure 4d). Overall, these data suggest a role
for cMYC in VAT-stimulated transformation.

Transforming activity of human fat tissue filtrate is associated with
FGF2 levels and is dependent on FGFR-1
To translate the studies from our mouse VAT model to a human
system, human fat tissue filtrates (HuFTF) from VAT of cancer-free,
obese human subjects undergoing hysterectomy were generated
to determine if human VAT stimulates cell transformation. In
addition to using JB6 P+ cells, we also tested transforming activity
in NMuMG (mammary epithelial) cells. Like JB6 P+ cells, NMuMG
cells are pre-neoplastic and do not exhibit anchorage-
independent growth in soft agar. Cells were incubated in agar
with 150 μg/ml of HuFTF and scored for colony formation. HuFTF-
stimulated cell transformation of both JB6 P+ and NMuMG
epithelial cells (Figure 5a). There was variability in the transforming
activity between donors but the overall relative transforming
activity of each sample was similar between JB6 P+ cells and
NMuMG cells (Figure 5a). In JB6 P+ cells, transformation stimulated

by HuFTFs was strongly associated with FGF2 levels in these
filtrates (R2 = 0.9875; Figure 5b) based on the soft agar assay and
growth factor ELISAs. In NMuMG cells, transformation was only
modestly associated with FGF2 in the HuFTFs (R2 = 0.8689;
Figure 5b). We investigated the role of HuFTF-derived FGF2 by
immunodepletion of FGF2 from the filtrate (using an antibody
against FGF2) and measured the transforming activity. FGF2-
immunodepleted HuFTF-transforming activity was significantly
reduced, but not completely attenuated, compared with that of
HuFTF containing FGF2 (Figure 5c). HuFTF had no additional
transforming activity above background levels in JB6 P+ FgfR-1 KO
cells (Figure 5d). These data demonstrate the translational
relevance of our prior mouse experiments and show that HuFTF-
transforming activity is not only specific to skin epithelial cells, but
also applicable to mammary epithelial cells. Furthermore, human
VAT-derived FGF2 activation of FGFR-1 signaling is a driver of
transformation.

DISCUSSION
Despite the number of epidemiological studies that demonstrate
obesity increases cancer risk, the mechanism is unknown. Obesity-

Figure 4. cMYC activity is required for optimal MFTF-transforming capacity and cMYC protein is stably overexpressed in transformed cells.
(a) JB6 P+ cells were treated with FGF2 (2.5 ng/ml) for indicated time intervals and protein expression was analyzed by western blot.
Phosphorylation of Erk1 and mTOR is upregulated and cMyc increases in a time-dependent manner. Actin was used as a loading control.
(b) WT JB6 P+ cells and Fgfr-1(− /− ) JB6 P+ cells were treated with MFTF (150 μg/ml) for 8 h. Actin was used as a loading control. At this dose and
time of MFTF, there was no change in ERK and mTOR activity. cMYC was induced in WT cells but not KO cells. (c) Inhibition of cMyc, mTOR and
Erk1 activity by pharmacological inhibitors significantly attenuates MFTF-stimulated JB6 P+ colony formation in agar. Data are presented as
mean± s.d. of values from triplicates and statistical significance was determined using a one-way ANOVA (*Po0.05, **Po0.001,
***Po0.0001). (d) cMYC immunofluorescence (red) in JB6 P+ cells and JB6 P+ cells transformed with MFTF. MFTF-transformed JB6 P+ cells have
a higher expression of cMYC compared with non-transformed cells. Transformed JB6 P+ cells are obtained by isolating colonies from soft agar
and growing the cells in liquid culture. These cells were passaged several times for 28 days and maintained a high expression of cMYC. Images
were taken at ×40 magnification.
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driven cancers are expected to rise over the next 20 years;44

