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Steroid receptor coactivator 3 regulates autophagy in 
breast cancer cells through macrophage migration
inhibitory factor
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SRC-3/AIB1 (steroid receptor coactivator 3/amplified in breast cancer 1) is an authentic oncogene that contributes 
to the development of drug resistance and poor disease-free survival in cancer patients. Autophagy is also an impor-
tant cell death mechanism that has tumor suppressor function. In this study, we identified macrophage migration 
inhibitory factor (MIF) as a novel target gene of SRC-3 and demonstrated its importance in cell survival. Specifically, 
we showed that MIF is a strong suppressor of autophagic cell death. We further showed that suppression of MIF, in 
turn, induced autophagic cell death, enhanced chemosensitivity and inhibited tumorigenesis in a xenograft mouse 
tumorigenesis model. Our study demonstrated that regulation of MIF expression and suppression of autophagic cell 
death is a potent mechanism by which SRC-3 contributes to increased chemoresistance and tumorigenicity.
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Introduction

Breast cancer is the most common non-dermal ma-
lignancy and the most common cause of cancer-related 
deaths in women. Even with early detection and im-
proved treatments, the 5-year survival rate in patients 
with advanced breast cancer is about 20% [1]. Resistance 
to therapy plays a major role in treatment failure. To im-
prove treatment outcome, a better understanding of the 
molecular mechanisms underlying such drug resistance 
is critical.

Although the exact cause of breast cancer and drug re-
sistance is not known, both genetic and non-genetic fac-
tors are involved. Steroid receptor coactivator 3 (SRC-3/
AIB1/ACTR/RAC3/p/CIP), a member of the p160 fam-

ily of coactivators, is an oncogene that interacts with nu-
clear receptors (NRs) and non-NR transcriptional factors, 
including estrogen receptor (ER), progesterone receptor 
(PR), androgen receptor and NF-κB and is required for 
the expression of subsets of their respective target genes. 
By modulating gene expression, SRC-3 regulates diverse 
physiological functions and has been implicated in the 
development of breast cancer and prostate cancer. SRC-
3 (also known as AIB1 for amplified in breast cancer 1) 
was initially identified as a gene amplified and overex-
pressed in 5%-10% of ovarian cancers and 30%-60% of 
breast cancers [2]. Recent clinical evidence showed that 
high levels of SRC-3 expression were associated with 
high levels of HER2/neu, EGFR, development of drug 
resistance and poor disease-free survival in patients with 
breast and lung cancers [3-5]. These results suggest that 
crosstalk between signaling pathways regulate SRC-3 
activity through protein post-translational modifications 
(PTMs) [6-8]. These dynamic and reversible PTMs link 
SRC-3 functions and cellular response to extracellular 
stimuli and underscore another important aspect of the 
oncogenic function of SRC-3.

Despite its discovery in the mid-1960s as a T-cell-
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derived factor that modulated the motility of monocytes, 
macrophage migration inhibitory factor (MIF) has been 
shown to be involved in cancers [9-13]. Interestingly, 
both circulating and intracellular levels of MIF were 
elevated in patients with cancers, and the levels of MIF 
were closely correlated with tumor aggressiveness and 
metastatic potential, suggesting that MIF contributed to 
disease severity and survival [14-17]. Intracellular MIF 
interacted with the signalosome component JAB1/CSN5 
and was shown to regulate both the activity of tumor 
suppressor p53 and the angiogenesis induced by hypoxia 
[17, 18]. Interestingly, JAB1/CSN5 was further shown to 
interact with PR and SRC-1 and potentiated the activity 
of a variety of transcription factors known to associate 
with SRC-1, such as AP-1 and NF-κB [19-21]. In ad-
dition, JAB1 expression was required for the rapid and 
transient activation of ERK by MIF, and the ability of 
JAB1/CSN5 to activate AP-1 is modulated by interaction 
with MIF [22, 23]. The extracellular action of MIF was 
mediated through binding of its receptors on target cells, 
including MHC class II chaperone CD74 and chemokine 
receptors CXCR2 and CXCR4, followed by activation of 
downstream signaling pathways [10, 24, 25]. Together, 
these findings clearly suggested a potential involvement 
of MIF in cancer, but the precise role(s) of MIF remains 
to be elucidated.

