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Abstract

Peroxisome proliferator-activated receptor γ (PPARγ) is an important transcription factor that 

modulates lipid metabolism and inflammation. However, it remains unclear whether PPARγ is 

involved in modulation of estrogen (E2)-induced inflammation, thus affecting apoptosis of E2-

deprived breast cancer cells, MCF-7:5C and MCF-7:2A. Here, we demonstrated that E2 treatment 

suppressed the function of PPARγ in both cell lines, although the suppressive effect in MCF-7:2A 

cells was delayed owing to high PPARγ expression. Activation of PPARγ by a specific agonist, 

pioglitazone selectively blocked the induction of tumor necrosis factor alpha (TNFα) expression 

by E2, but did not affect other adipose inflammatory genes, such as fatty acid desaturase 

1(FADS1) and interleukin-6 (IL-6). This suppression of TNFα expression by pioglitazone was 

mainly mediated by trans-repression of nuclear factor-κB (NF-κB) DNA-binding activity. A novel 

finding was that NF-κB functions as an oxidative stress inducer in MCF-7:5C cells but an 

antioxidant in MCF-7:2A cells. Therefore, the NF-κB inhibitor JSH-23 displayed effects 

equivalent to those of pioglitazone, with complete inhibition of apoptosis in MCF-7:5C cells, but it 

increased E2-induced apoptosis in MCF-7:2A cells. Depletion of PPARγ by small interfering 

RNA or the PPARγ antagonist T0070907 accelerated E2-induced apoptosis, with activation of NF-

κB-dependent TNFα and oxidative stress. For the first time, we demonstrated that PPARγ is a 

growth signal and has potential to modulate NF-κB activity and oxidative stress in E2-deprived 

breast cancer cell lines. All of these findings suggest that anti-PPARγ therapy is a novel strategy to 

improve the therapeutic effects of E2-induced apoptosis in E2-deprived breast cancer.
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Introduction

Anti-hormone therapy is a standard treatment of estrogen receptor (ER)-positive breast 

cancer (1). However, resistance to this therapy is inevitable. Paradoxically, E2 has been 

found to be able to induce apoptosis in anti-hormone-resistant models in vivo (2, 3) and in 
vitro (4, 5). Indeed, E2-induced apoptosis has clinical relevance (6) to treatment of 

aromatase inhibitor-resistant breast cancer patients (7) and the reduction of breast cancer 

incidence in postmenopausal women receiving hormone replacement therapy (HRT) with 

only conjugated equine estrogen (CEE) (8). However, only 30% of these patients benefit 

from this treatment (7). This clinical fact mandates the investigation of factors that may 

modify the therapeutic efficacy of E2-induced apoptosis.

Our recent findings demonstrated that a major mechanism by which E2 induces apoptosis is 

accumulation of stress responses, including endoplasmic reticulum, oxidative, and 

inflammatory stress (9, 10). Two major cellular organelles: mitochondria and the 

endoplasmic reticulum have been observed to mediate stress responses (9, 10). Oxidative 

stress triggered by E2 elevates the production of reactive oxygen species (ROS) and the 

expression of oxidative stress indicator hemeoxygenase-1(HMOX1) in long-term estrogen 

deprived (LTED) breast cancer cell lines: MCF-7:5C and MCF-7:2A (10, 11). The 

endoplasmic reticulum is a critical regulatory site for conveying signals between the nucleus 

and cytoplasm to induce apoptosis (10, 12). Two sensors of endoplasmic reticulum stress are 

activated but perform different functions after E2 treatment. One of these sensors, protein 

kinase RNA-like endoplasmic reticulum kinase (PERK) is responsible for homeostasis of 

unfolded proteins and is a key driver of E2-induced apoptosis (10, 12). The other sensor, 

inositol-requiring protein 1 alpha (IRE1α), mainly mediates endoplasmic reticulum-

associated degradation of phospholipids (12). Activation of these endoplasmic reticulum 

stress sensors suggests that abnormal protein folding and lipid metabolism occur after 

exposure to E2, although the mechanism is unknown.

Aberrant lipid metabolism and uncontrolled endoplasmic reticulum stress are well known to 

be causative factors that induce inflammatory responses in many diseases (13–15). In line 

with this, E2 widely activates lipid metabolism-associated genes, including adipogenetic 

transcription factor CCAAT/enhancer binding protein β (CEBPβ), members of the fatty acid 

desaturase (FADS) family for arachidonic acid biosynthesis, and the adipose inflammatory 

factors interleukin (IL)-4 and −6, in LTED breast cancer cell lines (9, 16). Our global gene 

and microRNA arrays both demonstrated that abnormal lipid metabolism occurs in 

MCF-7:5C and MCF-7:2A cells, particularly the latter (9, 17). Despite the fact that 

MCF-7:5C and MCF-7:2A cells are derived from the same parental MCF-7 cells under 

LTED conditions, NF-κB is constitutively activated in MCF-7:5C cells but not in MCF-7:2A 

cells (16); while MCF-7:2A cells have a stronger antioxidant system than that MCF-7:5C 

cells (11). Moreover, cellular redox status has been observed to be closely related to 

adipogenesis regulated by many transcription factors, such as PPARγ, NF-κB, and nuclear 

factor erythroid 2-related factor 2 (Nrf2) (18, 19). Nevertheless, whether lipid metabolism-

associated transcription factors are involved in the modulation of oxidative stress to affect 

E2-induced apoptosis remains unclear.
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PPARγ plays an important role in the regulation of adipogenesis in mammary glands, as 

well as in breast cancer cells (20). Substantial evidence demonstrates that PPARγ carries out 

functional cross-talk with ERα to affect normal mammary development and breast cancer 

progression (21–23). Additionally, PPARγ is a well-known nuclear factor that regulates the 

progress of inflammation in a variety of cells, including vascular endothelial cells, intestinal 

epithelial cells, and macrophages (24–28). Thus, the PPARγ-specific agonist rosiglitazone 

and pioglitazone (both thiazolidinediones) provide therapeutic benefits on type 2 diabetes 

mellitus, cardiovascular diseases, colitis, and rheumatoid arthritis (24–29). Trans-

suppression of NF-κB by the PPARγ agonist is a major mechanism of inhibition of 

inflammation (26). Our very recent findings demonstrated that the NF-κB-dependent TNFα 
axis is activated by PERK kinase in MCF-7:5C cells to mediate E2-induced apoptosis (16). 

However, it remains unclear the functional relationship between PPARγ and NF-κB in 

regulation of E2-induced apoptosis in the LTED breast cancer cells.

