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Abstract. - OBJECTIVE: Peroxisome prolifer-
ator-activated receptor y (PPARY) regulates fatty
acid storage and glucose metabolism. Recently,
PPARYy has been reported to be involved in can-
cer. The present study reported a PPARy con-
sensus binding site (AGGTCA) in the ptprf pro-
moter and identified a strong association be-
tween PPARy and PTPRF expression, as well as
their tumor suppressor roles in a v-Ha-Ras-in-
duced model of breast cancer.

MATERIALS AND METHODS: The prognos-
tic potential of PPARy was assessed with a KM
analysis of raw data from 3,951 breast cancer
patients. The expression of PPARy and PTPRF
in the rat breast cancer cell lines was detected
by Western blot and qPCR. The impact of PPARy
on cancer cell migration, invasion, and growth
was confirmed using cell migration assay, tran-
swell cell invasion assay, tri-dimensional soft
agar culture, respectively. The binding of PPARy
with the piprf promoter was then examined us-
ing electrophoretic mobility shift assay. The in-
hibitory effect of PPARy on tumor growth was
then examined in mouse tumor model in vivo.

RESULTS: It was identified that PPARy ex-
pression is lost in the aggressive v-Ha-Ras-in-
duced breast cancer cell line FE1.2 but high-
ly expressed in less malignant FE1.3 cells. Ex-
ogenous expression of PPARy in FE1.2 cells
(FE1.2-PPARyhi) resulted in a marked inhibition
of proliferation compared with that in FE1.2-Vec-
tor control group. FE1.2-PPARyhi cells also ex-
hibited reduced migration, invasion, and col-
ony formation abilities compared with those
of the controls. The PPARy agonist rosiglita-
zone also suppressed the malignant proper-
ties of FE1.2 cells. Protein tyrosine phospha-

tase receptor F (PTPRF), a downstream tar-
get of PPARy, was markedly induced in FE1.2-
PPARyhi cells. A PPARy consensus binding site
(AGGTCA) was identified in the piprf promoter,
and an electrophoretic mobility shift assay con-
firmed that PPARYy bind to this promoter. Similar
to the effect of vector-mediated overexpression
of PPARYy, ectopic overexpression of PTPRF in
FE1.2 cells led to reduced proliferation. Further-
more, a PPARy antagonist (GW9662) and PTP in-
hibitor (NSC87877) abrogated the suppressive
function of PPARy and PTPRF in FE1.2 cells, re-
spectively. PPARy overexpression or activation
suppressed the progression and distant organ
metastasis of breast cancer cells in a NOD/SCID
mouse model.

CONCLUSIONS: These results suggest that
PPARYy inhibits tumor cell proliferation, at least
in part, through direct regulation of the ptprf
gene and that PPARy is a potential target for
breast cancer treatment.
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Introduction

As one of the most fatal cancer types in females,
breast cancer affects ~1 in 10 women worldwide'.
Despite decades of extensive studies on breast
cancer treatment, the survival rate of metastat-
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ic breast cancer patients is low. Identification of
genes responsible for mammary tumor resistance
and susceptibility may allow for the development
of targeted therapies to improve the treatment of
this disease’.

Peroxisome proliferator-activated receptors
(PPARSs) are a family of essential nuclear recep-
tors that bind directly to specific regions of DNA
and regulate the expression of the target genes.
There are three types of PPAR (a, /9, and v),
among which PPARy has received most atten-
tion due to its implications in the pathology of
numerous diseases. PPARy is highly expressed
in adipose tissues and exerts an anti-prolifera-
tive effect in pre-adipocytes and possibly other
cell types®. Activation of PPARy has a marked
impact on tumor cell growth, apoptosis, and dif-
ferentiation*. While in most studies®, PPARy was
determined to act as a tumor suppressor, others®
have reported that it promotes tumor growth.
Although the mechanisms underlying the onco-
genic effects of PPARy remain largely elusive,
it is speculated that PPARy may influence cellu-
lar activities and adjust the cellular environment
by specific gene regulation™®. Indeed, PPARy
has been considered a therapeutic target for the
treatment of colon’, lung'®, and breast cancer'!.
The currently available synthetic PPARy ago-
nists have also proven good safety treatment
profiles!>!3, but a better understanding of the bi-
ology of PPARg in cancer is required to realize
its therapeutic potential.