however, not all obese individuals get cancer. Understanding how
obesity influences cancer onset and identifying biomarkers of risk
will allow us to identify targets for prevention and determine
which individuals would benefit most from weight loss. Our
previous studies demonstrated that VAT enhances the develop-
ment of UVB-induced skin tumors in mice.24 Herein, we describe a
potential mechanism for visceral adiposity-induced carcinogen-
esis. We demonstrate that circulating FGF2 from VAT is positively
associated with UVB-induced tumor formation in mice, and that
VAT-stimulated transformation of epithelial cells is dependent on
the presence of the primary receptor for FGF2 and FGFR-1.
Historically, cancer research has focused on how genetic

mutations and/or the amplification or deletion of genes cause
cancer. This work on the internal causes of cancer mainly

considers cells in isolation. However, in addition to these intrinsic
risks, extrinsic risk factors such as HFDs and obesity influence
oncogenesis by modifying the hormones, growth factors and
inflammatory mediators in the cellular microenvironment.8 Excess
adiposity is associated with the elevation of estrogen, insulin and
leptin accelerating the proliferation of both cancerous and non-
cancerous cells and stimulating metabolic dysfunction.45–49 In
addition to hormones, elevated cytokines, such as interleukin-6
and tumor necrosis factor-alpha, are key features of adipose tissue
dysfunction and may play a role in chronic inflammation and
immune dysfunction associated with obesity.50 Proper immune
surveillance is critical for preventing skin cancer. Individuals on
immune suppressive agents are at a 65–100-fold higher risk for
skin squamous cell carcinomas.51 Therefore, the increase in
carcinomas we observe in our mouse model of visceral adiposity

Figure 5. Transforming activity of HuFTF is associated with FGF2 levels and is dependent on FGFR-1. Fat tissue filtrates were made from
human visceral adipose tissue (HuFTF) from four donors undergoing hysterectomy. (a) Percentage of clones growing in soft agar (% colony
formation) significantly increases in JB6 P+ and NMuMG cells cultured with HuFTF from donors 1, 2 and 4 compared no treatment (control;
Cont). (b) HuFTF with higher concentrations of FGF2 are more potent at stimulating cell transformation. (c) Immunodepletion of FGF2 in
HuFTF significantly attenuates JB6 P+ colony formation in soft agar. (d) JB6 P+ cells deficient in FGFR-1 fail to grow in soft agar above baseline
when cultured with FGF2 and HuFTF in soft agar. Percentage of clones growing in soft agar (% colony formation) significantly increases in JB6
P+ cells deficient in FGFR-1 cultured with HGF compared no treatment (Untx). Data are presented as mean± s.d. of values from triplicates and
statistical significance was determined using a one-way ANOVA (*Po0.05, **Po0.001, ***Po0.0001).
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could be a result of immune dysfunction. It is well established that
inflammation is involved in the progression of cancer;52 however,
the precise role of these and other pro-inflammatory factors and
hormones are not well understood. Moreover, in our model, tumor
necrosis factor-alpha was not induced in the VAT with HFD
feeding and interleukin-6 and leptin, which were induced, did not
stimulate epithelial cell transformation.37 Herein, we demonstrate
that VAT may be a driver of cancer by releasing FGF2, a non-
classical adipokine and pro-inflammatory mediator.
FGF2 is a member of the fibroblast growth factor family that

comprises various growth factors involving 22 different genes that
regulate embryonic development and growth, tissue regeneration
and angiogenesis. FGF2, specifically, regulates cell growth, differ-
entiation and angiogenesis in several tissues, and stimulates wound
healing in the skin.53 However, the doses of FGF2 in our model of
adipose tissue-stimulated transformation have no significant effect
on proliferation (Supplementary Figure 1). Previous research shows
that FGF2 is overexpressed in several different types of cancer,
including pancreatic cancer, endometrial cancer, prostate cancer,
melanoma, renal cell carcinoma and lung cancer.54–58 Similar to our
study, FGF2 has also been shown to stimulate the transformation of
pre-neoplastic cells to a malignant phenotype.59,60 The gene that
encodes a receptor for FGF2, Fgfr-1, is amplified in head and neck
cancers,61 squamous cell carcinomas of the lung,62 at least 9% of
breast cancers,63,64 colorectal cancer65 and renal cell carcinoma.66