We sought to further understand how PPARγ modulates inflammatory responses that affect 

E2-induced apoptosis in the LTED breast cancer cell lines: MCF-7:5C and MCF-7:2A. Our 

results demonstrated that E2 deprivation alters the expression of PPARγ in breast cancer 

cells. Activation of PPARγ by its specific agonist pioglitazone suppressed NF-κB DNA-

binding activity and NF-κB-dependent TNFα expression. Furthermore, a mechanistic 

finding was that NF-κB functions as an oxidative stress inducer in MCF-7:5C cells but as an 

antioxidant in MCF-7:2A cells. Therefore, the NF-κB inhibitor JSH-23 displayed effects 

equivalent to those of pioglitazone on the two cell lines, by completely blocking apoptosis in 

MCF-7:5C cells whereas increasing E2-induced apoptosis in MCF-7:2A cells. Further 

depletion of PPARγ or treatment with the PPARγ antagonist T0070907 activated NF-κB 

and oxidative stress (30), thereby accelerating E2-induced apoptosis in the two LTED breast 

cancer cell lines. Collectively, PPARγ is the first identified molecule to counteract E2-

induced apoptosis via transcriptional suppression of NF-κB activity and oxidative stress in 

LTED breast cancer cell lines. Disruption of this suppression by anti-PPARγ therapy has the 

potential to improve the therapeutic effects of E2-induced apoptosis in endocrine resistant 

breast cancer.

Materials and Methods

Materials

Estradiol and GW9662 were purchased from Sigma-Aldrich (St. Louis, MO). Pioglitazone 

and T0070907 were obtained from Tocris. JSH-23 was purchased from CalBiochem. For 

Western blotting, antibodies against PPARγ, cleaved poly (ADP-ribose) polymerase 

(PARP), Caspase 7, phosphor-Akt, total-Akt, and IRE1α were obtained from Cell Signaling 

Technology (Beverly, MA). ERα (sc-544) was purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA).

Cell culture conditions

A panel of breast cancer cell lines were cultured as described previously (31). They included 

ER-positive (MCF-7, T47D, ZR-75–1, BT-474, MCF-7:5C, and MCF-7:2A) and ER-

negative (Sk-Br-3, MDA-MB-231, MCF-7:ICI-R, and T47D:C42) cell lines. MCF-7:5C and 
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MCF-7:2A cells were cloned from long-term E2-deprived (LTED) MCF-7 cells, and 

T47D:C42 cells were cloned from LTED T47D cells. These three cell lines were maintained 

in phenol red-free RPMI 1640 supplemented with 10% dextran-coated charcoal-stripped 

fetal bovine serum. All cell lines were validated according to their short tandem repeat 

(STR) profiles at The University of Texas MD Anderson Cancer Center Characterized Cell 

Line Core (CCLC). The STR patterns of all cell lines were consistent with those from the 

CCLC standard cells (Supplementary Table S1).

Annexin V binding assay to detect apoptosis

A FITC annexin V Detection Kit I (BD Pharmingen) was used to quantify apoptosis of 

MCF-7:5C and MCF-7:2A cells through flow cytometry according to the manufacturer’s 

instructions. In brief, MCF-7:5C and MCF-7:2A cells were seeded in 10-cm dishes. The 

next day, the cells were treated with different compounds for different periods. Cells were 

suspended in 1× binding buffer, and 1 × 105 cells were stained simultaneously with FITC-

labeled annexin V and propidium iodide (PI) for 15 minutes at room temperature. The cells 

were analyzed using a BD Accuri C6 plus flow cytometer (Becton Dickinson).

NF-κB (p65) Transcription Factor DNA-binding Assay

MCF-7:5C and MCF-7:2A cells were treated with a vehicle control (0.1% DMSO) or 

pioglitazone (10 µM) at different time points. Nuclear protein was extracted from cells 

according to the manufacturer’s instruction (Cayman Chemical). NF-κB (p65) DNA-binding 

activity was detected using an NF-κB (p65) Transcription Factor Assay Kit (Cayman 

Chemical).

Immunoblotting

Cells were harvested in cell lysis buffer (Cell Signaling Technology, Beverly, MA) 

supplemented with Protease Inhibitor Cocktail Set I and Phosphatase Inhibitor Cocktail Set 

II (Calbiochem, San Diego, CA). Immunoblotting was performed as previously described 

(10).

Quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA isolated from cells using an RNeasy Micro kit (Qiagen) was converted to first-

strand cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems). 

Quantitative real-time PCR assays were performed with SYBR Green PCR Master Mix 

(Applied Biosystems) and a QuantStudio 6 Flex real-time PCR System (Applied 

Biosystems). All primers were synthesized in Integrated DNA Technologies. All data were 

normalized by 36B4.

PPARγ siRNA transfection

Briefly, cells were seeded in 6-well plates. Next day, cells were transfected with human 

PPARγ SMARTpool siRNA (Dharmacon, L-003436–00-0005) at 50nM according to 

manufacturer’s instructions. Targeting sequences were summarized in the following: 

J-003436–06 CAAAUCACCAUUCGUUAUC, J-003436–07 
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GACAUGAAUUCCUUAAUGA, J-003436–08 GAUAUCAAGCCCUUCACUA, J-003436–

09 GACAGCGACUUGGCAAUAU.

Statistical analysis

All reported values are means ± SD (standard deviation). Statistical comparisons were 

assessed using two-tailed Student’s t tests. Results were considered statistically significant if 

the P value was <0.05.

Results

PPARγ functions as a growth signal in breast cancer cell lines.

PPARγ has two isoforms: PPARγ1 is widely expressed in tissues of epithelial origin, 

whereas PPARγ2 is mainly expressed in adipocytes (32). MCF-7 and T47D are two 

representative ER-positive breast cancer cell lines. We first measured the expression of 

PPARγ in endocrine-resistant cell lines derived from parental MCF-7 and T47D cells. 

MCF-7:5C, MCF-7:2A, and MCF-7:ICI-R cell lines were derived from MCF-7 cells (Fig. 

1A and B). ERα expression increased in MCF-7:5C and MCF-7:2A cells; MCF-7:ICI-R 

cells were ERα-negative (Fig. 1B). These cell lines expressed PPARγ at quite different 

levels from those in parental MCF-7 cells. PPARγ protein and mRNA expression levels in 

MCF-7:5C cells were extremely low, whereas MCF-7:2A cells had higher levels of PPARγ1 

expression than did MCF-7 cells (Fig. 1A, Supplementary Fig. S1A). MCF-7:ICI-R had the 

highest levels of PPARγ1 expression among cell lines derived from MCF-7 (Fig. 1B). In 

contrast with that in MCF-7 cells, ERα expression in T47D cells decreased after 3 days of 

E2 deprivation and it decreased further to undetectable levels in T47D:C42 cells after LTED 

(Fig. 1C). Of note, PPARγ1 expression increased remarkably in T47D:C42 cells. To further 

examine PPARγ expression in breast cancer cells, we compared ERα-positive and -negative 

cell lines. The results demonstrated that PPARγ1 expression levels were higher in the ERα-

negative cell lines (MCF-7:ICI-R, T47D:C42, Sk-Br-3, and MDA-MB-231) than in the 

ERα-positive cell lines (MCF-7, T47D, ZR-75–1, and BT-474) (Fig. 1B-D), indicating an 

inverse relationship between ERα and PPARγ expression in breast cancer cells.

To further examine the function of PPARγ in different breast cancer cell lines, we treated 

them with a specific PPARγ antagonist, T0070907 at different concentrations for 7 days. 