It has been reported that protein tyrosine phos-
phatase receptor F (PTPRF) functions as a tumor
suppressor gene and inhibits breast cancer growth
and metastasis'¥. The present study reported a
PPARYy consensus binding site (AGGTCA) in the
ptprfpromoter and identified a strong association
between PPARy and PTPRF expression, as well
as their tumor suppressor roles in a v-Ha-Ras-in-
duced model of breast cancer.

Materials and Methods

Bioinformatics Analysis

Kaplan-Meier (KM) plotter (http:/kmplot.
com/analysis/) was used to determine the prog-
nostic values of PPARy in breast cancer”. A
dataset of 3,951 cancer patients with their gene
expression data and survival information was
downloaded from Gene Expression Omnibus
(GEO; https:/www.ncbi.nlm.nih.gov/geo/) and
divided into high- and low-expression groups by
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the median value of PPARy mRNA expression.
The log-rank test followed by Cox proportional
hazards regression was used to compare these 2
groups, and a KM plot was drawn. From the KM
plotter web page, the number of cases, median
values of mRNA expression level, hazard ratio,
95% confidence interval, and log-rank p-value
were extracted.

Cell Culture

The establishment of the rat breast cancer cell
lines was performed as described previously®.
All cell lines were maintained in o-minimum
essential medium (0-MEM; Thermo Fisher Sci-
entific, Waltham, MA, USA), supplemented with
10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA) and 1 pg/ml
17-B-estradiol (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). All culture experiments
were repeated independently 3 times. To exam-
ine growth rates, 1x10* cells per well were seed-
ed on 24-well plates in triplicate and 3 wells were
evaluated on each day for 4 consecutive days.
PPARy agonist rosiglitazone (RG), antagonist
GW9662, and PTP inhibitor NSC87877 were
obtained from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany).

Cell Migration Assay

Cell migration was determined using a wound
healing assay as described previously'. In brief,
3x10° cells were seeded in each well of a six-well
plate. After the cells were attached to the bottom
of the plate at 24 h, a linear scratch was generated
using a 1,000-pl pipette tip. The cell layers were
washed with PBS to remove cell debris, the fresh
culture medium was added and supplementation
with RG was performed in certain wells. Cell mi-
gration was monitored and images were captured
after 24 h.

Transwell Cell Invasion Assay

Transwell 24-well chambers (Corning, Corn-
ing, NY, USA) were used to monitor cell inva-
sion. The upper side of the filter was covered with
Matrigel (Corning, Corning, NY, USA). a-MEM
with 10% FBS as chemoattractant was added to
the lower chamber. Cells (1x10° cells in 100 pl
a-MEM) were seeded in the upper chamber and
incubated at 37°C for 48 h. Cells that had adhered
to the lower side of the membrane were then fixed,
stained with Coomassie Brilliant Blue (Sigma-Al-
drich; Merck KGaA, Darmstadt, Germany), and
counted under a dissecting microscope.
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Growth of Cells in Soft Agar

To monitor the growth of cells in soft agar, 2
layers of agarose (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) were used. The bottom
layer with 0.5% agarose and the top layer with
0.3% agarose in a-MEM with 10% FBS were
set up in 60-mm plates. The top layer contained
5,000 cells in each plate. The plates were incu-
bated at 37°C for 5-7 days and subsequently, the
number of colonies consisting of >25 cells was
determined.

Western Blot Analysis

Western blot analysis was performed as de-
scribed previously'’. In brief, aliquots of total pro-
tein extract (20 pg) from cells were loaded and
resolved by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Af-
ter electrophoresis, proteins were transferred onto
polyvinylidene difluoride membranes (PVDF;
EMD Millipore, Billerica, MA, USA). Blots
were blocked with 10% fat-free dry milk in phos-
phate-buffered saline (PBS) containing Tween-20
for 1 h at room temperature, then reacted with
appropriate primary and secondary antibodies
and proteins were detected using enhanced che-
miluminescence (ECL; GE Healthcare, Little
Chalfont, UK). Primary murine monoclonal an-
tibodies were obtained from the following sourc-
es: PPARy (cat. no. sc-7273) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) used at a
dilution of 1:500; PTPRF (cat. no. 610351) from
BD Biosciences (Franklin Lakes, NJ, USA) used
at a dilution of 1:500 and B-actin (cat. no. A5441)
from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany) used at a dilution of 1:50,000. The sec-
ondary anti-mouse immunoglobulin G antibodies
(cat. no. 7076) were from Cell Signaling Tech-
nology (Beverly, MA, USA) diluted at 1:2,000.
Densitometry of the immunoblots was performed
using Imagel software [bundled with 64-bit Java
for Windows; version 1.8; National Institutes of
Health (NIH), Bethesda, MD, USA]. The densi-
tometry value for each sample was normalized
against the value for B-actin to obtain the intensi-
ties for PPARy or PTPRF.