Autophagy (type II programmed cell death) is a 
highly regulated process that is involved in numerous 
physiological functions in multicellular organisms, in-
cluding organelle turnover and protein degradation [26, 
27]. Although some evidence suggested that autophagy 
promotes cell survival under nutrient deprivation, a 
growing body of evidence suggested that suppression 
of autophagic cell death promoted cancer development. 
The major evidence that supported the tumor suppres-
sive function of autophagy includes the following: (1) 
monoallelic loss of the essential autophagy gene beclin 1 
was found with high frequency in human breast, ovarian 
and prostate tumors; (2) an increase in tumor incidence 
was observed in beclin 1+/− mutant mice; and (3) DAP-
K and PTEN tumor suppressors upregulate autophagic 
pathways [28-32]. Furthermore, the activity of autophagy 
is connected to apoptosis. Depending on the cellular con-
text and stimuli, in some instances, autophagy precedes 
apoptosis and may enhance or inhibit apoptosis, while 
in others, autophagy and apoptosis are mutually exclu-
sive and function as backups for each other to ensure 
complete cell death. Although the relationship between 
autophagy and apoptosis is not well understood, the anti-
apoptotic Bcl-2 family proteins have been shown to serve 
as a switch between these two cell death mechanisms 
[33]. Since Bcl-2 is an oncogene that is overexpressed in 

50%-70% of breast cancers, inhibition of autophagic and 
apoptotic cell death by Bcl-2 may promote resistance to 
chemotherapy and hormone therapies [34-36].

In this report, we demonstrate that SRC-3 regulates 
the expression of MIF and show that suppression of 
SRC-3 or MIF expression reduces cell viability through 
induction of autophagic cell death in MCF-7 breast can-
cer cells. Importantly, suppression of MIF increased au-
tophagic cell death and is associated with reduced tum-
origenicity and enhanced chemosensitivity. Together, our 
findings support a role of autophagy in tumor suppres-
sion and suggest that induction of autophagic cell death 
by suppression of SRC-3 or MIF is a novel anticancer 
mechanism.

Results

SRC-3 regulates MIF expression
Recent reports indicate that overexpression of onco-

gene SRC-3 was associated with development of drug 
resistance and poor disease-free survival in patients with 
breast cancer [4, 5]. To better understand the mechanism 
by which SRC-3 promotes drug resistance and cell sur-
vival, we devised an assay to identify genes that can pro-
mote cell proliferation and cell survival when expression 
of SRC-3 was suppressed in breast cancer cells. Infection 
of MCF-7 breast cancer cells with lentivirus express-
ing short hairpin RNA (shRNA) against SRC-3 resulted 
in a significant (~98%) reduction of SRC-3 expression, 
but did not affect the levels of SRC-1 or SRC-2 (Figure 
1A). Knockdown of SRC-3 inhibited cell proliferation, 
affected cell cycle progression (Supplementary informa-
tion, Figures S1 and S2) and abolished the induction 
of PRs (PR-A and PR-B) by estradiol, an endogenous 
target gene of ER, confirming the functional importance 
of SRC-3 (Figure 1B, compare lanes 2 and 4). After the 
successful knockdown of SRC-3, the cells were imme-
diately transduced with a lentiviral cDNA expression 
library, followed by antibiotic selection and treatment 
with doxorubicin to further reduce cell survival (Figure 
1C). A total of 34 surviving and proliferating clones were 
isolated for recovery of cDNAs. Sequencing analyses 
revealed that some cDNAs encode the same genes, and 
a total of 10 genes were identified. Among the 10 genes 
identified, 8 genes belong to the ribosomal biogenesis 
(5 genes) and the cytokine/mitogen (3 genes) signaling 
pathways, and have been implicated in cancer develop-
ment (data not shown) [37]. In addition, cathepsin D, an-
other well-known target gene of ER whose overexpres-
sion has been associated with increased risk of relapse 
and metastasis was also isolated. These results indicate 
that our screening strategy selectively identified genes 
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that are important for cell survival and may be involved 
in the oncogenic function of SRC-3.

