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Abstract. – OBJECTIVE: Peroxisome prolifer-
ator-activated receptor γ (PPARγ) regulates fatty 
acid storage and glucose metabolism. Recently, 
PPARγ has been reported to be involved in can-
cer. The present study reported a PPARγ con-
sensus binding site (AGGTCA) in the ptprf pro-
moter and identified a strong association be-
tween PPARγ 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 PPARγ was assessed with a KM 
analysis of raw data from 3,951 breast cancer 
patients. The expression of PPARγ and PTPRF 
in the rat breast cancer cell lines was detected 
by Western blot and qPCR. The impact of PPARγ 
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 PPARγ 
with the ptprf promoter was then examined us-
ing electrophoretic mobility shift assay. The in-
hibitory effect of PPARγ on tumor growth was 
then examined in mouse tumor model in vivo. 

RESULTS: It was identified that PPARγ 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 PPARγ in FE1.2 cells 
(FE1.2-PPARγhi) resulted in a marked inhibition 
of proliferation compared with that in FE1.2-Vec-
tor control group. FE1.2-PPARγhi cells also ex-
hibited reduced migration, invasion, and col-
ony formation abilities compared with those 
of the controls. The PPARγ 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 PPARγ, was markedly induced in FE1.2-
PPARγhi cells. A PPARγ consensus binding site 
(AGGTCA) was identified in the ptprf promoter, 
and an electrophoretic mobility shift assay con-
firmed that PPARγ bind to this promoter. Similar 
to the effect of vector-mediated overexpression 
of PPARγ, ectopic overexpression of PTPRF in 
FE1.2 cells led to reduced proliferation. Further-
more, a PPARγ antagonist (GW9662) and PTP in-
hibitor (NSC87877) abrogated the suppressive 
function of PPARγ and PTPRF in FE1.2 cells, re-
spectively. PPARγ 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 
PPARγ inhibits tumor cell proliferation, at least 
in part, through direct regulation of the ptprf 
gene and that PPARγ 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 worldwide1. 

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 disease2. 

Peroxisome proliferator-activated receptors 
(PPARs) 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 (α, β/δ, and γ), 
among which PPARγ has received most atten-
tion due to its implications in the pathology of 
numerous diseases. PPARγ is highly expressed 
in adipose tissues and exerts an anti-prolifera-
tive effect in pre-adipocytes and possibly other 
cell types3. Activation of PPARγ has a marked 
impact on tumor cell growth, apoptosis, and dif-
ferentiation4. While in most studies5, PPARγ was 
determined to act as a tumor suppressor, others6 
have reported that it promotes tumor growth. 

Although the mechanisms underlying the onco-
genic effects of PPARγ remain largely elusive, 
it is speculated that PPARγ may influence cellu-
lar activities and adjust the cellular environment 
by specific gene regulation7,8. Indeed, PPARγ 
has been considered a therapeutic target for the 
treatment of colon9, lung10, and breast cancer11. 
The currently available synthetic PPARγ ago-
nists have also proven good safety treatment 
profiles12,13, 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 metastasis14. The present study reported a 
PPARγ consensus binding site (AGGTCA) in the 
ptprf promoter and identified a strong association 
between PPARγ 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 PPARγ in breast cancer15. 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 