RNA Isolation and Synthesis of
Complementary (c)DNA

Native FE1.2 cells and FE1.2 cells transfected
with various plasmids were harvested and washed
once with cold PBS. Total RNA was extracted us-
ing the RNeasy kit (Qiagen GmbH, Hilden, Ger-
many) according to the manufacturer’s protocol.

Total RNA concentrations were measured using
a ONE-DROP2000 spectrophotometer (Thermo
Fisher Scientific; Waltham, MA, USA) at 260/280
nm. Subsequent cDNA synthesis was performed
using the Superscript III First-Strand Synthesis
System for Reverse Transcription-quantitative
Polymerase Chain Reaction (RT-qPCR; Thermo
Fisher Scientific; Waltham, MA, USA) in a 20-pul
reaction containing 2 pg total RNA, 20 mM Tris-
HCI (pH 8.4), 2.5 mM MgCl,, 5 mM dithiothreit-
ol, 2.5 pm OligodT?20, 0.5 mM each of ANTP and
200U Superscript 111 Reverse Transcriptase. The
priming oligonucleotide was annealed to total
RNA by incubation at 65°C for 5 min and cooling
to 4°C. RT was performed at 50°C for 50 min and
cDNA was stored at —20°C until use for real-time
qPCR analysis.

Transfection and Infection

Mouse PPARy full-length cDNA was obtained
from Addgene and sub-cloned into a unique Eco-
RI site of the pcDNA-3.1 vector (Ambion; Thermo
Fisher Scientific; Waltham, MA, USA). Mouse
PTPRF full-length cDNA was a gift from Dr.
Yang (Sunnybrook Research Institute, Toronto,
ON, Canada)'®!? and sub-cloned into the X#%ol and
EcoRl sites of the retroviral MSCV2.2 plasmid
(Agilent Technologies; Santa Clara, CA, USA).
Sequences of the constructs were confirmed prior
to transfection. Transfection was performed using
Lipofectamine 2000 (Invitrogen; Carlsbad, CA,
USA) according to the manufacturer’s protocol.

Replication-defective viruses were prepared
by transfecting the viral plasmids into the help-
er-free packaging cell line GP+A* as described
previously?'. For wviral infection, supernatants
from the virus-producing cells were used to in-
fect FE1.2 cells seeded at a density of 2x10°/60
mm plate (Corning, Corning, NY, USA) at pres-
ent polybrene (10 pg/ml; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany). After 48 h, cells
were selected with neomycin (800 mg/ml; Sig-
ma-Aldrich; Merck KGaA, Darmstadt, Germa-
ny). G418-resistant cells were pooled and subject-
ed to subcloning.

QPCR

Real-time qPCR was performed on a DNA en-
gine Option System (MJ Research Inc, Waltham,
MA, USA) using SYBR Green as a double-strand
DNA-specific binding dye, as previously de-
scribed™®, PCR was performed for 40 cycles
after initial denaturation (95°C, 5 min) with
the following parameters: denaturation at 95°C
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for 20 s, annealing of primers at 58°C for 20 s
and extension at 72°C for 20 s. The relative fold
change in RNA expression was calculated using
the 2-44¢4 method?*?. B-actin was used as an endog-
enous control for normalization. Rat primer se-
quences used for qPCR were as follows: PPARy-
sense, S’CATTTTTCAAGGGTGCCAGT3’ and
antisense, 5’GAGGCCAGCATGGTGTAGAT3’;
PTPRF sense, SSCAACACAAGTGCCAAGCT-
GT3’ and antisense, > AGGGTCCACAGGAAG-
GAAGT3’. The primer sequence of GAPDH was:
B-actin primers: 5" forward (5-GTGACGTTGA-
CATCCGTAAAGA-3") and 3' reverse (5-GCCG-
GACTCATCGTACTCC-3").