In the current study, we focused on one of the candi-
date genes MIF (accession number NM_002415), a cy-
tokine and a growth factor, to investigate how regulation 
of MIF expression by SRC-3 may contribute to cancer 

development. Similar to SRC-3, MIF was also overex-
pressed in patients with cancer [14-17]. Despite being 
overexpressed in cancer patients, the molecular mecha-
nism responsible for MIF overexpression is not well 
understood. Given the fact that MIF was identified from 
the screen, we hypothesize that SRC-3 regulates MIF ex-

Figure 1 SRC-3 regulates MIF expression. (A) Immunoblot analysis demonstrated specific knockdown of SRC-3, but not 
SRC-1 or SRC-2, in MCF-7 cells by infection with lentivirus expressing shRNA against SRC-3. (B) Knockdown of SRC-3 
abolished the induction of PRs (PR-A and PR-B) by estradiol. (C) Schematic representation of the strategy used to identify 
genes that promoted cell survival in MCF-7 breast cancer cells under SRC-3 knockdown condition. (D) Immunoblot analysis 
showed that compared to transfection with control siRNA, transfection of siRNAs against SRC-3 (siSRC-3) suppressed MIF 
protein expression. β-actin was used as loading controls. (E) Semi-quantitative RT-PCR showed that the MIF mRNAs were 
reduced in SRC-3 knockdown cells. GAPDH was used as loading controls. (F) Expression of MIF protein in mammary epi-
thelial cells derived from SRC-3-null mutant (SRC-3–/–) mice was reduced compared to wild-type cells. β-actin was used as 
loading control. (G) Levels of Mif mRNA from MEFs and primary lymphocytes from wild-type (SRC-3+/+) or null mutant (SRC-
3–/–) mice were compared by RNase protection assay (RPA). L32 and GAPDH were used as loading controls. All normalized 
intensity is quantified by ImageJ.
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pression and MIF promotes cell survival.
We first examined whether expression of MIF is regu-

lated by SRC-3. In fact, knockdown of SRC-3 in MCF-
7 cells reduced MIF expression at the protein and mRNA 
levels as detected by immunoblot or RT-PCR analysis, 
respectively (Figure 1D and 1E). A similar decrease in 
endogenous MIF protein and Mif mRNA expression was 
found in cells derived from SRC-3-null mutant mice, 
including decreased protein expression in the mammary 
epithelial cells (Figure 1F) and reduced abundance of 
mRNA transcripts in the primary MEFs and lymphocytes 
(Figure 1G). These results indicated that regulation of 
MIF expression by SRC-3 occurs at the transcriptional 
levels and this regulation is not limited to the MCF-7 
breast cancer cells.

Activation of the MIF promoter by SRC-3 requires phos-
phorylation of SRC-3 and the hypoxia responsive element 
on the MIF promoter

To further understand how SRC-3 regulated MIF 
expression at the transcriptional level, we cloned a 5′ 
flanking region (from −2 504 to +127 bp) of the human 
MIF gene and used it to perform luciferase reporter gene 
assays. To further map the region of the MIF promoter 
responsive to SRC-3, a series of 5′ truncated luciferase 
reporter constructs, including those starting at −1 514, 
−614, −434, −254 and −74 were generated (Figure 2A). 
Results from the reporter gene assays showed that co-
transfection of SRC-3 activated the full-length as well as 
the five promoter truncation variants (Figure 2A). These 
results identified the promoter region from −74 to +127 
bp is required for activation by SRC-3 (Figure 2A).

Within this promoter region (−74 to +127 bp), a pu-
tative hypoxia responsive element (HRE) and a cyclic 
adenosine monophosphate response element (CRE) were 
predicted by PROMO (http://alggen.lsi.upc.es/recerca/
menu_recerca.html) and JASPAR (http://jaspar.cgb.
ki.se). Having established that SRC-3 activated the MIF 
promoter, we sought to determine which element is re-
quired. Our results showed that when compared to the 
wild-type MIF promoter, mutation of the HRE, but not 
the CRE, significantly reduced the activation by SRC-
3 (Figure 2B). These results indicated that activation by 
SRC-3 required the HRE on the MIF promoter.