the median value of PPARγ 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 previously16. 
All cell lines were maintained in α-minimum 
essential medium (α-MEM; Thermo Fisher Sci-
entific, Waltham, MA, USA), supplemented with 
10% fetal bovine serum (FBS; Thermo Fisher 
Scientific, Waltham, MA, USA) and 1 µg/ml 
17-β-estradiol (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany). All culture experiments 
were repeated independently 3 times. To exam-
ine growth rates, 1x104 cells per well were seed-
ed on 24-well plates in triplicate and 3 wells were 
evaluated on each day for 4 consecutive days. 
PPARγ 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 previously14. In brief, 
3x105 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-μl 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). α-MEM 
with 10% FBS as chemoattractant was added to 
the lower chamber. Cells (1x105 cells in 100 μl 
α-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 α-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 previously17. In brief, aliquots of total pro-
tein extract (20 μg) 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: PPARγ (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 β-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 ImageJ 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 β-actin to obtain the intensi-
ties for PPARγ 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-μl 
reaction containing 2 μg total RNA, 20 mM Tris-
HCl (pH 8.4), 2.5 mM MgCl2, 5 mM dithiothreit-
ol, 2.5 μm OligodT20, 0.5 mM each of dNTP and 
200U Superscript III 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 PPARγ 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)18,19 and sub-cloned into the XhoI and 
EcoRI 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+A20 as described 
previously21. For viral infection, supernatants 
from the virus-producing cells were used to in-
fect FE1.2 cells seeded at a density of 2x106/60 
mm plate (Corning, Corning, NY, USA) at pres-
ent polybrene (10 µg/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-
scribed17,18. 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-ΔΔCq method22. β-actin was used as an endog-
enous control for normalization. Rat primer se-
quences used for qPCR were as follows: PPARγ-
sense, 5’CATTTTTCAAGGGTGCCAGT3’ and 
antisense, 5’GAGGCCAGCATGGTGTAGAT3’; 
PTPRF sense, 5’CAACACAAGTGCCAAGCT-
GT3’ and antisense, 5’AGGGTCCACAGGAAG-
GAAGT3’. The primer sequence of GAPDH was: 
β-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 FE1.3 and 
other cells using a method described in the pre-
vious study23. Single-stranded oligonucleotides 
were radioactively [γ-32P] ATP-labeled (Perkin-
Elmer, Inc., Waltham, MA, 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. PPARγ 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 [γ-32P] ATP-labelled 
(hot). For cold complementary oligonucleotides, the 
following sequence was used: CCACCCTGAAAC-
CATCCACTTGCATTTGAACTTCACTGACCT-
CATGTCAAATTCAAATGCACGTGCCACCGT-
GTCCAGTG. 

Mouse Tumor Model
A total of 15 female NOD/SCID mice were 

randomly divided into 3 groups, FE1.2-Vector, 
FE1.2-Vector treated with RG and FE1.2-PPARγhi. 
Cells (1×106) 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=LxW2/2, 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 β-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 ImageJ soft-
ware (NIH). Values are expressed as the mean 
± standard error unless otherwise indicated. An 
unpaired two-tailed Student’s t-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 PPARγ in 
Breast Cancer Cells

The prognostic potential of PPARγ 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 PPARγ expression with the cut-off set as the 
median level. Patients with high levels of PPARγ 
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expression had a noticeably higher survival rate 
than those with low PPARγ expression. Accord-
ing to this analysis, the level of PPARγ 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 
previously16. 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 tumors16. Measure-
ment of PPARγ expression by Western blot indicat-
ed a higher PPARγ expression in FE1.3 compared 
with that in FE1.2 cells (Figure 1B). 

Wang et al24 have indicated that PPARδ up-
regulation is positively associated with more ag-
gressive behavior of cancer cells. Comparative 
analysis of PPARγ to PPARδ in selected cell lines 
indicated a differential expression pattern in these 
proteins (Figure 1B). FE1.2 and FE1.3 cells ex-
hibited exclusive expression of either PPARγ or 
PPARδ, respectively. Of note, after transfection 
of PPARγ into FE1.2 cells, PPARδ expression 
disappeared. Vice versa, when FE1.3 cells were 
transfected with PPARδ, PPARγ expression dis-
appeared and PPARδ appeared as the only band 
on the gel. This complementary pattern suggests 
an inter-regulatory association between expres-
sion of PPARγ and PPARδ in breast cancer cells, 
as previously described25. 

Figure 1. Differential expression of PPARγ in breast cancer cells. A, Kaplan-Meier plot of survival rates of breast cancer 
patients with high and low expression of PPARγ. Log-rank p-values and HR (95% confidence interval in parentheses) are 
provided. B, Western blot of PPARγ and PPARδ expression in FE1.3, FE1.2-Vector, FE1.2-PPARγhi, and FE1.3-PPARδhi cells. 
C, PPARγ expression in clones of the indicated v-Ha-Ras-induced rat mammary breast cancer cell lines with β-actin as a 
loading control. HR, hazard ratio; PPAR, peroxisome proliferator-activated receptor.
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The expression of PPARγ in all 13 v-Ha-Ras-
induced rat breast cancer cell lines was further 
examined, except for FE1.2, FE1.1 cells also lost 
PPARγ expression (Figure 1C). Of note, FE1.1 
and FE1.2 have the same morphology in cell cul-
ture and the same level of expression of PPARδ, 
as reported in a previous study by our group24. 

All other clones exhibited expression of PPARγ 
at various levels (Figure 1C). 