Electrophoretic Mobility Shift Assay
(EMSA)

Nuclear extract was isolated from FEI.3 and
other cells using a method described in the pre-
vious study?. Single-stranded oligonucleotides
were radioactively [y-*P] ATP-labeled (Perkin-
Elmer, Inc., Waltham, M A, USA) with T4 polynu-
cleotide kinase (New England Biolabs, Ipswich,
MA, USA). Single-stranded oligonucleotides
were purified using NUCTrap probe purification
columns (Agilent Technologies, Inc, Santa Clara,
CA, USA), annealed with 2-fold excess cold com-
plimentary oligonucleotides by boiling for 2 min
and cooling at room temperature for 1 h. For com-
petition assays, 10-fold and 100-fold excess cold
single-stranded oligonucleotides were added to
the reaction. PPARy antibody (cat. no. sc-7273)
from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) used at a dilution of 1:50 was added
to the reaction to visualize the supershifted band.
Samples were electrophoresed on a 5% acryl-
amide gel in 0.5X Tris-borate-ethylene diamine
tetraacetic acid (EDTA) buffer. The gel was dried
in a vacuum for 1 h at 80°C and visualized us-
ing autoradiography by X-ray film (Life Tech-
nologies; Thermo Fisher Scientific; Waltham,
MA, USA). The sequence of the 80-bp oligonu-
cleotide containing the peroxisome proliferator
response element (PPRE) AGGTCA of the ptprf
promoter region is CACTGGACACGGTGGCAC-
GTGCATTTGAATTTGACATGAGGTCAGT-
GAAGTTCAAATGCAAGTGGATGGTTTCAG-
GGTGG and also used for [y-?P] ATP-labelled
(hot). For cold complementary oligonucleotides, the
following sequence was used: CCACCCTGAAAC-
CATCCACTTGCATTTGAACTTCACTGACCT-
CATGTCAAATTCAAATGCACGTGCCACCGT-
GTCCAGTG.
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Mouse Tumor Model

A total of 15 female NOD/SCID mice were
randomly divided into 3 groups, FEl.2-Vector,
FE1.2-Vector treated with RG and FE1.2-PPARy".
Cells (1x10°) were injected into the right side,
fourth mammary nipple fat pad. After 21 days of
incubation, mice were sacrificed, and the breast
tumors and lungs were removed and measured,
and their images were captured. The tumor vol-
ume (V) was calculated according to the formula
V=LxW?/2, where L is the length and W is the
width. Lungs were fixed with 10% formaldehyde
(Sigma-Aldrich; Merck KGaA, Darmstadt, Ger-
many), paraffin-embedded, and sliced. Slices
were then stained using the H&E staining method
(Sigma-Aldrich; Merck KGaA, Darmstadt, Ger-
many). The lung metastatic colonies were count-
ed using 3 different slices from each mouse and
data from 5 independent mice were plotted. All
experimental procedures complied with the re-
quirements and approval of the Animal Ethics
Committee of Jilin University for laboratory use
(Changchun, China; permit no. 2018-52). All pro-
cedures were in accordance with the Guide for the
Care and the Use of Laboratory Animals manual
published by the US National Institute of Health
(NIH).

Statistical Analysis

All in vitro experiments were performed in
triplicate and repeated independently three times.
Determination of the ratio of the protein band in-
tensities relative to p-actin, the quantification of
colonies in the soft agar growth and migration as-
says, and cell invasion in the transwell assay was
performed for each sample using Imagel] soft-
ware (NIH). Values are expressed as the mean
+ standard error unless otherwise indicated. An
unpaired two-tailed Student’s z-test or analysis of
variance (ANOVA) were used to determine the
p-values for differences between samples. p<0.05
was considered a statistical significance.