Since phosphorylation was previously shown to be 
important for the coactivator function and specificity of 
SRC-3 [8, 38, 39], we investigated the role of SRC-3 
phosphorylation in the activation of the MIF promoter. 
For this purpose, we examined the ability of six SRC-3 
phosphorylation mutants to activate the MIF promoter. 
Each mutant contains single amino acid mutation to ala-
nine at previously identified phosphorylation sites and 

are herein referred to as T24A, S505A, S543A, S857A, 
S860A and S867A (Figure 2C, top left panel) [8]. We 
found that although most mutations did not affect the 
activity of SRC-3 on the MIF promoter, mutation of T24 
(T24A) resulted in an ~40% loss of activation; and muta-
tion of S857 (S857A) abolished the activation by SRC-3 
(Figure 2C, right panel). Since all the mutants were ex-
pressed at levels similar to wild-type SRC-3 (Figure 2C, 
bottom left panel), our results suggested that phosphory-
lation of S857 regulates the ability of SRC-3 to activate 
the MIF promoter. Interestingly, we found that only 
SRC-3, but not SRC-1 or SRC-2, was able to activate the 
native MIF promoter, underscoring coactivator specific-
ity (Supplementary information, Figure S3).

Phosphorylation of S857 on SRC-3 by IKKα is important 
for the activation of the MIF promoter

The activity of SRC-3 is known to be regulated by 
phosphorylation [8, 38, 39]. Specifically, our results 
showed that phosphorylation of S857 on SRC-3 is re-
quired for the activation of MIF promoter (Figure 2C). 
Since S857 of SRC-3 was previously shown to be phos-
phorylated by IKKs [8, 40, 41], we investigated the in-
volvement of IKKα and IKKβ in activation of the MIF 
promoter. By co-transfection with the MIF promoter, we 
found that the IKKα catalytic subunit activated the MIF 
promoter better than the IKKβ subunit (Figure 3A). In 
addition, IKKα synergistically activated the MIF pro-
moter when co-transfected with the wild-type SRC-3, 
but not the S857A mutant (Figure 3B, columns 5 and 6). 
Similar to knockdown of SRC-3, knockdown of IKKα by 
siRNA reduced MIF expression (Figure 3C). Our current 
data are consistent with our earlier report, which showed 
that IKKα but not IKKβ phosphorylated and activated 
SRC-3 [40], and suggested that phosphorylation of S857 
on SRC-3 by IKKα is important for the activation of the 
MIF promoter.

Phosphorylation of S857 is required for the coactiva-
tion of the MIF promoter by SRC-3, CBP and hypoxia-
inducible factor-1α

Recently, genome-wide mapping has identified po-
tential high-stringency hypoxia-inducible factor (HIF)-
binding site(s) near the MIF gene [42]. Accordingly, the 
HIF-1alpha (HIF-1α) transcriptional factor has been re-
ported to induce MIF expression by binding to the HRE 
of the MIF promoter [18, 43]. Similarly, we found that 
activation of the MIF promoter region (−74 to +127 bp) 
by HIF-1α is dependent on the presence of a functional 
HRE but not the CRE, and HIF-1α was recruited to this 
region of the MIF promoter (Supplementary information, 
Figure S4). As a transcriptional coactivator, SRC-3 is re-



www.cell-research.com | Cell Research

Mei-Yi Wu et al.
1007

npg

cruited to promoters through interactions with transcrip-
tional factors. Since activation of the MIF promoter (−74 

to +127 bp) by SRC-3 also required a functional HRE 
(Figure 2B), these results suggest that SRC-3 collabo-

Figure 2 HRE on the MIF promoter and phosphorylation of SRC-3 are required for the activation by SRC-3. (A) MCF-7 cells 
were transfected with MIF promoter-regulated luciferase reporter combined with either control vector or with SRC-3 expres-
sion vector. The luciferase activity was measured 48 h after transfection and normalized against total input protein. The 
normalized activity from vector-transfected sample was set as 1. The values represented fold activation over the control and 
were expressed as means ± SD from three independent experiments performed in duplicate. (B) Wild-type MIF promoter or 
promoter with mutation at HRE or CRE was co-transfected with expression vector for wild-type SRC-3 into the MCF-7 cells. 
The luciferase activity was determined as in A. Shown are means ± SD from three experiments performed in duplicate. (C) 
MCF-7 cells were transfected with the MIF promoter, together with the wild-type SRC-3 or the indicated SRC-3 mutant. The 
luciferase activity was determined as described in A. A schematic of the phosphorylation sites on SRC-3 and a representative 
immunoblot analysis were shown. The values are means ± SD from three experiments performed in duplicate.
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rates with HIF-1α to regulate MIF expression. Therefore, 
we determined whether SRC-3 could function as a co-
activator for HIF-1α. In fact, co-transfection of HIF-1α 

