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Abstract

Estrogen (E2) exerts a dual function on E2-deprived breast cancer cells, with both initial 

proliferation and subsequent induction of stress responses to causes apoptosis. However, the 

mechanism by which E2 integrally regulates cell growth or apoptosis associated pathways remains 

to be elucidated. Here, E2 deprivation results in many alterations in stress-responsive pathways. 

For instance, E2-deprived breast cancer cells had higher basal levels of stress-activated protein 

kinase, c-Jun N-terminal kinase (JNK), compared with wild-type MCF-7 cells. E2 treatment 

further constitutively activated JNK after 24 hours. However, inhibition of JNK (SP600125) was 

unable to abolish E2-induced apoptosis, whereas SP600125 alone arrested cells at the G2-phase of 

the cell cycle and increased apoptosis. Further examination showed that inhibition of JNK 

increased gene expression of tumor necrosis alpha (TNFα) and did not effectively attenuate 

expression of apoptosis-related genes induced by E2. A notable finding was that E2 regulated both 

JNK and Akt as the downstream signals of insulin-like growth factor-1 receptor (IGF1R)/

phosphoinositide 3-kinase (PI3K), but with distinctive modulation patterns: JNK was 

constitutively activated, whereas Akt and Akt-associated proteins, such as PTEN and mTOR, were 

selectively degraded. Endoplasmic reticulum-associated degradation (ERAD) was involved in the 

selective protein degradation. These findings highlight a novel IGF-1R/PI3K/JNK axis that plays a 

proliferative role during the prelude to E2-induced apoptosis and that the endoplasmic reticulum is 

a key regulatory site to decide cell fate after E2 treatment.

IMPLICATIONS—This study provides a new rationale for further exploration of E2-induced 

apoptosis to improve clinical benefit.
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Introduction

Estrogen (E2) plays a pivotal role in the development and progression of breast cancers. 

Blockade of E2 signaling by either aromatase inhibitors (AIs) or tamoxifen are important 

treatment strategies for estrogen receptor (ER) positive breast cancers (1). However, 

acquired resistance to anti-estrogen therapies is still a challenge in the clinic. Laboratory 

findings that re-transplantation of tamoxifen-stimulated tumors into successive generations 

of athymic mice over 5 years results in the selection of a resistant tumor cell population that 

is killed by physiological levels of E2 (2, 3), has resulted in the new biology of E2-induced 

apoptosis (4–7). Indeed, E2-induced apoptosis has been used successfully to treat breast 

cancer after the failure of AI therapy (8) and to explain the action of E2 replacement therapy 

for postmenopausal women in their 60s having a lower incidence of breast cancer and 

mortality (9, 10). The laboratory and clinical data describing the effects of estrogens to 

cause tumor cell death and tumor regression have been linked to E2-induced apoptosis in 

vulnerable cell populations created by selection pressure in long term E2-deprived 

environments (11). All of these findings encouraged us to investigate the mechanisms of E2 

action in validated cellular models of long-term E2-deprived breast cancer.

Our observations show that E2-induced apoptosis through nuclear ER alpha (ERα) (12, 13) 

can be completely blocked by the antiestrogen 4-hydroxytamoxifen (4-OHT) or knockdown 

of ERα through small interfering RNA (siRNA) (13, 14). E2 activates classic ERE-regulated 

endogenous genes in MCF-7:5C cells (12, 13), but ERE transcriptional pathway does not 

directly participate in the E2-induced apoptosis in vitro (13) or in vivo (15). Our global gene 

array (12) data suggest that E2 signaling can occur through a non-classic transcriptional 

pathway involving the interaction of ER with transcription factors such as activator 

protein-1 (AP-1), which may regulate stress responses. The c-Jun NH2-terminus kinase 

(JNK) has been documented to play a major role in controlling activation of AP-1 proteins 

through phosphorylation (16). Furthermore, the stress-activated protein kinase JNK is a 

well-known stress- and inflammatory cytokine-activated kinase pathway (17, 18). One of the 

most extensively studied functions of JNK is its induction of apoptosis under stress 

conditions (19, 20). However, the precise role of JNK activation in apoptosis remains 

controversial (20–22). Recent studies of human tumor specimens, including breast cancer, 

show a correlation between elevated JNK activity and worse clinical outcome (22). 

Currently, there are no reports correlating alterations of JNK with functions in E2-deprived 

breast cancer cells, as surrogates of AI resistance.