Ectopic PPARγ Expression Inhibits Breast 
Cancer Cell Proliferation

To evaluate the influence of PPARγ expres-
sion on FE1.2 cells, a series of experiments 
were performed to measure cell proliferation, 
migration, and invasion in vitro. In growth rate 
studies (Figure 2A), FE1.2-PPARγhi 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-PPARγhi cells. In addition, 
the PPARγ agonist RG significantly inhibited 
the growth of FE1.2 cells, but not as efficient-
ly as transfection with PPARγ 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-
PPARγhi cells (Figure 2B). The migration rate was 
50% lower in FE1.2-PPARγhi 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-PPARγhi cells (Figure 2C and D). FE1.2-
PPARγhi cells exhibited a ~60% reduction of in-
vasion compared with that in FE1.2-Vector group 
(Figure 2D). 

The impact of PPARγ 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 
FE1.2-Vector cells led to a significant reduction 
in the number and size of colonies. In FE1.2-
PPARγhi group, the number of colonies was re-
duced by 30%, and in the FE1.2-PPARγhi 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 PPARγ in FE1.2 cells suppresses migra-
tion, invasion, and colony formation in addition 
to proliferation. 

Regulation of PTPRF Expression by 
PPARγ 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-
cer19,20,26, and PTPRF expression is considered a 
predictive marker in prostate cancer treatment27. 

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, FE1.2, and FE1.2-Vec-
tor cells express a low level of ptprf mRNA (Fig-
ure 3A). In FE1.3 cells, high PPARγ expression was 
associated with high levels of PTPRF (Figure 3A 
and B). FE1.2-PPARγhi cells had a ~6-fold higher 
PTPRF expression than FE1.2-Vector control cells 
(Figure 3A and B). These data support the notion 
that PPARγ 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-PTPRFhi) 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 PPARγ exerts its anti-pro-
liferative activity at least in part through the up-
regulation of PTPRF.

PPARγ Binds to the ptprf Gene and 
Regulates its Expression

 Regulation of PTPRF by PPARγ may oc-
cur by binding to the promoter region. Previ-
ous studies28,29 identified a consensus sequence 
PPRE or PPARγ 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 
PPARγ-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 [γ-32P] ATP-labeled oligonucleotide and 
subjected to EMSA. As expected, PPARγ-neg-
ative FE1.2 cells and FE1.3 cells treated with 
an excess of cold oligonucleotide exhibited no 
bands when compared with FE1.3, FB0.1, and 
FB1.1cells, which exhibited PPARγ 1 and PPARγ 
2 bands. Addition of PPARγ antibodies produced 
a mobile band (supershift) in FE1.3 cells. This 
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result supports the hypothesis that PPARγ spe-
cifically binds to the promoter region (PPRE) of 
ptprf and regulates its expression. 

To further examine the tumor suppressor ac-
tivity of PPARγ, the PPARγ antagonist GW9662 
(10 µM) or the PTP inhibitor NSC87877 (10 µM) 

Figure 2. Ectopic PPARγ expression inhibits breast cancer cell proliferation. Behavior of FE1.2 cells after transfection with 
PPARγ. A, Growth rates of FE1.2-Vector, FE1.2-Vector+RG and FE1.2-PPARγhi cells. B, Visual assessment of migratory rates 
of FE1.2-Vector, FE1.2-Vector+RG and FE1.2-PPARγhi cells on tissue culture plates (magnification, ×20). (C-D), Transwell cell 
invasion assay. C, Images (magnification, ×10) of FE1.2-Vector and FE1.2-PPARγhi 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-PPARγhi cells (magnification, ×10). 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. 
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were added to cultures and the number of cells 
was determined daily over 4 consecutive days. 
PPARγhi cells grew much faster in the presence 
of GW9662 and NSC87877 (Figure 4B). Treat-
ment with NSC87877, but not with GW9662, 

made FE1.2 cells overcome the growth inhibi-
tory effect PTPRF overexpression when com-
pared to FE1.2-Vector cells (Figure 4C). The 
expression levels of PTPRF in FE1.2-PPARγhi 
cells were lowered by treatment with GW9662 