Additionally, in breast cancer, this amplification is associated with
poor prognosis67 and drives endocrine therapy resistance.68 In skin,
Fgfr-3 mutations are associated with benign skin tumors in both
mice and humans.69 Fgfr-2 and Fgfr-4 single-nucleotide polymorph-
isms have no effect on skin cancer risk in caucasians.70 Mutations
and single-nucleotide polymorphisms in Fgfr-1 have not been
studied in the context of NMSC.
Our work hypothesizes that HFD VAT releases FGF2, making this

growth factor potentially available to distant sites—an event that
is reflected in elevated serum levels of FGF2 that can be potently
inhibited by lipectomy (Figure 2). FGF2 has been shown to be
synthesized and secreted by adipocytes71 and play a role in
adipogenesis, a program which determines the differentiation of
mesenchymal stem cells into adipocytes. Disruption of the Fgf2
gene activates the adipogenic program in mesenchymal marrow
stromal stem cells, suggesting that FGF2 is a negative adipogenic
factor.72 Contrary to this, in vitro cell culture studies demonstrate
that FGF2 stimulates adipocyte differentiation of human adipose
tissue-derived stem cells,73 and marrow-derived stem cells74 and
FGF2 can induce de novo adipogenesis when supplied with
basement membrane.75 Lee et al. found that the discrepancies in
the literature may be explained by the concentration of FGF2
used.76 FGF2 enhanced adipocyte differentiation of human
adipose tissue-derived stem cells at concentrations lower than
2 ng/ml and suppressed at concentrations higher than 10 ng/ml.76

In contrast to our study, the mice fed a HFD had lower levels of
adipose tissue-derived FGF2 compared with mice fed a LFD,
differences that may be due to the experimental design. In the Lee
et al. study, C57BL/6 mice were fed for 9 weeks and the HFD
provided 60% kcal from lard fats, whereas in our study, SKH-1
mice were fed for 4 weeks and the HFD provided 60% kcal from
corn oil. Any of these variables have the potential to influence the
kinetics of adipogenesis and therefore, FGF2 levels.
FGF2 is produced in and secreted from tissues other than VAT.

Although sera FGF2 is mainly derived from VAT in our animal
model, many tissues such as the skin,77 heart,78 liver79 and lungs,80

as well as subcutaneous adipose tissue81 can produce FGF2 and
could contribute to sera FGF2 in humans. In one study that
examined six obese men, FGF2 was found in the subcutaneous
adipose tissue as well as the VAT.81 In a future study, it would be of
interest to compare the impact of gastric bypass surgery (weight
loss in all adipose tissue depots) on sera FGF2 compared to the
impact of liposuction (subcutaneous adipose tissue removal).

FGF2 is heparin bound in the extracellular matrix acting mainly
in a paracrine manner;82 however, studies suggest that FGF2 from
tissue can enter the circulation.83–85 Hao et al.84 demonstrated
that high-plasma FGF2 levels correlate with adipose tissue mass in
62 subjects and Kuhn et al.83 demonstrated that serum FGF2 is
significantly elevated in both obesity and morbidly obese subjects
(BMI 40+). Although these studies do not provide direct evidence
that blood FGF2 is derived from adipose tissue, given the
biological function of FGF2 in adipose tissue, it’s association with
excess adiposity, and the reduction of serum FGF2 following
lipectomy, it is plausible that FGF2 derived from adipose tissue
could enter the circulation and be a key play in tumor promotion
at distant sites. In obese human males, one study demonstrated
that the only cell type in VAT that expresses FGF2 protein is the
adipocyte.81 In contrast, we demonstrate that FGF2 protein is
expressed in both the adipocyte and the stromal vascular fraction
of VAT from HFD-fed mice (Supplementary Figure 4). It is also
attractive to speculate that FGF2 may not be the only factor
released from adipose tissue that stimulates tumor promotion.
Antibody neutralization of FGF2 significantly attenuated, but did
not completely eliminate the transforming activity of HuFTF that
was observed with the FGFR-1 KO cells. This suggests that other
secreted FGFs, such as FGF1, or other factors that signal through
FGFR-1 may be playing a role. We found that FGF1 stimulates JB6
P+ cell transformation, but other FGFs (FGF18 and FGF21) that
mainly bind with other FGF receptors (FGFR-2, FGFR-3 and FGFR-4)
fail to stimulate transformation (Supplementary Figure 4). Deter-
mining the relative contribution of FGF2 and FGF1 from VAT
in vivo and discovering other factors from VAT that could activate
FGFR-1 will be the subject of future investigations.
Targeting receptor tyrosine kinases for cancer therapy faces