By contrast, compelling evidence suggests that E2 induces apoptosis through accumulation 

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

inflammatory stress (12, 14, 23). Endoplasmic reticulum stress initially occurs after 

treatment with E2 (12). Three sensors of endoplasmic reticulum stress, protein kinase RNA-

like endoplasmic reticulum kinase (PERK), inositol-requiring protein 1 alpha (IRE1α), and 
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activating transcription factor 6 (ATF6), are activated by E2 (13). PERK attenuates protein 

translation which has been confirmed as an important inducer for E2-induced apoptosis (12), 

whereas ATF-6 and IRE1 increase endoplasmic reticulum folding capacity by up-regulating 

the endoplasmic reticulum chaperones and the endoplasmic reticulum-associated protein 

degradation (ERAD) machinery (24). IRE1 is able to modulate JNK activities (24). The 

initial response to E2 is proliferation in E2-deprived breast cancer cells with an increased S-

phase of the cell cycle over 3 days (12, 23, 25, 26). This response differs from rapid (12 

hour) chemotherapy-induced apoptosis (25). Our observations indicate that insulin-like 

growth factor-1 receptor (IGF-1R)/phosphoinositide 3-kinase (PI3K) is a dominant growth 

driver after E2 treatment in two E2-deprived breast cancer cells (23, 27), which activates Akt 

to promote cell growth (23, 27). Additionally, PI3K/Akt is involved in the metabolic stress 

and IRE1 has the capacity to regulate AKT activation (28). All of these growth or stress 

associated signals are tightly linked to modulate cell function under defined conditions.

We sought here to further understand how E2 integrally regulates proliferative growth, stress 

responses, and finally apoptosis in E2-deprived breast cancer cells. E2 treatment persistently 

activated JNK in an ER-dependent manner. However, blockade of JNK phosphorylation was 

unable to prevent E2-induced apoptosis. A notable finding was that E2 regulated both JNK 

and Akt as the downstream signals of insulin-like growth factor-1 receptor (IGF-1R)/

phosphoinositide 3-kinase (PI3K), but with distinctive modulation patterns: JNK was 

constitutively activated, whereas Akt and Akt-associated proteins, such as PTEN and 

mTOR, were selectively degraded. Endoplasmic reticulum stress-associated degradation 

(ERAD) was responsible for the selective degradation of Akt-associated proteins after E2 

treatment. All of these results provide further evidence to investigate E2-induced apoptosis 

in breast cancer with acquired resistance to antihormones.

Materials and Methods

Materials

Tunicamycin and the JNK inhibitor (SP600125) were purchased from Sigma-Aldrich (St. 

Louis, MO). The p38 inhibitor (SB203580) and the PI3K inhibitor (LY294002) were 

ordered from Promega (Madison, WI). The c-Src inhibitor (PP2) and the IGF-1R inhibitor 

(AG1024) were purchased from CalBiochem (San Diego, CA). Sources of antibodies for 

Western blotting are as follows: Total MAPK (#9102), phosphorylated MAPK (#9101), total 

Akt (#9272), phosphorylated Akt (#9271), total p38 (#9212), phosphorylated p38 (#9211), 

total JNK (#9252), phosphorylated JNK (#9255), total eIF2α (#9722), and phosphorylated 

eIF2α (#9721) antibodies were all from Cell Signaling Technology (Beverly, MA).

Cell culture conditions and cell proliferation assays

Estrogen-deprived MCF-7:5C and MCF-7:2A cells were maintained in estrogen-free RPMI 

1640 medium supplemented with 10% dextran-coated charcoal-stripped fetal bovine serum 

as previously described (12). Our DNA fingerprinting pattern of these cell lines (27) is 

consistent with the report by the American Type Culture Collection (ATCC). The DNA 

content of the cells, a measure of proliferation, was determined as previously described (12).
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Annexin V analysis of apoptosis

The FITC Annexin V Detection Kit I (BD Pharmingen, San Diego, CA) was used to 

quantify apoptosis by flow cytometry according to the manufacturer’s instructions as 

previously described (13).

Cell cycles analysis

MCF-7, MCF-7:5C, and MCF-7:2A cells were cultured in dishes. They were treated with 

vehicle (0.1% DMSO) or SP600125 (10−5 mol/L) for 48 hours. Cells were gradually fixed 

and analyzed as previously described (13).

Western blotting

Proteins were extracted 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). Western blotting was performed as previously described 

(13).

Quantitative Real-Time PCR

Quantitative RT-PCR assays were conducted as previously described (13) using the SYBR 

Green PCR Master Mix from Applied Biosystems (Foster City, CA) and a 7900HT Fast 

Real-time PCR System (Applied Biosystems).