Among the MCF-7-derived cell lines, MCF-7:ICI-R cells were the most sensitive to 

T0070907 with IC50 around 1µM (Fig. 1E-G and Supplementary Fig. S1B). In the two 

MCF-7-derived LTED breast cancer cell lines, treatment with T0070907 inhibited the 

growth of MCF-7:2A cells more than that of MCF-7:5C cells (Fig. 1F and 1G and 

Supplementary Fig. S1C). Also, T0070907 inhibited the growth of E2-deprived cell line 

T47D:C42 more than that of its parental control T47D cells (Supplementary Fig. S1D). As 

for the other two ERα-positive cell lines, ZR-75–1 and BT-474, T0070907 markedly 

inhibited their growth, particularly BT-474 (Supplementary Fig. S1E-F). Two ERα-negative 

cell lines had distinct responses to the PPARγ antagonist. T0070907 remarkably inhibited 

Sk-Br-3 cell growth but had no inhibitory effects on the triple-negative MDA-MB-231 cells 

(Supplementary Fig. S1G-H). These results suggested that PPARγ is an important growth 
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signal in breast cancer cells. We focused below on how PPARγ affected E2-induced 

apoptosis in the LTED breast cancer cell lines MCF-7:5C and MCF-7:2A.

E2 suppresses the function of PPARγ in the two LTED breast cancer cell lines.

Because T47D:C42 cells are ERα-negative after E2 deprivation and lose response to E2 

treatment, we selected MCF-7:5C and MCF-7:2A cells as clinically relevant cell models to 

investigate how PPARγ modulates E2-induced apoptosis. Both MCF-7 and MCF-7:2A cells 

mainly expressed PPARγ1, but MCF-7:5C cells had higher expression of PPARγ2 than of 

PPARγ1 (Fig. 2A-C). After 24 hours of exposure to E2, PPARγ1 expression was quickly 

downregulated in both MCF-7 and MCF-7:5C cells, whereas it was weakly downregulated 

in MCF-7:2A cells. With extension of the treatment time to 6 days, E2 started to clearly 

downregulate PPARγ1 expression in MCF-7:2A cells (Fig. 2D). In line with PPARγ protein 

expression, E2 continuously downregulated PPARγ mRNA expression in both MCF-7 and 

MCF-7:5C cells (Fig. 2E and F). Notably, PPARγ mRNA expression was gradually 

upregulated by E2 in MCF-7:2A cells in the first 3 days of treatment (Fig. 2G). Thus, the 

two LTED breast cancer cell lines had different responses to E2 regarding of PPARγ 
expression (Fig. 2H). In addition, PPARγ target gene Acyl-CoA Oxidase 3 (ACOX3), which 

is involved in degradation of the long branched fatty acids in peroxisomes, was 

downregulated by E2 at the same rate in three cell lines (Supplementary Fig. S2A-C). These 

results demonstrated that E2 has the potential to suppress the function of PPARγ in breast 

cancer cell lines.

Activation of PPARγ selectively inhibits TNFα inflammatory pathway in the two LTED 
breast cancer cell lines.

E2 induces expression of a range of inflammatory factors in LTED breast cancer cell lines 

with different dynamics via ERα (9). TNFα is induced by E2 in MCF-7:5C and MCF-7:2A 

cells with different peak times (3 days and 9 days, respectively) (10, 11). An opposite 

response was found in wild-type MCF-7 cells in that E2 decreased TNFα mRNA expression 

(Supplementary Fig. S3A). To investigate how the PPARγ regulates the inflammatory 

responses after E2 treatment, we treated MCF-7:5C and MCF-7:2A cells with a specific 

PPARγ agonist, pioglitazone for different times. As expected, E2 increased TNFα 
expression in both cell lines (Fig. 3A and F). Pioglitazone reduced the basal levels of TNFα 
in MCF-7:5C cells but not in MCF-7:2A cells. Combination treatment with E2 and 

pioglitazone effectively blocked the induction of TNFα by E2 after 3 and 9 days treatment in 

the two cell lines, respectively. With respect to another TNF family member, LTB, exposure 

to E2 and pioglitazone had regulatory pattern similar to that for TNFα in MCF-7:5C cells 

(Supplementary Fig. S3B). However, E2 did not significantly increase LTB expression in 

MCF-7:2A cells, and pioglitazone did not inhibit LTB expression in MCF-7:2A cells 

(Supplementary Fig. S3C), indicating different mechanisms of regulating the TNF family 

members in the two cell lines. As for the adipose inflammatory factors IL-6/IL-6R and 

FADS1, E2 increased the mRNA expression levels for these factors, but pioglitazone did not 

affect them. Also, combination treatment did not alter the upregulation of IL-6R/IL-6 or 

FADS1 expression by E2 in MCF-7:5C and MCF-7:2A cells (Fig. 3B-C, 3G-H and 

Supplementary Fig. S3D-E). Protein expression of ERα and PPARγ was further measured 

after E2 or pioglitazone treatment in these two cell lines. E2 reduced both ERα and PPARγ1 
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protein expression in both cell lines (Fig. 3D and I), but E2 increased PPARγ2 protein 

expression with shift of band in MCF-7:5C cells after 72 hours of treatment (Fig. 3D). 

Pioglitazone mildly increased the ERα protein expression in MCF-7:5C but not MCF-7:2A 

cells. PPARγ1 protein expression increased after pioglitazone treatment, particularly in 

MCF-7:2A cells (Fig. 3D and I). The combination treatment could not prevent the reduction 

of ERα or PPARγ1 protein expression by E2. It is known that PPARγ can dimerize with 

retinoid X receptor (RXR) and bind to estrogen responsive element (ERE) that affects the 

function of ERα (33). Our results demonstrated that E2 remarkably increased ERE-target 

gene pS2 expression. Pioglitazone decreased pS2 expression in LTED cell lines. However, 

pioglitazone increased further pS2 expression after combination treatment with E2 in the two 

cell lines, particularly in MCF-7:5C cells (Fig. 3E and J). These results suggested that 

pioglitazone selectively represses TNFα expression induced by E2 not through classic ERE 

transcriptional pathway.

Activation of PPARγ suppresses NF-κB DNA binding but has different effects on E2-
induced apoptosis in the two LTED breast cancer cell lines.

E2 activates NF-κB via increasing DNA binding in LTED breast cancer cells (16). To 

determine whether pioglitazone selectively blocks TNFα expression via suppression of NF-

κB, we used an NF-κB (p65) transcription factor assay kit to assess the NF-κB DNA-

binding activity in MCF-7:5C and MCF-7:2A cells. The result demonstrated that MCF-7:5C 

cells had higher basal NF-κB DNA-binding activity than did MCF-7:2A cells 

(Supplementary Fig. S3F). After different time treatment, E2 clearly increased the NF-κB 

DNA-binding activity in MCF-7:5C cells after 72 hours of treatment. Furthermore, 

pioglitazone effectively blocked nuclear activation of NF-κB in MCF-7:5C cells (Fig. 4A). 