challenges due to receptor redundancy and the development of
receptor tyrosine kinases resistance.86 Therefore, understanding
the downstream mechanisms of MFTF-stimulated transformation
is critical for determining additional targets for chemoprevention.
FGF2 and FGFRs have been shown to activate a cascade of
downstream signaling pathways that have an established role in
carcinogenesis. These include mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK), PI3K/AKT/mTOR
and cMYC signaling pathways.76,87,88 ERK is activated in UVB-
induced skin cancer.89 The PI3K/AKT signaling axis stimulates
protein synthesis and cell proliferation by activating mTOR at
downstream leading to the development of breast cancer.90 cMyc
upregulation is associated with several cancer types (including
breast and skin) as it plays a critical role in a wide range of
functions, including cell proliferation, differentiation and progres-
sion, through different phases of cancer.91–93 We focused our
current study on ERK, cMYC and mTOR pathways because these
proteins are involved in obesity-driven cancers94–97 and dietary
restriction has been shown to inhibit mTOR and ERK signaling and
MYC protein expression.98–100 FGF2 stimulated the phosphoryla-
tion of Erk1 and mTOR and increased cMYC protein expression. In
this study, inhibitors of Erk1, cMYC and mTOR all significantly
reduced MFTF-stimulated transformation, indicating that these
downstream signaling pathways are involved in MFTF-stimulated
transformation. Interestingly, cMYC induction was observed in WT
JB6 P+ cells, but not FGFR-1 KO JB6 P+ cells, indicating that cMYC
activity may be critical for malignant transformation. cMYC was
also stably overexpressed in MFTF-transformed cells. Therefore,
FGF2 in VAT may be interacting through FGFR-1 on epithelial cells
to induce downstream signaling of cMYC to stimulate transforma-
tion. While cMYC has traditionally been a difficult drug target to
modulate, bromodomain inhibitors have been shown to epigen-
etically regulate cMYC expression in cancer.101 Exploring how
these drugs may prevent adiposity-associated tumor formation
and determining a cMYC signature in adiposity-associated tumors
provides an attractive area for future study.
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In summary, we demonstrated that VAT from HFD-fed mice and
HuFTF transforms non-tumorigenic epithelial cells. The differences
in VAT activity between LFD- and HFD-fed mice and human
donors were associated with FGF2 levels. Moreover, human and
mouse VAT failed to stimulate transformation in cells deficient in
FGFR-1 (FGF2 receptor). We also demonstrated that circulating
levels of FGF2 were associated with non-melanoma tumor
formation in vivo. These data therefore suggest FGF2 stimulation
of FGFR-1 as a previously unappreciated link between VAT and cell
transformation. This key finding begins to inform how HFDs and/
or visceral adiposity elevate cancer risk, previously suggested only
via epidemiological studies.14,15 To determine a causal relation-
ship, future studies will examine if FGF2 administration will
prevent lipectomy from attenuating HFD-stimulated tumor
promotion in our UVB-induced skin cancer model. Strategies
designed to deplete VAT stores of FGF2 in abdominally obese
individuals or inhibit FGFR-1 signaling may be important cancer
prevention strategies as well as adjuvant therapies for improving
outcomes following skin or breast cancer diagnosis.