Gene Expression Microarrays

MCF-7, MCF-7:5C, and MCF-7:2A cells were cultured as previously described (27). Total 

RNA was isolated using the Qiagen RNeasy Micro kit (Qiagen, Valencia, CA). RNA 

integrity and purity were measured as previously described (12). Cy3 (sample) and Cy5 

(reference) cRNA probes were prepared and co-hybridized to Agilent 4×44K Human 1A 

(V2) dual color Oligo Microarrays using manufacturer’s protocols (Agilent Technologies, 

Palo Alto, CA) (12). Genes significantly up- or down-regulated with a p value < 0.001 were 

selected for analysis. Gene expression data was deposited in Gene Expression Omnibus 

(GEO) (www.ncbi.nlm.nih.gov/geo) with accession number GSE60079.

Statistical analysis

All reported values are the means ± SE. Statistical comparisons were determined with two-

tailed Student’s t tests. Results were considered statistically significant if the P value was 

<0.05.

Results

Basal JNK levels are increased in two long-term E2-deprived breast cancer cells

The MCF-7:5C and MCF-7:2A cells were cloned using long-term E2 deprivation of MCF-7 

cells, which results in many alterations for the adaptation to nutrient deficiency (5, 12, 29). 

MCF-7:5C cells undergo E2-induced apoptosis within seven days of E2 treatment, whereas 

MCF-7:2A cells survive two weeks of E2 treatment benefitting from a stronger antioxidant 

defense mechanism (13, 23). Evidence has shown that stress-activated pathways, JNK and 
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p38, are activated in endocrine-resistant breast cancer cells (30). We address the question of 

whether long-term E2 deprivation alters these two pathways. In the present study, increased 

basal levels of total JNK were observed in two long-term E2-deprived breast cancer cell 

lines, MCF-7:5C and MCF-7:2A (Fig. 1A). Higher phosphorylated JNK was detected in 

MCF-7:5C cells, but not in MCF-7:2A cells (Fig. 1A). There was no change of total and 

phosphorylated p38 in E2-deprived cell lines compared with wild-type MCF-7 cells (Fig. 

1B). Inhibition of JNK by a specific inhibitor, SP600125, in MCF-7 cells reduced cell 

numbers (Fig. 1C) and arrested cells at G2-phase of the cell cycle in all three cell lines 

(Supplementary Fig. S1A–1C); MCF-7:5C and MCF-7:2A cells were more sensitive to the 

JNK inhibitor (Fig. 1C). Unexpectedly, the JNK inhibitor completely blocked the 

proliferation activated by E2 in MCF-7 cells (Supplementary Fig. S1D), demonstrating JNK 

is also a growth signal in parental cells. To further confirm the function of JNK in E2-

deprived breast cancer cells, it was knocked down by specific siRNA. Our results indicate 

that JNK was effectively knocked down by siRNA in MCF-7:5C cells after 72 hours; 

however, double transfection was required for MCF-7:2A cells to get similar effect as in 

MCF-7:5C cells (Fig. 1D). Knockdown of JNK was more effective it inhibiting MCF-7:5C 

cell growth than in MCF-7:2A cells (Fig. 1E). Global gene expression profiles revealed that 

basal expression levels of JNK (MAPK8), but not p38 (MAPK14), were elevated in both 

MCF-7:5C and MCF-7:2A cells (Table S1). Furthermore, many stress-responsive genes, 

including inflammation (TNFRSF11B, CXCR4, TNF, etc), oxidative stress (APOE, GPX2, 

SOD2, etc), endoplasmic reticulum stress (EIF2AK3, ATF6, ERN1, etc), and stress-related 

kinases (MAPK8, MAPK14, SGK, etc) had been altered after E2 deprivation (Table S1). 

These results suggest that a wide range of stress-related pathways including JNK have been 

altered in E2-deprived breast cancer cells.

JNK functions as a growth signal in the process of E2-induced apoptosis

We observed that E2 started to increase levels of phosphorylated JNK after a 24 hour 

treatment (Fig. 2A) and constitutively activated JNK after a prolonged treatment with E2 in 

MCF-7:5C cells (Fig. 2A). Induction of JNK phosphorylation by E2 was effectively blocked 

by 4-OHT (Fig. 2A), demonstrating a dependence on the ER. Treatment with a specific 

inhibitor, SP600125 resulted in an effective reduction of JNK phosphorylation in MCF-7:5C 

cells (Fig. 2B), and similarly in MCF-7:2A cells (Supplementary Fig. S2A). To assess the 

function of JNK activation in the process of E2-induced apoptosis, MCF-7:5C cells were 

treated with E2 in the absence or presence of SP600125 for 72 hours. The JNK inhibitor 

alone caused apoptosis with increased percentage of Annexin V binding (Fig. 2C), and 

SP600125 was unable to block E2-induced apoptosis after 72 hours (Fig. 2C); similar results 

were found in MCF-7:2A cells after 6 days of treatment (Supplementary Fig. S2B). 