Apoptosis was detected by annexin V binding assay through flow cytometry. E2 increased 

annexin V binding in MCF-7:5C cells after 72 hours of treatment. Pioglitazone did not 

change the annexin V binding compared with control. However, the combination 

pioglitazone and E2 completely blocked the E2-induced apoptosis in MCF-7:5C cells (Fig. 

4B and Supplementary Fig. S4A). Consistent with the annexin V binding results, 

pioglitazone effectively blocked the cleavage of PARP and caspase 7 activated by E2 in 

MCF-7:5C cells (Fig. 4C). With respect to MCF-7:2A cells, E2 began to moderately increase 

NF-κB DNA-binding activity after 6 days of treatment. Also, pioglitazone effectively 

inhibited the nuclear activation of NF-κB in these cells (Fig. 4D). As for regulation of 

apoptosis, E2 started to significantly induce apoptosis in MCF-7:2A cells after 6 days of 

treatment. Of note, pioglitazone also elevated the percentage of annexin V binding in these 

cells. Combination treatment with E2 and pioglitazone further increased the rate of apoptosis 

after 6 days treatment (Fig. 4E and Supplementary Fig. S4B). It is known that E2-induced 

cell death is delayed to 2 weeks in MCF-7:2A cells (11). When the treatment time was 

prolonged to 9 days, E2 increased the apoptosis rate over that at 6 days of treatment. 

Pioglitazone increased annexin V binding after 9 days of treatment similarly to 6 days of 

treatment. Apoptosis was increased after 9 days of combination treatment compared with E2 

alone treated group in MCF-7:2A cells (Supplementary Fig. S5A). In line with these results, 

pioglitazone increased cleaved PARP and caspase-7 caused by E2 in MCF-7:2A cells (Fig. 

4F). These results suggested different mechanisms of E2-induced apoptosis in the two LTED 

cell lines.
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A distinct function of NF-κB modulates oxidative stress in the two LTED breast cancer cell 
lines.

Oxidative stress pathway is activated by E2 to promote apoptosis (10, 11). To investigate 

whether PPARγ modulates oxidative stress in breast cancer cell lines, we treated them with 

E2, pioglitazone, or a combination of the two for different times. Our results demonstrated 

that E2 decreased expression of the oxidative stress indicator HMOX1, whereas pioglitazone 

increased it. E2 completely blocked upregulation of HMOX1 by pioglitazone after 

combination treatment in wild-type MCF-7 (Fig. 5A). MCF-7:5C cells had an opposite 

response in that E2 increased HMOX1 expression. Pioglitazone did not change the 

expression of HMOX1, but it effectively blocked oxidative stress in these cells (Fig. 5B). 

Compared with MCF-7:5C cells, MCF-7:2A cells have a stronger antioxidant system (11). 

E2 markedly increased HMOX1 expression after 6 days of treatment. Pioglitazone also 

increased HMOX1 expression in MCF-7:2A cells. Nevertheless, combination treatment with 

E2 and pioglitazone increased more HMOX1 expression than single compound did in 

MCF-7:2A cells (Fig. 5C). When we prolonged the treatment to 9 days in MCF-7:2A cells, 

HMOX1 expression levels were similar to those at 6 days (Supplementary Fig. S5B). Even 

with different effects on oxidative stress, pioglitazone almost did not inhibit cell growth, nor 

dramatically affected E2 responsive cell growth in three cell lines (Supplementary Fig. S5C-

E). In addition to that in the mitochondria, lipid metabolism in the endoplasmic reticulum 

affects redox homeostasis (34). The sensor IRE1α is associated with lipid metabolism in 

LTED breast cancer cells (12). Our results demonstrated that E2 upregulated expression of 

IRE1α in MCF-7:5C and MCF-7:2A cells. Pioglitazone almost had no effect on IRE1α 
expression, it did not inhibit upregulation of IRE1α expression after combination with E2 

(Supplementary Fig. S5F-G), indicating that pioglitazone does not directly regulate lipid 

metabolism in the endoplasmic reticulum to alter redox homeostasis. Further experiments 

demonstrated that NF-κB was a regulatory target for PPARγ to determine the final 

consequence of oxidative stress in the two LTED breast cancer cells. Our recent publication 

demonstrated that a specific NF-κB inhibitor JSH-23 effectively blocks NF-κB DNA 

binding activity (16, 35) and it completely inhibited the oxidative stress induced by E2 in 

MCF-7:5C cells (Fig. 5D). In contrast, inhibition of NF-κB markedly increased oxidative 

stress and was additive with E2 in upregulating HMOX1 expression in MCF-7:2A cells (Fig. 

5E). Thus, JSH-23 completely blocked E2-induced apoptosis in MCF-7:5C cells (16) but 

increased E2-induced apoptosis in MCF-7:2A cells (Fig. 5F). For the first time, we identified 

that NF-κB has distinct roles in the regulation of oxidative stress in two LTED breast cancer 

cell lines, serving as an oxidative stress inducer in MCF-7:5C and an antioxidant in 

MCF-7:2A cells (Fig. 5G). This differential modulation of oxidative stress resulted in 

pioglitazone completely blocking E2-induced apoptosis in MCF-7:5C but not MCF-7:2A 

cells.

Knockdown of PPARγ upregulates apoptosis-related pathways in the two LTED breast 
cancer cell lines.

As described above, PPARγ has the potential to modulate the function of NF-κB associated 

inflammation and oxidative stress. MCF-7:5C and MCF-7:2A cells were transfected with 

specific PPARγ siRNA, which effectively downregulated PPARγ mRNA (Supplementary 

Fig. S6A-B) and protein expression (Fig. 6A and F). Knockdown of PPARγ resulted in 
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increasing apoptotic marker cleavage of PARP in all cells, whereas decreasing ERα in 

MCF-7:5C and MCF-7:2A (Fig. 6A and F), but moderately increasing ERα in T47D:C42 

cells (Supplementary Fig. S6C). Then, transfected cells were treated with E2 for 48 hours in 

MCF-7:5C and 72 hours in MCF-7:2A. Compared with scrambled siRNA transfected cells, 

depletion of PPARγ increased the basal levels of NF-κB in both cell lines (Fig. 6B and G). 

In addition, E2 treatment increased NF-κB expression in cells with knockdown of PPARγ 
but not in the scrambled siRNA-transfected cells (Fig. 6B and G). Furthermore, knockdown 

of PPARγ was synergistic with E2 in remarkably upregulating expression of NF-κB-target 

gene TNFα, even though E2 weakly increased TNFα expression in MCF-7:5C cells but 

without any induction in MCF-7:2A cells at this time points (Fig. 6C and H). This 

demonstrated that PPARγ is a potent repressive factor for E2 to induce TNFα expression. 