MATERIALS AND METHODS
Cell culture and reagents
JB6 P+ and JB6 P− cells (mouse skin epithelial cells) were obtained from the
American type Culture Collection (Manassas, VA, USA) and were free from
mycoplasma contamination. Cells were grown in MEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 5% FBS and antibiotics. NMuMG
cells were received as a kind gift from Dr Richard Schwartz (MSU) and were
grown in DMEM (Invitrogen) supplemented with 10% FBS and antibiotics.
Pharmacological inhibitors against cMyc, mTOR and Erk1 were purchased
from EMD Millipore (Billerca, MA, USA). Tivantinib was purchased from
APExBIO (Houston, TX, USA). FGFR-1 Ab for immunofluorescence was
purchased from Cell Signaling Technology (Danvers, MA, USA). FGF2 Ab
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Antibodies: p-mTOR (Cell Signaling Technology #2974), mTOR (Cell
Signaling Technology #2983), cMyc (Cell Signaling Technology #5605),
p-Erk1 (Cell Signaling Technology #4370), Erk1 (Cell Signaling Technology
#9102), Actin (Sigma #A5060), HGF (Abcam #ab-83760), FGF2 (Santa Cruz
#sc-365106), FGFR-1 (R&D Systems, Minneapolis, MN, USA #MAB765), Anti-
Rabbit 2nd Ab (Li-Cor #926-32213), Anti-Mouse 2nd Ab (Li-Cor #926-
32212).

Animal models
Healthy inbred female SKH-1 mice (6/8 weeks) were kept at environmen-
tally controlled conditions in polypropylene cages, allowed free drinking
water and basal diet ad libitum. All animal protocols were approved by the
IACUC at MSU. Animals of equal age, size and body weight were chosen
randomly for each experimental group. Animals were kept either on LFD
containing 10 kcal of fat (D11012202) or HFD containing 60 kcal of fat (60%
kcal form corn oil D11012204, Research Diets, Inc., New Brunswick, NJ,
USA). At the end of experimental period, mice were humanely killed using
carbon dioxide and blood and adipose tissue samples were collected. For
the lipectomy study, SKH-1 mice (8 weeks, n= 20) were kept on either a
LFD or HFD for 2 weeks prior to lipectomy. Two weeks after lipectomy,
animals were exposed to UVB (15 mJ/cm2) twice per week for 33 weeks.
Tissues and serum were collected and tumors were analyzed as previously
described.24 For the in vivo tumorigenicity/xenograft study, male nude
mice (8 weeks, n= 5) were subcutaneously inoculated with either WT or
FgfR-1 KO JB6 P+ cells (1.8 × 106/0.2 ml/mouse) in the right and left flanks
(one injection per side). The following day, FGF2 (200 μg/kg) or vehicle was
injected i.p. once per day for the next 7 days. Tumors were measured with
calipers on days 5, 12 and 20 and mice were killed 21 days post injection.
Tumor volume was assessed by investigators blinded to the experimental
groups.

Anchorage-independent colony formation assay in soft agar
Colony formation assays were performed in 12-well plates with either 1000
JB6 P+ cells/well or 1500 NMuMG cells/well in 0.6 ml of 0.3% soft agar with
or without fat tissue filtrate, growth factors and inhibitors on top of a
0.75 ml base layer of 0.5% agar. Cells in plate were allowed to settle for
30 min and cultured for up to 2 weeks (JB6 P+ cells) or 5 weeks (NMuMG

cells). At the end of the incubation period, cells were stained with 0.01%
crystal violet, and colonies were counted in ‘Cytation 3 cell imaging multi-
mode reader’ (BioTek Instruments, Inc., Winooski, VT, USA).

Preparation of fat tissue filtrates
An amount of 100 mg of adipose tissue was gently homogenized in an
equal volume of serum-free MEM on ice for 30 s using Tissue Ruptor
(Qiagen, Hilden, Germany) on medium speed. Homogenates were filtered
through hanging 15-mm wide 0.4 μm filter insert (Millicell, cat#
MCHT06H48) in to a six-well plate previously filled with 400 μl serum-
free MEM and incubated on a rocker at RT for 1 h to allow small molecules
and proteins to diffuse into the medium while removing lipids and
macromolecules. After incubation, filtrates were centrifuged at 4500 rpm
for 5 min and the supernatant was collected and filtered through 0.4 μm
syringe filter (Millipore, Billerica, MA, USA) and protein concentrations were
quantified using BCA assay. An aliquot of 200 μg/ml concentration of MFTF
and 150 μg/ml concentration of HuFTF were used for respective
experiments.