Consistently, knockdown of JNK through specific siRNA increased apoptosis (Fig. 2D). It 

was additive with E2 to cause apoptotic impairment in MCF-7:5C cells (Fig. 2D). Cell 

viability assays demonstrated that both E2 and the JNK inhibitor reduced cell number, and 

SP600125 could not prevent the reduction of cell number caused by E2 in MCF-7:5C cells 

(Fig. 2E). In MCF-7:2A cells, E2 did not reduce cell number after a one week treatment, but 

a combination of E2 with SP600125 decreased cell number to the level observed with the 

JNK inhibitor alone (Supplementary Fig. S2C).
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Inhibition of JNK activity does not attenuate apoptosis-related genes activated by E2

Our observations have shown that E2 activates multiple apoptosis-related genes in 

MCF-7:5C cells (13), which are involved in the oxidative stress, endoplasmic reticulum 

stress, and inflammatory pathways (13). To further identify the function of JNK activation in 

the regulation of these apoptosis-related genes, real-time RT-PCR was performed to 

measure gene expression levels. The indicator of oxidative stress, heme oxygenase 1 gene 

(HMOX1), was dramatically up-regulated by E2 (Fig. 3A). Inhibition of JNK alone did not 

increase the expression level of HMOX1 (Fig. 3A), but SP600125 could not completely 

block the up-regulation of HMOX1 by E2 (Fig. 3A). It is known that TNFα induces 

apoptosis in MCF-7:5C cells (13). Levels of mRNA from members of TNF family (i.e. TNF 

and LTB) were increased by E2, but the JNK inhibitor was unable to prevent this induction 

(Fig. 3B and 3C). Furthermore, elevated expression level of TNF was detected by the JNK 

inhibitor alone (Fig. 3B). Other stress-related genes, such as TP63, PMAIP1, and 

PPP1R15A, were up-regulated by E2 (Fig. 3D and Supplementary Fig. S3), but could not be 

blocked by the JNK inhibitor. These results indicate that inhibition of JNK does not 

effectively block E2-induced apoptosis-related genes. It also suggests that JNK is not an 

apoptotic signal in the process of E2-induced apoptosis.

E2-activated JNK is regulated by IGF-1R/PI3K pathways in MCF-7:5C cells

The insulin-like growth factor-1 receptor (IGF-1R) has been confirmed as an important 

growth driver in the two E2-deprived breast cancer cells used here (23, 27). E2 up-regulated 

IGF-1R protein and mRNA levels in MCF-7:5C cells (Fig. 4A and Supplementary Fig. 

S4A). To verify the functional regulation between JNK and IGF-1R, MCF-7:5C cells were 

treated with E2 in the absence or presence of tyrosine kinase inhibitor of IGF-1R, AG1024, 

which effectively blocked phosphorylation of IGF-1R (Supplementary Fig.S4B) (31, 32). 

The IGF-1R inhibitor abolished JNK phosphorylation and its activation by E2 (Fig. 4B). 

This suggests that IGF-1R is one of the upstream signals of JNK in MCF-7:5C cells. Our 

observations have shown that PI3K is a downstream growth signal of IGF-1R in E2-

deprived cells (23, 27). Interestingly, blockade of PI3K by a specific inhibitor, LY294002, 

was able to reduce basal levels of phosphorylated JNK and completely inhibit the activation 

of JNK by E2 (Fig. 4C). Predictably, inhibition of IGF-1R and PI3K suppressed 

phosphorylation of Akt (Supplementary Fig. S5A). In addition to activating growth 

pathways, E2 activates endoplasmic reticulum stress (12) and it widely elicits stress-related 

genes and inflammatory response genes after E2 treatment in MCF-7:5C cells (12). JNK is 

considered a molecular link between stress and apoptosis (18). To gain further insights into 

the regulatory relationship between JNK activation and endoplasmic reticulum stress, an 

inducer of endoplasmic reticulum stress, Tunicamycin (33) was used to treat MCF-7:5C 

cells. As expected, it caused apoptosis in MCF-7:5C cells (Fig. 4D) and activated eukaryotic 

translation initiation factor-2α (eIF2α) (Fig. 4E), which is activated by PERK (13). 