Unexpectedly, knockdown of PPARγ significantly increased expression of oxidative stress 

indicator HMOX1 (Fig. 6D and I), supporting our conclusion that PPARγ also regulates 

redox homeostasis and functions as an antioxidant in MCF-7:5C and MCF-7:2A cells. E2 

treatment moderately increased HMOX1 expression in PPARγ depleted cells (Fig. 6D and 

I). Consistent with cleaved PARP, PPARγ siRNA increased the percentage of annexin V and 

PI staining. Combination with E2 mainly increased PI staining, particularly for MCF-7:5C 

cells (Supplementary Fig. S6D and E). Importantly, PPARγ siRNA combination with E2 

further inhibited more cell growth in two LTED cells after 5 and 7 days treatment, 

respectively (Fig. 6E and J). These findings indicated that depletion of PPARγ can 

functionally modulate the extrinsic and intrinsic apoptosis pathways to increase E2-induced 

apoptosis.

A PPARγ antagonist promotes E2-induced cell death in the two LTED breast cancer cell 
lines.

We further treated MCF-7:5C and MCF-7:2A cells with E2, the specific PPARγ antagonist 

T0070907, or a combination of them for 7 days. E2 significantly decreased the number of 

MCF-7:5C cells but not MCF-7:2A cells within 1 week (Fig. 7A and G). After 7 days of E2 

treatment, many of the MCF-7:5C cells were floating in the culture medium, whereas 

MCF-7:2A cells remained attached to the bottom of 24-well plate. Different doses of 

T0070907 remarkably inhibited the growth of both cell lines; the combination treatment 

clearly inhibited cell growth to a greater extent (Fig. 7A and G). Another PPARγ antagonist 

GW9662 had the similar effects on increasing E2-induced growth inhibition in two LTED 

breast cancer cells (30) (Supplementary Fig. S7A-B). The annexin V binding assay 

demonstrated that T0070907 did not increase apoptosis in the two cell lines (Fig. 7B and H). 

E2 clearly increased apoptosis after 3 and 6 days of treatment in MCF-7:5C and MCF-7:2A 

cells, respectively. The combination treatment increased apoptosis in MCF-7:2A cells but 

not in MCF-7:5C cells (Fig. 7B and H). Further examination of apoptosis signaling 

pathways showed that T0070907 alone increased expression of TNFα and HMOX1 in 

MCF-7:2A cells but only increased HMOX1 expression in MCF-7:5C cells. Also, T0070907 

was additive with E2 in increasing expression of TNFα and HMOX1 in MCF-7:2A cells but 

partially blocked TNFα induction in MCF-7:5C cells (Fig. 7C, D, I, and J). With extension 

of the treatment time, T0070907 (5µM) could not block TNFα expression induced by E2 and 

remarkably decreased phosphorylation of Akt after 3 days of treatment in MCF-7:5C cells 

(Supplementary Fig. S7C-D), an important growth pathway in LTED cells (10, 12). Further 
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examination of cleaved PAPR, E2 increased cleaved PARP after 3 and 6 days of treatment in 

MCF-7:5C and MCF-7:2A cells, respectively. T0070907 remarkably increased cleaved 

PARP in MCF-7:2A, but not in MCF-7:5C cells. E2 synergized with T0070907 to increase 

cleaved PARP in MCF-7:2A, but not in MCF-7:5C cells (Fig. 7E and K). T0070907 did not 

change the expression of PPARγ2 in MCF-7:5C cells (Fig. 7F). Of note, T0070907 had 

different effects on PPARγ1 expression in the two cell lines. Specifically, it increased 

PPARγ1 protein expression in MCF-7:5C cells at a dose of IC50 (5µM), whereas a high 

concentration (10 µM) had almost no effect on PPARγ1 expression (Fig. 7F). By contrast, it 

clearly decreased PPARγ1 protein expression at a low concentration (2.5µM) in MCF-7:2A 

cells and was in a dose-dependent manner (Fig. 7L). T0070907 also decreased ERα protein 

levels in MCF-7:2A cells but it was not altered in MCF-7:5C cells (Fig.7F, and L). As for 

the regulation of pS2, T0070907 upregulated pS2 expression in the two LTED breast cancer 

cells (Supplementary Fig. S7E and F). It did not affect the upregulation of pS2 by E2 in 

MCF-7:5C cells but weakly inhibited pS2 expression induced by E2 in MCF-7:2A cells 

(Supplementary Fig. S7E- F). These results suggested that different isoforms of PPARγ may 

affect the therapeutic effect of the PPARγ antagonist. Unlike PPARγ siRNA, T0070907 had 

differential effects on PPARγ1 protein levels in the two LTED cell lines that leads to distinct 

response to TNFα induction after combination with E2 treatment. We concluded that 

downregulation of PPARγ is an effective way to increase E2-induced apoptosis.

Discussion

The scientific investigation of E2-induced apoptosis has clinical relevance to treat aromatase 

inhibitor-resistant breast cancer (7) and decrease the breast cancer incidence in 

postmenopausal women when conjugated estrogen is given alone as hormone replacement 

therapy (8). However, the clinical application is limited because of a 30% benefit rate in 

aromatase inhibitor-resistant breast cancer patients (7). Thus, there is a need to find new 

targets to improve E2-induced apoptosis. Herein, PPARγ is the first identified transcription 

factor that suppresses NF-κB and oxidative stress in LTED breast cancer cell lines to 

counteract E2-induced apoptosis. Inhibition of PPARγ through either depletion of PPARγ or 

the specific antagonist significantly accelerates E2-induced apoptosis. Thus, PPARγ is a 

potential target molecule for increasing E2-induced apoptosis in endocrine-resistant breast 

cancer.

It is known that NF-κB/TNFα and oxidative stress are two key pathways activated by E2 to 

induce apoptosis in LTED breast cancer cells (10, 11, 16). E2 initially has the potential to 

suppress the activation of NF-κB whereas the NF-κB DNA-binding activity is increased by 

E2 via PERK kinase, a sensor of the endoplasmic reticulum stress (16). Nuclear trans-

suppression of NF-κB is a fundamental mechanism for the PPARγ agonist to selectively 

inhibit inflammatory factor TNFα induced by E2 in the two LTED breast cancer cells, as 

well as in other diseases (23–28). In addition to strictly regulating TNFα, NF-κB is an 

oxidative stress-responsive transcription factor (19). A novel finding in the present study is 

that NF-κB displays distinct functions in modulating oxidative stress in the two LTED breast 

cancer cell lines. Specifically, activated NF-κB causes oxidative stress in MCF-7:5C cells. 

Thus, inhibition of NF-κB can effectively block extrinsic and intrinsic apoptosis pathways in 

these cells, thereby completely blocking E2-induced apoptosis. By contrast, the function of 
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NF-κB is more complex in MCF-7:2A cells. NF-κB acts as an antioxidant to protect cells 

from oxidative stress, which results in increasing oxidative stress after inhibition of NF-kB 

in MCF-7:2A cells. The ultimate effect of an NF-κB inhibitor on MCF-7:2A cells is 

accelerating E2-induced apoptosis, even though the NF-κB inhibitor effectively blocks 

induction of TNFα (16). This result clearly demonstrates that mitochondrial dysfunction 

dominates E2-induced apoptosis, rather than extrinsic apoptosis pathways in MCF-7:2A 

cells. How NF-κB differentially modulates oxidative stress in MCF-7:5C and MCF-7:2A 

cells remains unclear. It is very likely that NF-κB differentially coordinates with other 

oxidative stress-responsive molecules, such as Nrf2, to modulate redox homeostasis 

depending on the cellular context (19, 36, 37).