Results

Differential Expression of PPARy in
Breast Cancer Cells

The prognostic potential of PPARy was first
assessed with a KM analysis of raw data from
3,951 breast cancer patients (Figure 1A). These
patients were divided into two groups of high and
low PPARYy expression with the cut-off set as the
median level. Patients with high levels of PPARy
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Figure 1. Differential expression of PPARy in breast cancer cells. A, Kaplan-Meier plot of survival rates of breast cancer
patients with high and low expression of PPARy. Log-rank p-values and HR (95% confidence interval in parentheses) are
provided. B, Western blot of PPARy and PPARS expression in FEI1.3, FE1.2-Vector, FE1.2-PPARy", and FE1.3-PPAR&" cells.
C, PPARy expression in clones of the indicated v-Ha-Ras-induced rat mammary breast cancer cell lines with -actin as a
loading control. HR, hazard ratio; PPAR, peroxisome proliferator-activated receptor.

expression had a noticeably higher survival rate
than those with low PPARy expression. Accord-
ing to this analysis, the level of PPARy expression
is clearly predictive of cancer development and
progression.

The mammary carcinoma cell lines were ob-
tained by injecting a v-Ha-Ras-containing retrovi-
rus into the mammary ducts of rats, as described
previously'. Cell lines with epithelial morphology
(FE1.3) and more elongated mesenchymal mor-
phology (FE1.2) were grown along with eleven oth-
er cell lines derived from similar virally infected
v-Ha-Ras-induced mammary tumors'®. Measure-
ment of PPARy expression by Western blot indicat-
ed a higher PPARy expression in FE1.3 compared
with that in FE1.2 cells (Figure 1B).

Wang et al** have indicated that PPARS up-
regulation is positively associated with more ag-
gressive behavior of cancer cells. Comparative
analysis of PPARy to PPARGS in selected cell lines
indicated a differential expression pattern in these
proteins (Figure 1B). FE1.2 and FEL.3 cells ex-
hibited exclusive expression of either PPARy or
PPARSY, respectively. Of note, after transfection
of PPARy into FE1.2 cells, PPARS expression
disappeared. Vice versa, when FEL.3 cells were
transfected with PPARS, PPARy expression dis-
appeared and PPARS appeared as the only band
on the gel. This complementary pattern suggests
an inter-regulatory association between expres-
sion of PPARy and PPARS in breast cancer cells,
as previously described?®.
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The expression of PPARy in all 13 v-Ha-Ras-
induced rat breast cancer cell lines was further
examined, except for FE1.2, FEI.1 cells also lost
PPARy expression (Figure 1C). Of note, FEI1.1
and FE1.2 have the same morphology in cell cul-
ture and the same level of expression of PPARS,
as reported in a previous study by our group?.
All other clones exhibited expression of PPARy
at various levels (Figure 1C).

Ectopic PPARy Expression Inhibits Breast
Cancer Cell Proliferation

To evaluate the influence of PPARy expres-
sion on FEL.2 cells, a series of experiments
were performed to measure cell proliferation,
migration, and invasion in vitro. In growth rate
studies (Figure 2A), FE1.2-PPARy" cells exhib-
ited a significant delay in proliferation when
compared to FE1.2-Vector cells. Indeed, on day
4, the number of cells in control group was ~4
times that in FE1.2-PPARy" cells. In addition,
the PPARy agonist RG significantly inhibited
the growth of FE1.2 cells, but not as efficient-
ly as transfection with PPARy overexpression
vector.

The result of the wound repair assay revealed
that the FE1.2-Vector cells exhibited a higher
migratory capacity compared with that of FE1.2-
PPARy" cells (Figure 2B). The migration rate was
50% lower in FE1.2-PPARy" cells than that in
control group. In line with this, in the cell inva-
sion experiments, FE1.2-Vector cells exhibited a
higher degree of invasion compared with that in
the FE1.2-PPARy" cells (Figure 2C and D). FE1.2-
PPARy" cells exhibited a ~60% reduction of in-
vasion compared with that in FE1.2-Vector group
(Figure 2D).

The impact of PPARy on cancer cell growth
was further confirmed using tri-dimension-
al soft agar culture (Figure 2E). After incu-
bation with agarose for 5-7 days, the control
FE1.2-Vector cells gave rise to large colonies
on the plates. Addition of the PPARg agonist to
FEI1.2-Vector cells led to a significant reduction
in the number and size of colonies. In FE1.2-
PPARy" group, the number of colonies was re-
duced by 30%, and in the FE1.2-PPARY" group,
the number of colonies was reduced by ~70%
when compared to the control vector alone cells
(Figure 2F). These results suggest that activa-
tion of PPARYy in FEL.2 cells suppresses migra-
tion, invasion, and colony formation in addition
to proliferation.
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Regulation of PTPRF Expression by
PPARy in Breast Cancer Cells