However, Tunicamycin treatment did not activate JNK (Fig. 4E). These data confirm that 

E2-activated JNK is mainly regulated by IGF-1R/PI3K in MCF-7:5C and functions as a 

growth signal in E2-deprived cells.
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E2 selectively disrupts Akt-associated proteins in MCF-7:5C cells

It is well known that Akt transduces the downstream signal of PI3K and plays an important 

role in protecting cell from apoptosis (34). Intriguingly, results shown above indicate that 

activation of JNK is regulated by IGF-1R/PI3K and has a proliferative role in MCF-7:5C 

cells. This encouraged us to investigate the alterations of two basal growth pathways: 

PI3K/Akt and ERK/MAPK after E2 treatment. Notably, E2 significantly activated Akt 

between 24–48 hours, but resulted in a reduction in levels of both total and phosphorylated 

Akt after 72 hours of exposure (Fig. 5A). Similar effects were noted in the expression of 

total and phosphorylated mTOR (Fig. 5B), a well-described Akt downstream target (34). 

The activation of the PI3K/Akt pathway is tightly regulated by phosphatases, especially the 

reversion of PIP3 back to PIP2 by phosphatase and tensin homolog (PTEN) (35). However, 

PTEN and Akt upstream protein p85 (regulatory subunit of PI3K) were also decreased by E2 

at this time point (Fig. 5C). In contrast, ERK/MAPK was moderately activated by E2 

between 24–48 hours, and went down to the same level as control at 72 hours (Fig. 5D). All 

of these findings suggest that E2 selectively disrupts Akt-related pathways.

Degradation of Akt by E2 is mediated by endoplasmic reticulum stress in MCF-7:5C cells

The ER is the initial site for E2 to induce all signals related with either proliferation or 

apoptosis (13). Thus, targeting ER by 4-OHT can prevent the degradation of total and 

phosphorylated Akt induced by E2 (Fig. 6A). Although c-Src is an important adapter protein 

to mediate ER signaling pathways in MCF-7:5C cells (13), blockade of c-Src was 

insufficient to abolish the degradation of Akt by E2 (Supplementary Fig. S5B). Evidence 

suggests that endoplasmic reticulum stress causes down-regulation of Akt (36). To better 

understand the regulation of Akt by endoplasmic reticulum stress, MCF-7:5C cells were 

treated with an endoplasmic reticulum stress inducer, Tunicamycin (33). The levels of 

phosphorylated Akt decreased, but not for total Akt after a 24 hours treatment (Fig. 6B). To 

further investigate the function of three sensors of endoplasmic reticulum stress in the 

regulation of Akt, each one was knocked down by specific siRNAs (Fig. 6C) which partially 

prevented E2-induced apoptosis (Supplementary Fig. S6A–6C). Interestingly, knockdown of 

IRE1α could effectively reverse the degradation of p-Akt by E2 (Fig. 6D). Knockdown of 

ATF6 partially increased the levels of Akt (Fig. 6D). However, knockdown of PERK alone 

reduced p-Akt and had no effects on preventing degradation of p-Akt by E2 (Fig. 6D). In 

contrast, JNK phosphorylation activated by E2 was not affected by knockdown of three 

sensors (Fig. 6E). Expression levels of IGF-1R were not altered after the knockdown of each 

of the three sensors (Supplementary Fig. S6D). These results indicate that endoplasmic 

reticulum stress participates in the deregulation of Akt by E2 in MCF-7:5C cells (Fig. 7), 

despite the three sensors having differential functions.

Discussion

Although the potential limitation of translational research to address the treatment of 

hormone responsive breast cancer is that only a limited number of ER positive breast cancer 

cell lines are available for use routinely (37), a characteristic of the MCF-7 E2-deprived 

breast cancer cell lines is vulnerability to apoptosis induced by E2 (4, 12). This new biology 

of E2-induced apoptosis has been successfully used in clinical trials (7, 8). In the past, we 
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have focused on the investigation of apoptosis-related signal pathways, genes, and 

cytoplasm organelles’ stress induced by E2 in long-term E2-deprived breast cancer cells (5, 

12, 13, 14, 23). However, it needs to be emphasized that E2 exerts a dual function on 

MCF-7:5C cells, with both initial proliferation and subsequent apoptosis (12, 25, 26). This is 

very different from the immediate actions of paclitaxel (25). Even though the characteristic 

E2-induced apoptosis occurs after 72-hour treatment, cell numbers are initially increased by 

E2 with a high percentage in S-phase (12, 25, 26). These observations suggest that the cell 

growth pathways are simultaneously activated by E2 in the process of apoptosis. How E2 

integrally regulates these growth or apoptosis associated pathways is now addressed.