Figure 3. Regulation of PTPRF expression by PPARγ in breast cancer cells. A, B, Expression of A, PPARγ and B, PTPRF in 
FE1.2, FE1.2-Vector, and FE1.2-PTPRFhi cells determined by reverse transcription-quantitative polymerase chain reaction. C, 
Western blot analysis of the expression of PPARγ and PTPRF in FE1.2 cells transfected with PPARγ and PTPRF expression 
vectors. FE1.3- and FE1.2-Vector cells were used as controls. The band density of the blots relative to β-actin was quantified 
by densitometry and presented as graphs in the right panels. D, Growth rate of FE1.2-PTPRFhi 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. 
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Figure 4. PPARγ binds to the ptprf gene and regulates its expression. A, Nuclear extracts from the indicated cells were 
incubated with [γ-32P]-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. PPARγ antibody was added to generate supershift. B, C, Growth suppression ability of PPARγ and PTPRF was 
reversed by addition of (B) PPARγ 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 PPARγ expression in FE1.2-PPARγhi cells. *p < 
0.05; ***p < 0.001. PPAR, peroxisome proliferator-activated receptor; PTPRF, protein tyrosine phosphatase receptor F; PPRE, 
peroxisome proliferator response element.
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but not NSC87877 (Figure 4D). This result was 
consistent with the notion that PPARγ suppress-
es breast cancer growth through the upregula-
tion of PTPRF. 

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

As PPARγ overexpression in FE1.2 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 
FE1.2-PPARγhi cells (n=5 per group). The third 
group (5 mice) was injected with FE1-2-Vector 
cells and subsequently treated with PPARγ 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 FE1.2-
PPARγhi 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-PPARγhi 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 FE1.2-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 PPARγ not only sup-
pressed primary tumor growth but also reduced 
distant organ metastasis by inhibiting cell mi-
gration and invasion.

Figure 5. PPARγ 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 FE1.2-Vector, FE1.2-PPARγhi cells or FE1.2-Vector treated with RG (n=5 
per group). C, Images of lung metastatic colonies of mice injected with FE1.2-PPARγhi, FE1.2-Vector treated with RG or FE1.2-
Vector cells. D, Number of lung metastatic colonies from FE1.2-PPARγhi, FE1.2-Vector treated with RG and FE1.2-Vector 
injected cells. *p < 0.05; ***p < 0.001. PPAR, peroxisome proliferator-activated receptor; RG, rosiglitazone.
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Discussion

The results of the present study further show 
that PPARγ acts as a tumor suppressor and has 
a key role in carcinogenesis. PPARγ 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 PPARγ and PTPRF that may 
be used as a prognostic marker in breast cancer 
diagnosis and treatment. 

A noteworthy observation of the present study 
and others30 is the negative effect of PPARγ ex-
pression on PPARδ. This result is consistent with 
the current view that the DNA binding domains 
for three PPAR subtypes (α, δ, and γ) are 80% 
identical31. Indeed, Wang et al24 by our group 
indicated the role of PPARδ as a pro-survival 
gene in breast cancer cells. Although the role 
of PPARδ in cancer cell progression remains to 
be fully elucidated, it is reasonable to speculate 
that the tumor-suppressor effect of PPARγ may 
also in part be a result of PPARδ suppression, a 
notion that remains to be investigated in future 
studies.

PPARγ is considered a promising molecular 
target for certain cancer types. Upregulation of 
PPARγ affects the expression of genes that regu-
late cell proliferation and apoptosis32,33. Accord-
ingly, PPARγ ligands have been demonstrated 
to inhibit cell proliferation, and to induce cell 
differentiation and apoptosis. Certain PPARγ li-
gands, including the thiazolidine family34, have 
been reported to have a significant inhibitory ef-
fect on cancer cells. While these results suggest 
that PPARγ is a tumor-suppressor gene, Tachi-
bana et al35 also indicated that PPARγ enhanced 
tumor growth under certain circumstances. In 
the in vivo experiment of the present study, over-
expression of PPARγ in breast cancer cells was 
more effective at suppressing tumor growth than 
treating these cells with agonists. Thus, it is pos-
sible that PPARγ 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 PPARγ 
regulates the expression of PTPRF. It is com-
monly accepted that PTPRs act as tumor suppres-
sors36,37. Overexpression of PTPRF was report-
ed to suppress the WNT pathway by inhibiting 
β-catenin phosphorylation, and to reduce epithe-
lial cell migration and inhibit tumor formation in 

nude mice38. Downregulation of PTPRF has been 
reported in liver, gastric, and colorectal cancer39. 