Treatment of cells in soft agar
For analysis of heat-induced inactivation of MFTF, samples were pre-
incubated at 4, 37, 55 and 95 °C for 30 min and then added to the top
layers of agar containing JB6 P+ cells. For assessment of protein- and lipid-
specific activity of MFTF, samples were pre-incubated with proteinase K
(1 μg/ml) (Roche, Indianapolis, IN, USA) or lipase (5 μg/ml) (Sigma-Aldrich,
St. Louis, MO, USA) at 37 1C for 30 min before using the samples for soft
agar assay. Activity of DNA and RNA in the MFTF were analyzed by adding
either DNase (1 μg/ml) (Roche) or RNase (1 μg/ml) (Sigma-Aldrich) into the
top layers of soft agar with cells and MFTF. Pharmacological inhibitors
against cMyc, mTOR, Erk1, FGFR-1 and c-MET (tivantinib) were added
directly into the top layers of soft agar containing cells and MFTF or HuFTF.
For neutralization of FGFR-1 activity, cells were pre-incubated with
monoclonal FGFR-1 neutralizing antibody (2–3 μg/ml) in 37 1C for 1 h
before platting them in soft agar for further experiments.

Isolation of adipocytes and the stromal vascular fraction (SVF)
from mouse adipose tissue
Adipocytes and non-adipocyte cells (SVF) from mouse fat were isolated
using the protocol mentioned earlier with some minor modifications.102

Fresh adipose tissue was obtained from mice, minced into small pieces and
immediately placed in fresh physiological saline solution (PSS; 0.9% NaCl).
Fats were digested in 1 ml of 1 mg/ml collagenase Type1 (Worthington
Biochemical Co. Lakewood, NJ, USA) in PSS and incubated at 37 °C for
30 min followed by centrifugation for 5 min at 300 rpm in RT. Using a
syringe with a 23G needle, SVF-rich fraction was removed without
disturbing the upper adipocyte layer. SVF and adipocyte-rich fractions
were placed separately in new tube. SVF and adipocytes were washed
twice with cold PSS and cell pellets were recovered by centrifuging for
10 min at 300 rpm.

Protein profiler arrays
Measurement of mouse adipokines and growth factors from fat tissue
filtrates was performed using the Mouse Angiogenesis Antibody Array kit
(R&D Systems Cat# ARY015). By comparing the signal intensities, relative
expression levels of cytokines were determined and quantified by
densitometry using ‘ImageJ’ software (NIH).

Western blot
A total of 2.8 × 105 cells were plated in 60-mm culture dishes and allowed
to grow for 48 h before treatment. The cells were treated with either MFTF
(at 300 μg/ml dose) or FGF2 − 2.5 ng/ml for indicated period of time. After
treatment, cells were collected, washed and lysed in RIPA buffer pH 7.4,
supplemented with protease and phosphatase inhibitors. Proteins were
separated by 12% SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked with either 5% nonfat milk solution or 4% BSA
and then incubated with the appropriate primary antibody for overnight at
4 1C, followed by 1 h incubation with fluorochrome-tagged secondary
antibody. Bands were visualized by LI-COR Odyssey classic image scanner
(Lincoln, NE, USA).
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Immunodepletion assay
An aliquot of 2 μg affinity purified monoclonal FGF2 antibody was added
to 100–150 μl of fat tissue filtrates and incubated for 16 h in 4 1C under
gentle agitation. An aliquot of 50 μl protein G-coupled agarose beads was
added in to the solution and the slurry was gently mixed followed by
further incubation for 5 h in 4 1C under gentle agitation. Supernatants
were collected after centrifugation at 2000 rpm for 30 s and used for
further experiments.