One of the important growth drivers up-regulated by E2 in E2-deprived breast cancer cells is 

IGF-1R, which is the upstream of PI3K/Akt to mediate a mechanism of growth and create 

an anti-apoptotic advantage (23, 27). IGF-1R is regulated by E2 in an ER-dependent manner, 

but not through IGFs autophosphorylation (27). The present study demonstrates that 

constitutive activation of JNK by E2 is regulated by the IGF-1R/PI3K pathway. In 

agreement with our findings, clinical studies show that levels of phosphorylated JNK 

correlate with breast cancer metastasis and decreased overall survival (22). Although 

compelling evidence has implicated JNK to be an essential component of a signal 

transduction pathway which leads to programmed cell death (38, 39), activation of JNK does 

not participate in E2-induced apoptosis (Fig. 2C). Inhibition of JNK cannot prevent E2-

induced apoptosis in MCF-7:5C cells (Fig. 2C and 2D), whereas blockade of JNK is 

associated with increased cell death (Fig. 2E). Despite being another stress-responsive 

kinase, p38 (17) is activated by E2 in MCF-7:5C cells, and does not play a central role in E2-

induced apoptosis (Supplementary Fig. S7A). All of these observations suggest that stress-

activated kinases can function as pro- or anti-apoptotic factors, depending on the signaling 

network and cell context (40). The data, overall, again illustrate the unique aspects of E2-

induced apoptosis in cancer cell biology.

A notable finding is that E2 regulates both JNK and Akt as downstream signals of IGF-1R/

PI3K, but with distinct modulation patterns: JNK is constitutively activated (Fig. 2A), 

whereas Akt is first activated and then degraded (Fig. 5A). It is well known that the 

PI3K/Akt pathway controls fundamental aspects of metabolism and cell growth (41, 42). 

However, the total Akt and Akt-related proteins are reduced by E2 through a poorly 

understood mechanism. The c-Src inhibitor which abrogates E2-induced apoptosis (13, 27) 

fails to prevent E2-induced Akt disruption (Supplementary Fig. S5B). This finding indicates 

that inactivation of Akt by E2 does not simply represent a secondary, caspase-dependent 

event. Our results suggest that endoplasmic reticulum stress is responsible for the disruption 

of Akt. However, three sensors of endoplasmic reticulum stress exert differential functions 

on the regulation of Akt in MCF-7:5C cells (Fig. 6D). Knockdown of IRE1α is the most 

effective to prevent degradation of Akt by E2 (Fig. 6D). Consistent with our observation, 

IRE1α has been reported to promote plasma lipid protein metabolism (43), which is also a 

major sensor in the mediation of endoplasmic reticulum-associated degradation (ERAD) 

(44). Additionally, E2 simultaneously degrades Akt-associated proteins, PTEN, p85, and 

mTOR in MCF-7:5C cells (Fig. 5B and 5C), which also suggests the existence of an 

additional or alternative mechanism for the protein degradation process, such as the 

ubiquitin-proteasome system and the autophago-lysosomal pathway that may be activated 
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by E2 to facilitate the selective degradation of plasma membrane proteins (45–49). Three 

protein degradation processes are tightly linked to regulate cellular metabolism, not only for 

the stress response, but also as part of an overall regulatory system that balances anabolic 

and catabolic pathways (48–50). This is the focus of our future studies.

In summary, E2 widely activates growth or apoptosis associated signaling pathways to 

integrally regulate cellular responses in E2-deprived breast cancer cells (13, 23). To maintain 

cellular homeostasis, the initial proliferative signal activated by E2 induces endoplasmic 

reticulum stress (12, 13) to properly fold proteins or remove unfolded proteins (51). 

Endoplasmic reticulum is also a focal point to activate a set of signaling pathways which 

might promote apoptotic cell death if stress is not alleviated (51). For instance, it can 

activate inflammatory responses including the TNF family members to cause cell death (Fig. 