with wild-type SRC-3 resulted in a synergistic activation 
of the MIF promoter compared to transfection of either 
one alone (Figure 4A, columns 2, 4 and 7). Similar syn-
ergistic activation can also be observed in HeLa and PC3 
cells, and is not limited to MCF-7 breast cancer cells 
(Supplementary information, Figure S5). On the other 
hand, transfection of an S857A mutant, either alone or 
in combination with HIF-1α, failed to activate the same 
MIF promoter (Figure 4A, columns 5 and 8).

To further understand how phosphorylation of S857 on 
SRC-3 affects its ability to regulate MIF expression, we 
next determined whether SRC-3 interacts with HIF-1α, 
and whether phosphorylation of S857 affected interac-
tion between SRC-3 and HIF-1α. Our co-immunoprecip-
itation results showed that indeed both endogenous SRC-
3 and transfected wild-type SRC-3 interacted with HIF-
1α (Figure 4B). However, mutation of S857 reduced but 
did not completely abolish the interaction of SRC-3 with 
HIF-1α (Figure 4B), suggesting that phosphorylation 
of S857 ‘enhanced’ the interaction of SRC-3 with HIF-
1α. We were aware that this partially reduced interaction 
could not fully explain the complete loss of activation by 

Figure 3 Phosphorylation of S857 on SRC-3 by IKKα is impor-
tant for the activation of the MIF promoter. (A) MCF-7 cells were 
transfected with the MIF promoter together with vector control, 
or expression vector for IKKα or IKKβ. The luciferase activity 
was determined as previously described. Expression of IKKα 
and IKKβ was shown. A non-specific band was indicated by n.s. 
The values are mean ± SD from three independent experiments 
performed in duplicate. (B) MCF-7 cells were transfected with 
the MIF promoter together with control vector or the indicated 
expression vectors. The luciferase activity was determined as 
previously described. The values are mean ± SD from three 
independent experiments performed in duplicate. (C) Reduced 
levels of MIF after knockdown of IKKα or SRC-3 were shown. 
Knockdown of SRC-3, IKKα or MIF was confirmed. β-actin was 
used as loading controls.

Figure 4 Phosphorylation of S857 is important for the activation 
of human MIF promoter by SRC-3, CBP and HIF-1α. (A) MCF-7 
cells were transfected with the MIF promoter, expression vec-
tors for HIF-1α, wild-type SRC-3 or S857A mutant, either alone 
or combined as indicated. The luciferase activity was deter-
mined as previously described. Shown is the mean ± SD from 
three experiments performed in duplicate. (B) Cell lysates from 
MCF-7 cells were used to determine the interaction between 
endogenous SRC-3 and HIF-1α by co-immunoprecipitation (Co-
IP; left panel). HEK293T cells transfected with HIF-1α, alone or 
together with wild-type SRC-3 or S857A mutant as indicated, 
were used for Co-IP experiments. Top right panel showed the 
levels of HA-HIF-1α co-immunoprecipitated with Flag-SRC-3 
(middle panel). Bottom panel showed equal expression of HIF-
1α. Shown is a representative from three experiments with 
similar results. Normalized intensity is quantified by ImageJ. (C) 
MCF-7 cells were transfected with the MIF promoter, expression 
vectors for HIF-1α, CBP, wild-type SRC-3 or S857A mutant, ei-
ther alone or combined as indicated. The luciferase activity was 
determined as previously described. Shown is the mean ± SD 
from three experiments performed in duplicate. Due to higher 
number (four) and more total amount of plasmids transfected, 
less activation by SRC-3 was observed under this particular 
condition. (D) The MCF-7 cells were first transfected with siR-
NAs to knockdown the protein indicated. The next day, these 
cells were transfected as described in C. The luciferase activity 
was also determined as described in C. (E) The lysates from 
MCF-7 cells transfected with the indicated siRNAs either alone 
or in different combination were used for immunoblot to deter-
mine the levels of endogenous MIF. β-actin was used as loading 
controls.
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the S857A mutant and suggested involvement of other 
coactivators.