How PPARγ modulates oxidative stress is another crucial mechanism of counteracting E2-

induced apoptosis. Depletion of PPARγ or the PPARγ antagonist markedly increases 

oxidative stress, which indicates that PPARγ functions as a strong antioxidant to defend 

against oxidative stress in LTED breast cancer cells, particularly MCF-7:2A. A paradoxical 

result is how both the agonist and antagonist of PPARγ increase oxidative stress in 

MCF-7:2A cells (Fig. 5C and7J). An unanticipated mechanism in MCF-7:2A cells is that 

NF-κB acts as an antioxidant, which results in increased oxidative stress after trans-

suppression of NF-κB by pioglitazone. Additionally, pioglitazone can activate PPARγ co-

activator 1 (PGC-1) to modulate a broad spectrum of genes related to β-oxidation and 

mitochondrial biogenesis (38, 39). This is a recognized mechanism for PPARγ to 

transcriptionally modulate the homeostasis of mitochondria (38–41). Estrogen-related 

receptor (ERR) is closely linked with PGC-1 in modulation of mitochondrial function (39, 

40). Thus, pioglitazone increases oxidative stress in cells with relatively high levels of 

PPARγ, such as MCF-7:2A and wild-type MCF-7 cells (Fig. 5A and C). However, the 

ultimate cell fate is determined by the function of E2/ERα after co-treatment with the 

pioglitazone and E2. In wild-type MCF-7 cells, E2 suppresses oxidative stress and 

completely blocks oxidative stress induced by pioglitazone. By contrast, E2 alone damages 

mitochondrial function via accumulation of stress in MCF-7:2A cells (11). Under this 

condition, activation of β-oxidation by pioglitazone further increases the mitochondrial 

burden in MCF-7:2A cells. Here, it needs to make a note that regulation of oxidative stress is 

more complex than that of NF-κB/TNFα axis in LTED breast cancer cells (11, 16). In 

addition to the transcription factors such as Nrf2, NF-κB, and PPARγ (36, 37), there are 

many metabolic enzymes involved in the maintenance of redox homeostasis (11). 

Furthermore, the crosstalk between endoplasmic reticulum and mitochondria leads to the 

dysfunction of mitochondria (16, 33).

We also focused on how ERα cross-talks with PPARγ to ultimately determine the process of 

E2-induced apoptosis in LTED breast cancer cells. Different from in wild-type breast cancer 

cell, ERα is over-activated by E2 that leads to the accumulation of apoptosis-associated 

stress in LTED breast cancer cells (9–12). Although PPARγ can dimerize with RXR and 

binds to ERE that suppresses the function of ERα (33), our results demonstrated that 

pioglitazone selectively suppresses of TNFα induced by E2 but further increases ERE-

regulated gene pS2 expression, suggesting that transcriptional ERE pathway is not used by 

PPARγ to regulate TNFα expression. It is consistent with our previous finding that the c-Src 

inhibitor blocks TNFα-induction and E2-induced apoptosis, but increases ERE 
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transcriptional activity (10, 42). These findings also suggest that E2 separately activates ERE 

activity and NF-κB in LTED breast cancer cell lines. Importantly, more evidence has 

indicated that the transcriptional function of PPARγ is integrally regulated through dynamic 

chromatin remodeling with the alteration of PPARγ expression and the function of target 

genes (43, 44). Notably, PPARγ has short half-life and its expression is regulated by 

ubiquitin-proteasome system (44). In support with this view, we observed the shift of 

PPARγ2 after 72 hours of treatment with E2 in MCF-7:5C cells. This is also a time point 

occurring endoplasmic reticulum stress-associated degradation (ERAD) of phospholipids 

induced by E2 (12). All of these results suggested that endoplasmic reticulum and ubiquitin-

proteasome system are activated to remove misfolded or short-lived proteins after E2 

treatment in LTED breast cancer cells.

Additionally, repression of PPARγ and its target gene by E2 is a direct evidence to support 

the conclusion that ERα is a crucial transcription factor that modulates lipid metabolism (45, 

46). Thus, anti-hormone therapy is a lipid metabolism reprogramming process for breast 

cancer patients, as well as for postmenopausal women. In particular, PPARγ expression 

levels are altered after E2 deprivation in MCF-7 and T47D cells. Due to loss of ERα in 

T47D:C42 cells after E2 deprivation, they do not respond to E2 treatment. However, high 

expression of PPARγ1 makes T47D:C42 cells more sensitive to the PPARγ antagonist 

T0070907 than parental cells T47D. Depletion of PPARγ also increased apoptosis with high 

levels of cleaved PARP in T47D:C42 cells (Supplementary Fig. S6C). Despite of the fact 

that MCF-7:5C and MCF-7:2A cells are derived from the same parental MCF-7 cells, LTED 

differently regulates MCF-7:2A cells with higher levels of PPARγ than MCF-7:5C, which 

results in a stronger antioxidant system in MCF-7:2A cells. The suppressive relationship 

between PPARγ and NF-κB is also demonstrated in the MCF-7:5C cells which express 

extremely low PPARγ but have very active NF-κB (16). It remains unclear why MCF-7:5C 

cells express extremely low PPARγ. Selective promoter use may affect the expression levels 

of PPARγ (47). Additionally, PPARγ expression is regulated by ubiquitin-proteasome 

system (44) which clues that ubiquitin-proteasome system might be more active in 

MCF-7:5C cells. PPARγ1 is widely expressed in tissues of epithelial origin, whereas 

PPARγ2 is mainly expressed in adipocytes (32). Both E2 and T0070907 mainly reduces 

PPARγ1 but not PPARγ2 expression. Unlike PPARγ siRNA to effective depletion of 

PPARγ protein in all breast cancer cells, T0070907 increases the PPARγ1 protein 

expression in MCF-7:5C cells (Fig. 7F), which leads to the partially blocking the TNFα 
induction by E2 (Fig. 7C). However, the PPARγ antagonist has anti-proliferative effects (30) 

to increase E2-induced cell death in MCF-7:5C cells (Fig. 7A and G). Moreover, higher 

PPARγ2 expression in MCF-7:5C than MCF-7:2A cells renders these cells like adipocytes, 

and PPARγ2 is potentiated by lipids and lipid-like compounds, such as unsaturated fatty 

acids (48, 49). Of note is that genes related with fatty acid metabolism are significantly 

activated by E2 in LTED cells (9). This special function of PPARγ2 may be a mechanism of 

MCF-7:5C cells to be susceptible to inflammation after exposure to E2.