7, refs. 12 and 13). Here, we identify that endoplasmic reticulum stress participates in the 

selective disruption of Akt-associated proteins, which results in differential regulation 

patterns between JNK and Akt, even though they are common downstream targets of 

IGF-1R/PI3K axis in E2-deprived breast cancer cells (Fig. 7). This work offers a mechanistic 

rationale for better understanding E2 decision making to promote growth or apoptosis and 

provides a new insight into the vulnerability or security of survival networks to be applied to 

the treatment of endocrine-resistant breast cancer (7, 11).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Basal levels of JNK and p38 in three cell lines
(A) Expression levels of JNK in three cell lines. MCF-7 cells were cultured in E2-free 

medium for three days. Then, cell lysates of MCF-7, MCF-7:5C, and MCF-7:2A were 

harvested. Total JNK and p-JNK were examined by Western blotting. β-actin was measured 

as loading control. (B) Expression levels of p38 in three cell lines. Cell lysates of MCF-7, 

MCF-7:5C, and MCF-7:2A were the same as above. Total p38 and p-p38 were examined by 

Western blotting. (C) Growth response to the JNK inhibitor. MCF-7, MCF-7:5C, and 

MCF-7:2A cells were treated with vehicle (0.1% DMSO) or SP600125 (10−5 mol/L). Cells 

were harvested after 7 days of treatment and cell viability was quantitated by determination 

of total DNA. p<0.05, * compared with control. p<0.001, ** compared with control. (D) 

Knockdown of JNK through specific siRNA. MCF-7:5C cells were transfected with control 

siRNA or JNK siRNA for 72 hours. MCF-7:2A cells were double transfected with control 

siRNA or JNK siRNA for 5 days. Cell lysates were harvested for Western blotting. (E) 

Knockdown of JNK inhibited cell growth. MCF-7:5C and MCF-7:2A cells were double 

transfected with control siRNA or JNK siRNA and were grown for 5 days. Cell nuclei were 

counted using a Coulter counter. p<0.05, * compared with control. p<0.001, ** compared 

with control.
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Figure 2. Activation of JNK by E2 in MCF-7:5C cells
(A) Activation of JNK by E2. MCF-7:5C cells were treated with vehicle (0.1% EtOH), E2 

(10−9 mol/L), 4-OHT (10−6 mol/L), and E2 (10−9 mol/L) plus 4-OHT (10−6 mol/L) for the 

time points indicated. p-JNK was examined by Western blotting. Total JNK was measured 

as loading control. (B) The JNK inhibitor effectively blocked phosphorylation of JNK. 

MCF-7:5C cells were treated with vehicle (0.1% DMSO) or SP600125 (10−5 mol/L) for 24 

hours. p-JNK was examined by Western blotting. Total JNK was measured as loading 

control. (C) The JNK inhibitor could not block E2-induced apoptosis. MCF-7:5C cells were 

treated with vehicle (0.1% DMSO), E2 (10−9 mol/L), SP600125 (10−5 mol/L), and E2 (10−9 

mol/L) plus SP600125 (10−5 mol/L) for 72 hours. Annexin V binding assay was used to 

detect apoptosis. p<0.05, * compared with control. p<0.001, ** compared with control. (D) 

Knockdown of JNK could not block E2-induced apoptosis. MCF-7:5C cells were transfected 

with control siRNA or JNK siRNA for 72 hours. Then, cells were treated with vehicle (0.1% 

EtOH) or E2 (10−9 mol/L) for 72 hours. Annexin V binding assay was used to detect 

apoptosis. p<0.001, ** compared with control. (E) Growth response to the JNK inhibitor in 

the presence or absence of E2. MCF-7:5C cells were treated with the same compound as in 

(C). Cells were harvested after 7 days treatment and cell viability was quantitated by 

determination of total DNA. p<0.001, ** compared with control.
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Figure 3. Regulation of apoptosis-related genes by the JNK inhibitor
MCF-7:5C cells were treated with the same compounds as in Fig. 2C for 72 hours. Cells 

were harvested in TRIzol. Gene expression levels were quantitated by RT-PCR. (A) 

HMOX1, (B) TNF, (C) LTB, (D) TP63. p<0.05, * compared with control. p<0.001, ** 

compared with control.
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Figure 4. Regulation of the JNK activation
(A) E2 elevated IGF-1R. MCF-7:5C cells were treated with vehicle (0.1% EtOH) or E2 

(10−9 mol/L) for 72 hours. IGF-1R was examined by Western blotting. β-actin was 

measured as loading control. (B) Regulation of JNK activation by IGF-1R. MCF-7:5C cells 

were treated with vehicle (0.1% DMSO), E2 (10−9 mol/L), SP600125 (10−5 mol/L), E2 