The protein tyrosine phosphatase (PTP) fam-
ily PTPRF is known to be associated with cell
invasion, migration, and metastasis in breast can-
cer'®226 and PTPRF expression is considered a
predictive marker in prostate cancer treatment?®’.
Given similar properties of PPARg in breast can-
cer, the present study hypothesized the existence
of a close correlation between these two proteins.
As indicated by RT-qPCR, FEI.2, and FE1.2-Vec-
tor cells express a low level of ptprf mRNA (Fig-
ure 3A). In FEL.3 cells, high PPARy expression was
associated with high levels of PTPRF (Figure 3A
and B). FEL.2-PPARy" cells had a ~6-fold higher
PTPRF expression than FE1.2-Vector control cells
(Figure 3A and B). These data support the notion
that PPARy may directly regulate PTPRF.

To explore the involvement of PTPRF in reg-
ulating cell proliferation, the ptprf gene was
transduced into FE1.2 cells. High expression of
PTPRF was detected in pooled transfected cells
(FE1.2-PTPRF™) when compared with that in
FE1.3 and FE1.2-Vector cells (Figure 3C). PTPRF
expression in FE1.2 was associated with signifi-
cantly decreased proliferation when compared
with that in the control cells (Figure 3D). This
result may suggest that PPARy exerts its anti-pro-
liferative activity at least in part through the up-
regulation of PTPRF.

PPARy Binds to the ptprf Gene and
Regulates its Expression

Regulation of PTPRF by PPARy may oc-
cur by binding to the promoter region. Previ-
ous studies?®?’ identified a consensus sequence
PPRE or PPARy consensus binding site. A per-
oxisome proliferator responsive element (PPRE)
was identified in the ptprf promoter region,
containing a repetitive sequence AGGTCA as
a binding site. The mechanism associated with
PPARy-regulated expression of ptprf was then
examined using EMSA (Figure 4A). As a probe,
an oligonucleotide with 80 bp identical to the
PPRE (AGGTCA) on the ptprf promoter region
was synthesized. Nuclear extracts were incubat-
ed with [y-**P] ATP-labeled oligonucleotide and
subjected to EMSA. As expected, PPARy-neg-
ative FE1.2 cells and FE1.3 cells treated with
an excess of cold oligonucleotide exhibited no
bands when compared with FE1.3, FBO0.1, and
FBl.Icells, which exhibited PPARy 1 and PPARy
2 bands. Addition of PPARy antibodies produced
a mobile band (supershift) in FE1.3 cells. This
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Figure 2. Ectopic PPARy expression inhibits breast cancer cell proliferation. Behavior of FE1.2 cells after transfection with
PPARy. A, Growth rates of FE1.2-Vector, FE1.2-Vector+RG and FE1.2-PPARy" cells. B, Visual assessment of migratory rates
of FE1.2-Vector, FE1.2-Vector+RG and FE1.2-PPARy" cells on tissue culture plates (magnification, x20). (C-D), Transwell cell
invasion assay. C, Images (magnification, x10) of FE1.2-Vector and FE1.2-PPARy" cells and D, quantified number of migrated
cells. E, F Soft agar growth assay. E, Direct visualization of colony grown on agar from FE1.2-Vector, FE1.2-Vector+RG, and
FE1.2-PPARy" cells (magnification, x10). F, Colonies of >25 cells were counted and plotted. “p < 0.05; **p < 0.005; ***p <
0.001. PPAR, peroxisome proliferator-activated receptor; RG, rosiglitazone.

result supports the hypothesis that PPARy spe- To further examine the tumor suppressor ac-
cifically binds to the promoter region (PPRE) of tivity of PPARy, the PPARy antagonist GW9662
ptprfand regulates its expression. (10 uM) or the PTP inhibitor NSC87877 (10 uM)
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Figure 3. Regulation of PTPRF expression by PPARy in breast cancer cells. A, B, Expression of A, PPARy and B, PTPRF in
FE1.2, FE1.2-Vector, and FE1.2-PTPRF" cells determined by reverse transcription-quantitative polymerase chain reaction. C,
Western blot analysis of the expression of PPARy and PTPRF in FE1.2 cells transfected with PPARy and PTPRF expression
vectors. FE1.3- and FE1.2-Vector cells were used as controls. The band density of the blots relative to f-actin was quantified
by densitometry and presented as graphs in the right panels. D, Growth rate of FE1.2-PTPRF" in comparison to FE1.2 and
FE1.2-Vector cells. *p <0.05; **p <0.005; ***p <0.001. NS, not significant; PPAR, peroxisome proliferator-activated receptor.