Collectively, we have demonstrated the enhancement of E2-induced cell death in LTED 

breast cancer cell lines via anti-PPARγ therapy. This has significance for clinical translation 

as a component of preemptive salvage therapy (50) to reduce micrometastasis tumor burden 

in high-risk cancer patients following five years of adjuvant anti-hormone therapy (51). 
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Clinical studies (7) demonstrate the efficacy of low-dose E2 therapy to treat metastatic breast 

cancer. However, concerns about E2 use in breast cancer patients remain. Importantly, 

medicinal chemists have already created a new group of medicines, Selective human 

Estrogen Receptor Partial Agonists (ShERPAs) for clinical evaluation (52). Far more than 

regulation of apoptosis, PPARγ displays many faces in the process of breast cancer 

progression (19, 53, 54). We are undertaking investigation on how a PPARγ antagonist 

significantly inhibits aggressive fulvestrant-resistant breast cancer cells. These ongoing 

studies will provide an important rationale for using PPARγ antagonists to treat endocrine-

resistant breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of PPARγ and its function in different breast cancer cell lines.
(A) PPARγ protein expression in MCF-7, MCF-7:5C, and MCF-7:2A cells. Cell lysates of 

three cell lines were harvested for Western blotting. (B) PPARγ and ERα protein expression 

in MCF-7-derived cell lines. Cell lysates of MCF-7, MCF-7:5C, MCF-7:2A, and 

MCF-7:ICI-R were harvested for Western blotting. (C) PPARγ and ERα protein expression 

in T47D-derived cell lines.T47D cells were transferred to E2-free medium for 3 days. Cell 

lysates of T47D cells cultured in E2-containig medium and E2-free medium were then 

harvested together with T47D:C42 cells for Western blotting. (D) Expression of PPARγ, 

HER-2, and ERα in a panel of breast cancer cell lines. Lysates of six cell lines (MCF-7, 

T47D, ZR-75–1, BT-474, Sk-Br-3, and MDA-MB-231) were harvested for Western blotting. 

(E) Growth response to T0070907 in MCF-7:ICI-R cells. MCF-7:ICI-R cells were seeded in 

24-well plates. Then, cells were treated with a vehicle control (0.1% DMSO) or different 

concentrations (from 80 nM to 4µM) of T0070907 for 7 days. Cells were harvested for DNA 

proliferation assay. *P<0.05, **P<0.001. (F) Growth response to T0070907 in MCF-7:5C 

cells. Cells were treated with a vehicle control (0.1% DMSO) or different concentrations of 

T0070907 (from 100 nM to 10µM) in 24-well plates for 7 days. Cells were harvested for 

DNA proliferation assay. *P<0.05, **P<0.001. (G) Growth response to T0070907 in 

MCF-7:2A cells. Cells were treated with a vehicle control (0.1% DMSO) or different 
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concentrations of T0070907 (from 50 nM to 5µM) in 24-well plates for 7 days. Cells were 

harvested for DNA proliferation assay. *P<0.05, **P<0.001.
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Figure 2. Suppression of the function of PPARγ by treatment with E2.
(A-C) PPARγ protein expression after E2 treatment. MCF-7 cells were transferred to E2-free 

medium for 3 days, and (A) MCF-7, (B) MCF-7:5C, and (C) MCF-7:2A cells were treated 

with E2 for 24 hours. PPARγ expression was measured using Western blotting. (D) PPARγ 
protein expression after extension of E2 treatment in MCF-7:2A cells. Cells were treated 

with E2 for 6 days. PPARγ expression was measured using Western blotting. (E-G) PPARγ 
mRNA expression after E2 treatment. MCF-7 cells were transferred to E2-free medium for 3 

days, and (E) MCF-7, (F) MCF-7:5C, and (G) MCF-7:2A cells were treated with E2 for 24, 

48, and 72 hours, respectively. PPARγ expression was quantitated by RT-PCR. *P<0.05, 

**P<0.001. (H) Time response of PPARγ mRNA expression in MCF-7:5C and MCF-7:2A 

cells. Two cell lines were treated with E2 for the indicated times. PPARγ expression was 

quantitated by RT-PCR.
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Figure 3. The PPARγ agonist selectively suppressed induction of TNFα by E2 in LTED breast 
cancer cell lines.
(A-C) Effects on inflammatory factors of pioglitazone in MCF-7:5C cells. Cells were treated 

with E2 (1 nM), pioglitazone (10 µM), or a combination of them for 72 hours. (A)TNFα, (B) 

IL-6, and (C) FADS1 expression was quantitated by RT-PCR. * P<0.05, **P<0.001. (D) 

PPARγ and ERα expression after pioglitazone treatment in MCF-7:5C cells. Cells were 

treated as described in A-C. Cell lysates were harvested for Western blotting. (E) Expression 

of pS2 after pioglitazone treatment in MCF-7:5C cells. Cells were treated as described in A-

C. pS2 expression was quantitated by RT-PCR. **P<0.001. (F-H) Effects on inflammatory 

factors of pioglitazone in MCF-7:2A cells. Cells were treated with E2 (1 nM), pioglitazone 

(10 µM), or a combination of them for 9 days. (F) TNFα, (G) IL-6, and (H) FADS1 

expression was quantitated by RT-PCR. *P<0.05, **P<0.001. (I) PPARγ and ERα 
expression after pioglitazone treatment in MCF-7:2A cells. Cells were treated as described 

in F-H. Cell lysates were then harvested for Western blotting. (J) Expression of pS2 after 

pioglitazone treatment in MCF-7:2A cells. Cells were treated as described in F-H for 72 

hours. pS2 expression was quantitated by RT-PCR. *P<0.05, **P<0.001.
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Figure 4. Different effects of the PPARγ agonist on E2-induced apoptosis in LTED breast cancer 
cell lines.
(A) NF-κB DNA-binding activity in MCF-7:5C cells. Cells were treated with E2 (1 nM), 

pioglitazone (10 µM), or a combination of them for 72 hours. Cells were then harvested for 

extraction of nuclear protein. The NF-κB DNA-binding activity was measured using an NF-

κB (p65) transcription factor assay kit. *P<0.05. (B) Effects of pioglitazone on E2-induced 

apoptosis in MCF-7:5C cells. Cells were treated as described in A. Next, cells were 

harvested for annexin V binding assay via flow cytometry. *P<0.05. (C) Expression of 

apoptotic markers in MCF-7:5C cells. Cells were treated as described in A. Expression of 

cleaved PARP and caspase 7 was detected using Western blotting. (D) NF-κB DNA-binding 

activity in MCF-7:2A cells. Cells were treated with E2 (1 nM), pioglitazone (10 µM), or a 

combination of them for 6 days. Then, cells were harvested for extraction of nuclear protein. 

The NF-κB DNA-binding activity was measured using an NF-κB (p65) transcription factor 

assay kit. *P<0.05. (E) Effects of pioglitazone on E2-induced apoptosis in MCF-7:2A cells. 
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Cells were treated as described in D. Then, cells were harvested for annexin V binding assay 

via flow cytometry. **P<0.001. (F) Expression of apoptotic markers in MCF-7:2A cells. 