Quantification of HGF and FGF2
Concentrations of HGF and FGF2 were measured in both mouse and
human adipose tissue and in mouse sera. HGF and FGF2 were quantified
by ELISA according to the manufacturer’s protocol using ‘R&D Systems
Quantikine ELISA kit’ (Cat# DHG00 and Cat# DFB50).

Immunohistochemistry
Formalin-fixed paraffin-embedded fat tissue sections from mice were de-
paraffinized and incubated with antigen retrieval buffer for 1 min at 95 1C.
Sections were blocked in 4% BSA for 1 h at RT and then treated either with
control mouse IgG or with primary mouse monoclonal anti-FGF2 or anti-
HGF antibody (1:100) overnight at 4 1C, followed by secondary anti-mouse
antibody labeled with HRP. After brief washing, slides were stained for 30 s
using 3,3-diaminobenzidine as substrate. Nuclei were stained with
hematoxylin (Harris) for 30 s. Images were acquired with a Nikon digital
camera attached on an Olympus microscope at × 400 magnification.

Generation of FGFR-1 KO cells
CRISPR/Cas9 gene editing was used to generate Fgfr-1 homozygous KO
JB6 P+ cells (Supplementary Figure S2). Three gRNAs were selected
to target exons 5, 7 and 10 of the mouse Fgfr-1 gene
(ENSMUSG00000031565). Oligo duplexes for gRNA templates were
annealed and cloned into pSpCas9(BB)-2A-GFP (PX458), a gift from Feng
Zhang (Addgene plasmid # 48138), as previously described.103 JB6 P+ were
electroporated (1300 V, 30 ms, single pulse) with three gRNA plasmids
using a Neon Nucleofector (ThermoFisher Scientific, Waltham, MA, USA).
Forty-eight hours later, cells were trypsinized and resuspended in dPBS
+0.1% BSA for cell sorting. Single cells that were GFP (+) and propidium
iodide (− ) were sorted and isolated in a 96-well plate, using a BD Influx
sorter (BD Biosciences-US, San Jose, CA, USA). Clonal lines were expanded
and screened by PCR and functional soft agar assay to identify desired
genotypes and phenotypes. Clonal line #4, used for experiments in this
study, was sequenced at all three exons to determine exact genomic
modifications (Supplementary Figure S2).

Immunofluorescence
Cells were fixed in 4% formaldehyde for 15 min, blocked with 4% BSA for
1 h and permeabilized with 0.2% PBS-T for 10 min. Cells were incubated
overnight with primary c-MYC and a-tubulin (dilutions for both will be
1:200) (1:400 dilution) at 4 °C followed by incubation in secondary anti-
rabbit (1:200 dilution) for 1 h at room temperature. Photographs were
taken at ×40 magnification in Olympus Fluoview 1000.

Animal study approval
All mice used in this study received humane care that adheres to principles
stated in the Guide for the Care and Use of Laboratory Animals (NIH
publication, 1996 edition), and the protocol was approved by the IACUC
and Animal Care Program of Michigan State University, East Lansing,
MI, USA.

Study approval for human samples
The Rutgers-Robert Wood Johnson Medical School Institutional Review
Board approved the protocol ‘Determining the Impact of Human Fat on
Cancer Development’ on 16 October 2015. Informed consent was obtained
from candidates before undergoing gynecologic surgery. Intra-abdominal
visceral (omental and parametrial) adipose tissue was obtained, and
samples were de-identified to investigators at Michigan State University.

Statistics
For in vitro experiments, three biological and/or three technical replicates
were used to ensure adequate power to detect a significant change in
growth in soft agar. All animal experiments were performed using at least
five mice. The number of mice selected per group for in vivo studies is
anchored in statistical power analysis, whereby historical data from key
experimental end points are utilized to gauge anticipated mean values and
biological variation within a particular experimental group. The experi-
mental end points used included tumor number (for UV experiments) and
tumor volume (for xenograft studies). Data are presented as mean± s.d.
Two-way ANOVA was used to compare among groups followed by Tukey’s
test for multiple comparisons. For all statistical tests, 0.05, 0.01 and 0.001
level of confidence, were accepted for statistical significance.
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