were added to cultures and the number of cells made FE1.2 cells overcome the growth inhibi-
was determined daily over 4 consecutive days. tory effect PTPRF overexpression when com-
PPARy" cells grew much faster in the presence pared to FE1.2-Vector cells (Figure 4C). The
of GW9662 and NSC87877 (Figure 4B). Treat- expression levels of PTPRF in FE1.2-PPARy"
ment with NSC87877, but not with GW9662, cells were lowered by treatment with GW9662
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Figure 4. PPARy binds to the ptprf gene and regulates its expression. A, Nuclear extracts from the indicated cells were
incubated with [y-*2P]-labelled oligonucleotides containing a PPRE binding site and subjected to an electrophoretic mobility
shift assay. For the competition, excessive cold single-stranded oligonucleotides (10- and 100-fold) were added to certain
reactions. PPARy antibody was added to generate supershift. B, C, Growth suppression ability of PPARy and PTPRF was
reversed by addition of (B) PPARy antagonist and C, PTP inhibitor to the growing culture of the indicated cells. D, Western
blot analysis revealed that only GW9662, but not NSC87877 treatment blocks PPARy expression in FE1.2-PPARy" cells. *p <
0.05; ***p < 0.001. PPAR, peroxisome proliferator-activated receptor; PTPRF, protein tyrosine phosphatase receptor F; PPRE,
peroxisome proliferator response element.

9973



Y.-Y. Xu, H. Liu, L. Su, N. Xu, D.-H. Xu, H.-Y. Liu, D. Spaner, Y. Bed-David, Y.-J. Li

but not NSC87877 (Figure 4D). This result was
consistent with the notion that PPARy suppress-
es breast cancer growth through the upregula-
tion of PTPRF.

Ectopic Expression of PPARy in Breast
Cancer Cells Inhibits Tumor Growth in
NOD/SCID Mice

As PPARy overexpression in FEI1.2 cells sup-
pressed proliferation and invasion in vitro, this
inhibitory effect was examined in vivo. Two
groups of female NOD/SCID mice were inject-
ed into the nipple fat pad with FE1.2-Vector or
FEL.2-PPARy" cells (n=5 per group). The third
group (5 mice) was injected with FE1-2-Vector
cells and subsequently treated with PPARy ago-
nist RG (1 mg/kg) every other day for two weeks.
The mice were sacrificed at day 21, mammary
tumors and lungs were removed, their dimen-
sions were measured, and images were captured.

The tumor volume in the RG-treated FE1.2-Vec-
tor group was reduced by ~30% when compared
with that in FE1.2-Vector-injected control group
(Figure 5B). The tumor volume in the FEI.2-
PPARy" group exhibited a greater reduction than
that in the RG-treated FE1.2-Vector, namely by
~60% compared with that in FE1.2-Vector group
(Figure 5B).

Metastatic lung colonies were also measured.
In FE1.2-PPARy" group, the number of lung
metastatic colonies and their sizes were signifi-
cantly lower than those in FE1.2-Vector control
group (Figure 5C and D). In the FEl.2-Vector
with RG treatment group, the number of lung
metastatic colonies was also slightly lower than
that in FE1.2-Vector group (Figure 5C and D).
This result indicates that PPARy not only sup-
pressed primary tumor growth but also reduced
distant organ metastasis by inhibiting cell mi-
gration and invasion.

A

FE1.2-PPARy"i

4 -3
bt ,|.|.|.|,|.I‘|i.l \‘|‘I;|,v.|.|‘|;|.|.l.|‘-l,L !!

FE12-VectortRG | @ o @ o @
FE1.2-Vector
® o ¢ »
k -
C I ..