Due to its extracellular domain and regulation of 
β-catenin signaling, PTPRF may be used as a bio-
marker in certain cancer types27.

One of the mechanisms of PTPR dysregula-
tion in cancer is hypermethylation of its promot-
er26,40,41, which leads to inactivation of PTPR. As 
another mechanism, the present data indicated 
that enforced PPARγ 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 PPARγ-in-
duced PTPRF expression may subsequently sup-
press cell proliferation. Thus, the combination of 
PPARγ and PTPRF may be used as a novel prog-
nostic tool in cancer research. 

Conclusions

Overall, the present study confirms that PPARγ 
functions as a tumor suppressor in breast carci-
noma and possibly other cancer types. PPARγ 
expression directly regulates ptprf, and these two 
factors are associated with tumor suppressor ac-
tivity. Whether PPARγ 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 PPARγ and PTPRF should provide an im-
portant tool for the treatment of breast and other 
cancer types. 

Conflict of Interest
The Authors declare that they have no conflict of interests.

Acknowledgements
The authors would like to thank Dr Yang (Sunnybrook Re-
search Institute, Toronto, ON, Canada) for gifting the PT-
PRF plasmid. This investigation was supported by the Re-
search Grant from the National Natural Science Foundation 
of China (Grant no. 81372456 to Y-J L).

Authors’ Contribution
Y-YX initiated the experiment, analyzed data, and wrote 
the manuscript. HL, LS, NX, DHX, and H-YL provided 
support with experimental techniques. DS also contribut-
ed to manuscript writing and revision. Y-BD and Y-JL con-
ceived the project and supervised all experiments. All au-
thors have read and approved the final manuscript.



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

9976

References

 1) Klein G. Toward a genetics of cancer resistance. 
Proc Natl Acad Sci U S A 2009; 106: 859-863.

 2) lee KM, Giltnane JM, BalKo JM, Schwarz lJ, Guer-
rero-zotano al, hutchinSon Ke, nixon MJ, eStrada 
MV, Sánchez V, SanderS Me, lee t, GóMez h, lluch 
a, Pérez-FidalGo Ja, wolF MM, andreJeVa G, rath-
Mell Jc, FeSiK Sw, arteaGa cL. MYC and MCL1 
cooperatively promote chemotherapy-resistant 
breast cancer stem cells via regulation of mito-
chondrial oxidative phosphorylation. Cell Metab 
2017; 26: 633-647.

 3) SPieGelMan BM. PPAR-gamma: adipogenic regula-
tor and thiazolidinedione receptor. Diabetes 1998; 
47: 507-514.

 4) KoeFFler hP. Peroxisome proliferator-activated re-
ceptor γ and cancers. Clin Cancer Res 2003; 9: 
1-9.

 5) KriShnan a, nair Sa, Pillai Mr. Biology of PPAR 
gamma in cancer: a critical review on existing la-
cunae. Curr Mol Med 2007; 7: 532-540.

 6) Saez e, tontonoz P, nelSon Mc, alVarez JG, MinG 
ut, Baird SM, thoMazy Va, eVanS rM. Activators of 
the nuclear receptor PPARgamma enhance colon 
polyp formation. Nat Med 1998; 4: 1058-1061.

 7) Kaul d, anand PK. Regulation of PPAR-gamma 
gene in human promyelocytic HL-60 cell line. 
Leuk Res 2003; 27: 683-686.

 8) ren r, chen z, zhao x, Sun t, zhanG y, chen 
J, lu S, Ma w. A possible regulatory link be-
tween Twist 1 and PPARγ gene regulation in 
3T3-L1 adipocytes. Lipids Health Dis 2016; 15: 
189.

 9) caMPBell Se, Stone wl, whaley SG, Qui M, KriSh-
nan K. Gamma (γ) tocopherol upregulates peroxi-
some proliferator-activated receptor (PPAR) gam-
ma (γ) expression in SW 480 human colon can-
cer cell lines. BMC Cancer 2003; 3: 25.

10) wicK M, hurteau G, deSSeV c, chan d, Geraci Mw, 
winn ra, heaSley le, neMenoFF ra. Peroxisome 
proliferator-activated receptor-γ is a target of non-
steroidal anti-Inflammatory drugs mediating cy-
clooxygenase-independent inhibition of lung can-
cer cell growth. Mol Pharmacol 2002; 62: 1207-
1214.