(10−9 mol/L) plus SP600125 (10−5 mol/L), AG1024 (5×10−6 mol/L), E2 (10−9 mol/L) plus 

AG1024 (5×10−6 mol/L) for 48 hours. p-JNK was examined by Western blotting. Total JNK 

was measured as loading control. (C) Regulation of JNK activation by PI3K. MCF-7:5C 

cells were treated with vehicle (0.1% DMSO), E2 (10−9 mol/L), LY294002 (10−6 mol/L), 

and E2 (10−9 mol/L) plus LY294002 (10−6 mol/L) for 48 hours. p-JNK was examined by 

Western blotting. Total JNK was measured as loading control. (D) Induction of apoptosis by 

the endoplasmic reticulum stress inducer, Tunicamycin. MCF-7:5C cells were treated with 

vehicle (0.1% DMSO) or Tunicamycin (10−5 mol/L) for 24 hours. Annexin V binding assay 

was used to detect apoptosis. p<0.001, ** compared with control. (E) Effects of 

Tunicamycin on the activation of JNK. MCF-7:5C cells were treated with the same 

compound as in (D). p-eIF2α and p-JNK were examined by Western blotting. Total eIF2α 

and JNK were measured as loading controls.

Fan et al. Page 16

Mol Cancer Res. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. E2 degraded Akt-associated proteins
(A) Regulation of Akt by E2. MCF-7:5C cells were treated with vehicle (0.1% EtOH) or E2 

(10−9 mol/L) for different time points indicated. Cell lysates were harvested. p-Akt and total 

Akt were examined by Western blotting. β-actin was measured as loading control. (B) 

Regulation of mTOR by E2. Cells were treated the same as in (A). p-mTOR and total mTOR 

were examined by Western blotting. β-actin was measured as loading control. (C) 

Regulation of PTEN and p85 by E2. Cell lysates were the same as above. p-PTEN, total 

PTEN, p-p85, and total p85 were examined by Western blotting. β-actin was measured as 

loading control. (D) Regulation of MAPK by E2. MCF-7:5C cells were treated with vehicle 

(0.1% EtOH) or E2 (10−9 mol/L) for different time points indicated. Cell lysates were 

harvested. p-MAPK and total MAPK were examined by Western blotting. β-actin was 

measured as loading control.
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Figure 6. Regulation of Akt by endoplasmic reticulum stress
(A) 4-OHT prevented the degradation of Akt by E2. MCF-7:5C cells were treated with 

vehicle (0.1% EtOH), E2 (10−9 mol/L), 4-OHT (10−6 mol/L), and 4-OHT (10−6 mol/L) plus 

E2 (10−9 mol/L) for 72 hours. Cell lysates were harvested. p-Akt and total Akt were 

examined by Western blotting. β-actin was measured as loading control. (B) Effects of 

Tunicamycin on Akt phosphorylation. MCF-7:5C cells were treated with vehicle (0.1% 

DMSO), E2 (10−9 mol/L), and Tunicamycin (10−5 mol/L) for different time points indicated. 

p-Akt and total-Akt were examined by Western blotting. β-actin was measured as loading 

control. (C) Knockdown of three sensors of endoplasmic reticulum stress by siRNAs. 

MCF-7:5C cells were transfected with scrambled, PERK, IRE1α, and ATF6 siRNA for 72 

hours. Respective proteins were examined by Western blotting. β-actin was measured as 

loading control. (D) Effects on Akt after knockdown of three sensors. MCF-7:5C cells were 

transfected with specific siRNAs as above for 72 hours. Then, cells were treated with or 

without E2 for 72 hours. p-Akt and total-Akt were examined by Western blotting. β-actin 

was measured as loading control. (E) Effects on JNK phosphorylation after knockdown of 

three sensors. Cell lysates were the same as in (D). p-JNK and total-JNK were examined by 

Western blotting.
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Figure 7. Endoplasmic reticulum is a joint regulatory site to integrally modulate growth or 
apoptosis associated pathways
E2 activates IGF-1R/PI3K and its downstream signals, Akt and JNK to promote cell growth. 

Simultaneously, E2 activates endoplasmic reticulum stress which activates a set of signaling 

pathways including three sensors (PERK, IRE1α, and ATF6), inflammatory responses, 

caspase 4/12, and adenosine monophosphate (AMP)-activated protein kinase (AMPK). The 

AMPK and Akt converge on mTOR with opposing regulatory effects to coordinate 

bioenergetics and cell viability. IRE1α and ATF6 are involved in the degradation of Akt.
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