FE1.2-PPARy" ©

FE1.2-Vector+RG -

FE1.2-Vector

B -
£ 20007
g
o 15001
E
2 10001
)
>
‘o' 5001
£
= 0-
- %
@: Q-e o
v = )
QQ © A
- < a9
N A° <
& b <
0\
<
40x% D

1001

Pulmonary metastasis
focuse numbers

Figure 5. PPARy expression in breast cancer cells inhibits tumor growth in NOD/SCID mice. A, Tumor size and B, tumor
volume in groups of NOD/SCID mice injected with FEI.2-Vector, FE1.2-PPARy" cells or FE1.2-Vector treated with RG (n=5
per group). C, Images of lung metastatic colonies of mice injected with FE1.2-PPARy", FE1.2-Vector treated with RG or FE1.2-
Vector cells. D, Number of lung metastatic colonies from FE1.2-PPARy", FE1.2-Vector treated with RG and FEl.2-Vector

Hk

injected cells. "p < 0.05;

'» <0.001. PPAR, peroxisome proliferator-activated receptor; RG, rosiglitazone.
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Discussion

The results of the present study further show
that PPARy acts as a tumor suppressor and has
a key role in carcinogenesis. PPARy was demon-
strated to suppress cancer cell growth, migration,
and invasion through the direct regulation of PT-
PRF. The results reinforce the notion of a positive
association between PPARy and PTPRF that may
be used as a prognostic marker in breast cancer
diagnosis and treatment.

A noteworthy observation of the present study
and others® is the negative effect of PPARy ex-
pression on PPARS. This result is consistent with
the current view that the DNA binding domains
for three PPAR subtypes (a, 8, and y) are 80%
identical®. Indeed, Wang et al** by our group
indicated the role of PPARS as a pro-survival
gene in breast cancer cells. Although the role
of PPARS in cancer cell progression remains to
be fully elucidated, it is reasonable to speculate
that the tumor-suppressor effect of PPARy may
also in part be a result of PPARS suppression, a
notion that remains to be investigated in future
studies.

PPARYy is considered a promising molecular
target for certain cancer types. Upregulation of
PPARy affects the expression of genes that regu-
late cell proliferation and apoptosis***. Accord-
ingly, PPARy ligands have been demonstrated
to inhibit cell proliferation, and to induce cell
differentiation and apoptosis. Certain PPARy li-
gands, including the thiazolidine family**, have
been reported to have a significant inhibitory ef-
fect on cancer cells. While these results suggest
that PPARy is a tumor-suppressor gene, Tachi-
bana et al* also indicated that PPARy enhanced
tumor growth under certain circumstances. In
the in vivo experiment of the present study, over-
expression of PPARy in breast cancer cells was
more effective at suppressing tumor growth than
treating these cells with agonists. Thus, it is pos-
sible that PPARYy ligands and agonists may con-
trol overlapping and/or independent functions,
a notion that requires to be examined in future
studies.

To the best of our knowledge, the present re-
search was the first to demonstrate that PPARy
regulates the expression of PTPRF. It is com-
monly accepted that PTPRs act as tumor suppres-
sors**7. Overexpression of PTPRF was report-
ed to suppress the WNT pathway by inhibiting
B-catenin phosphorylation, and to reduce epithe-
lial cell migration and inhibit tumor formation in

nude mice**. Downregulation of PTPRF has been
reported in liver, gastric, and colorectal cancer®.
Due to its extracellular domain and regulation of
[-catenin signaling, PTPRF may be used as a bio-
marker in certain cancer types?’.

One of the mechanisms of PTPR dysregula-
tion in cancer is hypermethylation of its promot-
er’®4041 which leads to inactivation of PTPR. As
another mechanism, the present data indicated
that enforced PPARy expression also induced
PTPRF expression, while PTPRF in FE1.2 cells
had no effect on PPARg expression. This one-way
stimulation of PTPRF indicates that PPARy-in-
duced PTPRF expression may subsequently sup-
press cell proliferation. Thus, the combination of
PPARy and PTPRF may be used as a novel prog-
nostic tool in cancer research.

Conclusions

Overall, the present study confirms that PPARy
functions as a tumor suppressor in breast carci-
noma and possibly other cancer types. PPARy
expression directly regulates ptprf, and these two
factors are associated with tumor suppressor ac-
tivity. Whether PPARy suppresses tumor growth
by upregulating ptprf alone or also through regu-
lation of other downstream factors remains to be
determined. Development of small molecules that
activate PPARy and PTPRF should provide an im-
portant tool for the treatment of breast and other
cancer types.
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