11) Suh n, wanG y, williaMS cr, riSinGSonG r, GilM-
er t, willSon tM, SPorn MB. A new ligand for the 
peroxisome proliferator-activated receptor-γ(P-
PAR-γ), GW7845, inhibits rat mammary carcino-
genesis. Cancer Res 1999; 59: 5671-5673.

12) wu xJ, Sun xh, wanG Sw, chen Jl, Bi yh, Ji-
anG dx. Mifepristone alleviates cerebral isch-
emia-reperfusion injury in rats by stimulating 
PPARγ. Eur Rev Med Pharmacol Sci 2018; 22: 
5638-5696.

13) VetuSchi a, PoMPili S, Gaudio e, latella G, SFerra r. 
PPAR-γ with its anti-inflammatory and anti-fibrotic 
action could be an effective therapeutic target in 
IBD. Eur Rev Med Pharmacol Sci 2018; 22: 8839-
8848.

14) rutnaM zJ, yanG BB. The non-coding 3’ UTR of 
CD44 induces metastasis by regulating extracel-
lular matrix functions. J Cell Sci 2012; 125: 2075-
2085.

15) GyorFFy B, lanczKy a, eKlund ac, denKert c, Bud-
czieS J, li Q, SzallaSi z. An online survival analysis 
tool to rapidly assess the effect of 22,277genes 
on breast cancer prognosis using microarray data 
of 1,809 patients. Breast Cancer Res Treat 2010; 
123: 725-731.

16) li yJ, SonG r, KorKola Je, archer Mc, Ben-daVid y. 
Cyclin D1 is necessary but not sufficient for an-
chorage-independent growth of rat mammary tu-
mor cells and is associated with resistance of the 
Copenhagen rat to mammary carcinogenesis. 
Oncogene 2003; 22: 3452-3462.

17) li yJ, liu G, li y, Vecchiarelli-Federico lM, liu Jc, 
zacKSenhauS e, Shan Sw, yanG BB, li Q, daSh r, 
FiSher PB, archer Mc, Ben-daVid y. mda-7/IL-24 Ex-
pression inhibits breast cancer through upregula-
tion of growth arrest-specific gene 3 (gas3) and 
disruption of β1 integrin function. Mol Cancer Res 
2013; 11: 593-603. 

18) du ww, FanG l, li M, yanG x, lianG y, PenG c, Qian 
w, o’Malley yQ, aSKeland rw, SuGG Sl, Qian J, 
lin J, JianG z, yee aJ, SeFton M, denG z, Shan Sw, 
wanG ch, yanG BB. MicroRNA miR-24 enhances 
tumor invasion and metastasis by targeting PT-
PN9 and PTPRF to promote EGF signaling. J Cell 
Sci 2013; 126: 1440-1453.

19) yanG t, zhanG JS, MaSSa SM, han x, lonGo FM. 
Leukocyte common antigen-related tyrosine 
phosphatase receptor: increased expression and 
neuronal-type splicing in breast cancer cells and 
tissue. Mol Carcinog 1996; 25: 139-149.

20) MarKowitz d, GoFF S, BanK a. A safe packaging 
line for gene transfer: separating viral genes on 
two different plasmids. J Virol 1988; 62:1120-
1124.

21) Bani Mr, raK J, adachi d, wiltShire r, trent JM, Ker-
Bel rS, Ben-daVid y. Multiple features of advanced 
melanoma recapitulated in tumorigenic variants 
of early stage (radial growth phase) human mela-
noma cell lines: evidence for a dominant pheno-
type. Cancer Res 1996; 56: 3075-3086.

22) liVaK KJ, SchMittGen td. Analysis of relative gene 
expression data using real-time quantitative PCR 
and 2(-delta delta C(T)) method. Methods 2001; 
25: 402-408.

23) li yJ, hiGGinS rr, PaK BJ, ShiVdaSani ra, ney Pa, ar-
cher M, Ben-daVid y. p45NFE2 is a negative reg-
ulator of erythroid proliferation which contributes 
to the progression of friend virus-induced eryth-
roleukemias. Mol Cell Biol 2001; 21: 73-80.

24) wanG x, wanG G, Shi y, Sun l, GorczynSKi r, li y-J, 
xu z, SPaner de. PPAR-delta promotes survival of 
breast cancer cells in harsh metabolic conditions. 
Oncogenesis 2016; 5: e232. 