Cells were treated with E2 (1 nM), pioglitazone (10 µM), or a combination of them for 9 

days. Expression of cleaved PARP and caspase 7 was detected using Western blotting.
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Figure 5. A distinct function of NF-κB modulated oxidative stress in LTED breast cancer cell 
lines.
(A-B) Expression of oxidative stress indicator HMOX1. MCF-7 cells were transferred to E2-

free medium for 3 days. Then, (A) MCF-7 and (B) MCF-7:5C cells were treated with E2 (1 

nM), pioglitazone (10 µM), or a combination of them for 72 hours. Expression of HMOX1 

was quantitated by RT-PCR. *P<0.05, **P<0.001. (C) Expression of HMOX1 in MCF-7:2A 

cells. Cells were treated with the same compounds as in A and B for 6 days. HMOX1 

expression was quantitated by RT-PCR. **P<0.001. (D-E) Regulation of oxidative stress by 

NF-κB. MCF-7:5C and MCF-7:2A cells were treated with E2 (1 nM), JSH-23 (20 µM), or a 

combination of them for 3 and 6 days, respectively. HMOX1 expression levels were 

quantitated by RT-PCR. *P<0.05, **P<0.001. (F) E2-induced apoptosis regulated by NF-κB 

in MCF-7:2A cells. Cells were treated with E2 (1 nM), JSH-23 (20 µM), or a combination of 

them for 6 days. Then, cells were harvested for an annexin V binding assay via flow 

cytometry. **P<0.001. (G) Differential regulation of oxidative stress by NF-κB in two 
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LTED breast cancer cells. MCF-7:5C cells have constitutive activation of NF-κB (with 

triangles) compared with MCF-7:2A cells, which results in high levels of TNFα induction 

(thick arrow). MCF-7:5C cells express extremely low levels of PPARγ and mainly is 

PPARγ2 isoform. MCF-7:2A cells mainly express PPARγ1 isoform. Activation of PPARγ 
suppresses the NF-κB/TNFα axis in two LTED breast cancer cells. However, NF-κB 

functions as an oxidative stress inducer in MCF-7:5C cells but an antioxidant in MCF-7:2A 

cells.
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Figure 6. Depletion of PPARγ upregulated apoptosis-related pathways in LTED breast cancer 
cell lines.
(A) Expression of PPARγ, cleaved PARP, and ERα in MCF-7:5C cells. Cells were 

transfected with scrambled siRNA or specific PPARγ siRNA for 72 hours. Expression of 

PPARγ, cleaved PARP, and ERα were measured using Western blotting. (B-D) Alteration of 

apoptosis-associated pathways. MCF-7:5C cells were transfected with scrambled siRNA or 

specific PPARγ siRNA for 72 hours. Next, cells were treated with a vehicle control (0.1% 

EtOH) or E2 (1nM) for 48 hours. Cells were harvested in TRIzol. (B) NF-κB, (C) TNFα, 

and (D) HMOX1 expression was quantitated by RT-PCR. *P<0.05, **P<0.001 compared 

with the scrambled siRNA transfected vehicle control. (E) PPARγ siRNA synergized with 

E2 to inhibit cell growth in MCF-7:5C cells. MCF-7:5C cells were transfected with 

scrambled siRNA or specific PPARγ siRNA for 3 days. Next, cells were treated with a 

vehicle control (0.1% EtOH) or E2 (1nM) for 5 days. Cells were harvested for DNA growth 

assay. **P<0.001 compared with the scrambled siRNA transfected vehicle control. (F) 

Expression of PPARγ, cleaved PARP, and ERα in MCF-7:2A cells. Cells were double 

transfected with scrambled siRNA or specific PPARγ siRNA for 5 days. Expression levels 
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of PPARγ, cleaved PARP, and ERα were measured using Western blotting. (G-I) Alteration 

of apoptosis-associated pathways. MCF-7:2A cells were double transfected with scrambled 

siRNA or specific PPARγ siRNA for 5 days. Next, cells were treated with a vehicle control 

(0.1% EtOH) or E2 (1nM) for 72 hours. Cells were harvested in TRIzol. (G) NF-κB, (H) 

TNFα, and (I) HMOX1 expression levels were quantitated by RT-PCR. *P<0.05, **P<0.001 

compared with the scrambled siRNA transfected vehicle control. (J) PPARγ siRNA 

synergized with E2 to inhibit cell growth in MCF-7:2A cells. MCF-7:2A cells were double 

transfected with scrambled siRNA or specific PPARγ siRNA for 5 days. Next, cells were 

treated with a vehicle control (0.1% EtOH) or E2 (1nM) for 7 days. Cells were harvested for 

DNA growth assay. *P<0.05, **P<0.001 compared with the scrambled siRNA transfected 

vehicle control.
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Figure 7. The PPARγ antagonist promoted E2-induced cell death in LTED breast cancer cell 
lines.
(A) DNA Growth assay in MCF-7:5C cells. Cells were treated with E2 (1 nM), T0070907 (5 

µM), or a combination of them for 7 days. Cells were harvested for DNA proliferation assay. 

**P<0.001. (B) Apoptosis after T0070907 treatment in MCF-7:5C cells. Cells were treated 

with E2 (1 nM), T0070907 (5 µM), or a combination of them for 72 hours. Cells were then 

harvested for annexin V binding assay. **P<0.001. (C-D) Alteration of apoptosis-associated 

pathways in MCF-7:5C cells. Cells were treated as described in B and harvested in TRIzol. 

(C) TNFα and (D) HMOX1 expression levels were quantitated by RT-PCR. *P<0.05, 

**P<0.001. (E) T0070907 regulated cleaved PARP in MCF-7:5C cells. Cells were treated 

with E2 (1 nM), T0070907 (5 µM), or a combination of them for 3 days. Cleaved-PARP was 

detected using Western blotting. (F) Expression of PPARγ and ERα after T0070907 

treatment in MCF-7:5C cells. Cells were treated with a vehicle control (0.1% DMSO) or 

T0070907 (5, 10 µM) for 72 hours. Expression of PPARγ and ERα was detected using 

Western blotting. (G) DNA Growth assay in MCF-7:2A cells. Cells were treated with E2 (1 

nM), T0070907 (2.5 µM), or a combination of them for 7 days. Cells were harvested for 
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DNA proliferation assay. **P<0.001. (H) Apoptosis after T0070907 treatment in MCF-7:2A 

cells. Cells were treated with E2 (1 nM), T0070907 (2.5 µM), or a combination of them for 6 

days. Cells were harvested for annexin V binding assay. **P<0.001. (I-J) Alteration of 

apoptosis-associated pathways in MCF-7:2A cells. Cells were treated as described in H and 

harvested in TRIzol. (I) TNFα and (J) HMOX1 expression levels were quantitated by RT-

PCR. *P<0.05, **P<0.001. (K) T0070907 regulated cleaved PARP in MCF-7:2A cells. Cells 

were treated with E2 (1 nM), T0070907 (2.5 µM), or a combination of them for 3 days. 

Cleaved-PARP was detected using Western blotting. (L) Expression of PPARγ and ERα 
after T0070907 treatment in MCF-7:2A cells. Cells were treated with a vehicle control 

(0.1% DMSO) or T0070907 (2.5, 5 µM) for 72 hours. Expression of PPARγ and ERα was 

detected using Western blotting.
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