25) hall JM, roBinSon Ml. Peroxisome proliferator-ac-
tivated receptor γ as a therapeutic target in human 
breast cancer. J Steroids Horm Sci 2015; 6: 155.



PPARγ inhibits breast cancer progression by upregulating PTPRF expression

9977

26) du y, GrandiS Jr. Receptor-type protein tyrosine 
phosphatases in cancer. Chin J Cancer 2015; 34: 
61-69.

27) whitMore te, PeterSon a, holzMan t, eaSthaM a, 
aMon l, McintoSh M, ozinSKy a, nelSon PS, Martin 
dB. Integrative analysis of N-linked human glyco-
proteomic data sets reveals PTPRF ectodomain 
as a novel plasma biomarker candidate for pros-
tate cancer. J Proteome Res 2012; 11: 2653-
2665.

28) GearinG Kl, Gottlicher M, teBoul M, widMarK e, 
GuStaFSSon Ja. Interaction of the peroxisome-pro-
liferator-activated receptor and retinoid X recep-
tor. Proc Natl Acad Sci U S A 1993; 90: 1440-
1444.

29) SchMidt MV, Bruene B, Von Knethen a. The nucle-
ar hormone receoptor PPARγ as a therapeutic 
target in major diseases. ScientificWorldJournal 
2010; 10: 2181-2197.

30) aleShin S, reiSer G. Role of the peroxisome prolifer-
ator-activated receptors (PPAR)-alpha, beta/delta 
and gamma triad in the regulation of reactive ox-
ygen species signaling in brain. Biol Chem 2013; 
394: 1553-1570.

31) JuGe-auBry c, Pernin a, FaVez t, BurGer aG, wahli 
w, Meier ca, deSVerGne B. DNA binding properties 
of peroxisome proliferator-activated receptor sub-
types on various natural peroxisome proliferator 
response elements. Importance of the 5’-flanking 
region. J Biol Chem 1997; 272: 25252-25259.

32) hu e, KiM JB, SarraF P, SPieGelMan BM. Inhibition 
of adipogenesis through MAP kinase-mediated 
phosphorylation of PPARγ. Science 1996; 274: 
2100-2103.

33) eiBl G, wente Mn, reBer ha, hineS oJ. Peroxi-
some proliferator-activated receptor gamma in-

duces pancreatic cancer cell apoptosis. Biochem 
Biophys Res Commun 2001; 287: 522-529.

34) BlanQuicett c, roMan J, hart cM. Thiazolidinedi-
ones as anti-cancer agents. Cancer Ther 2008; 
6: 25-34.

35) tachiBana K, yaMaSaKi d, iShiMoto K, doi t. The 
role of PPARs in cancer. PPAR Res 2008; 2008: 
102737.

36) oStMan a, hellBerG c, BohMer Fd. Protein-tyrosine 
phosphatases and cancer. Nat Rev Cancer 2006; 
6: 307-320.

37) Brown-ShiMer S, JohnSon Ka, hill de, BruSKin aM. 
Effect of protein tyrosine phosphatase 1B expres-
sion on transformation by the human neu onco-
gene. Cancer Res 1992; 52: 478-482.

38) Muller t, choidaS a, reichMann e, ullrich a. Phos-
phorylation and free pool of β-catenin are regu-
lated by tyrosine kinases and tyrosine phospha-
tases during epithelial cell migration. J Biol Chem 
1999; 274: 10173-10183.

39) Bera r, chiou cy, yu Mc, PenG JM, he cr, hSu cy, 
huanG hl, ho uy, lin SM, lin yJ, hSieh Sy. Func-
tional genomics identified a novel protein tyrosine 
phosphatase receptor type f-mediated growth 
inhibition in hepatocarcinogenesis. Hepatology 
2014; 59: 2238-2250.

40) laczManSKa i, KarPinSKi P, BeBeneK M, SedziaK t, raM-
Sey d, SzMida e and SaSiadeK MM. Protein tyrosine 
phosphatase receptor-like genes are frequently 
hypermethylated in sporadic colorectal cancer. J 
Hum Genet 2013; 58: 11-15.

41) PhilliPS JM, GoodMan Ji. Identification of genes 
that may play critical roles in phenobarbital 
(PB)-induced liver tumorigenesis due to al-
tered DNA methylation. Toxicol Sci 2008; 104: 
86-99.