CBP is a part of SRC-3 coactivator complex and 
contains the HAT activity essential for transcription ac-

tivation. Previously, we showed that phosphorylation of 
S857 on SRC-3 is required for its interaction with CBP 
[8]. Since our current results also showed that phospho-
rylation of S857 on SRC-3 is required for the activation 
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of MIF promoter (Figure 2C), we investigated the in-
volvement of CBP in this activation. Our results showed 
that when co-expressed, CBP was able to collaborate 
with HIF-1α and wild-type SRC-3, and further activated 
the MIF promoter (Figure 4C, columns 2, 7 and 8). In 
contrast, no collaboration of CBP with the S857A mutant 
was observed (Figure 4C, columns 4 and 9).

To further demonstrate that HIF-1α, SRC-3 and CBP 
are all required for the expression of MIF, we determined 
the effects of siRNA knockdown of either one or two, or 
all three of these proteins on the activation of MIF pro-
moter and MIF protein expression. Our results showed 
that knockdown of endogenous SRC-3 or CBP, either 
alone or SRC-3 and CBP combined, inhibited the activa-
tion of the MIF promoter even in the presence of HIF-
1α overexpression (Figure 4D, compare lanes 2, 4, 6 and 
8). Similarly, knockdown of endogenous HIF-1α or CBP, 
either alone or HIF-1α and CBP combined, inhibited the 
activation of MIF promoter by overexpression of SRC-
3 (Figure 4D, compare lanes 10, 12, 14 and 16). In line 
with these results, our ChIP results showed that by over-
expression, recruitment of HIF-1α, SRC-3 and CBP to 
the region on the endogenous MIF promoter that contains 
the HRE and is responsible for the activation by HIF-
1α and SRC-3 was enhanced (Supplementary informa-
tion, Figure S6). Finally, our results further showed that 
knockdown of HIF-1α, SRC-3 or CBP alone reduced the 
endogenous levels of MIF (Figure 4E, lanes 1, 2, 3 and 
8), and knockdown of two or three proteins combined 
further reduced the MIF protein levels (Figure 4E, lanes 4, 
5, 6 and 7, and Supplementary information, Figure S7).

These results identified both SRC-3 and CBP as 
potential coactivators for HIF-1α, and indicated that 
phosphorylation of S857 on SRC-3 is required for the 
recruitment of CBP and is essential for the coactivation 
of the MIF promoter by SRC-3 and CBP. Taken together, 
we demonstrated that loss of SRC-3 function (by knock-
down and knockout of SRC-3) reduced endogenous MIF 
expression at mRNA and protein levels in several differ-
ent cell types (Figure 1). We also demonstrated that gain 
of SRC-3 function activates the MIF promoter in the pro-
moter assays (Figure 2A). In addition, we identified that 
phosphorylation of a specific amino acid residue (S857) 
on SRC-3 by IKKα is required for the activation of MIF 
promoter (Figures 2C and 3). Finally, we demonstrated 
that co-activation of the MIF promoter by transcription 
factor HIF-1α, SRC-3 and CBP (Figure 4). Our data sug-
gest that SRC-3 regulates MIF expression by functioning 
as a coactivator of HIF-1α.

MIF regulates autophagy
The ability of SRC-3 to promote cancer cell survival 

is clinically important, but the mechanism remains poor-
ly understood. Having established that SRC-3 regulated 
MIF expression, we investigated the potential role of 
MIF in cell survival. In addition to apoptosis, autophagic 
cell death is another major mechanism that plays a tumor 
suppressor function [26-28]. Since knockdown of SRC-
3 or MIF reduced Bcl-2 levels, but did not significantly 
affect apoptosis (Supplementary information, Figure 
S8), we investigated whether MIF regulated autophagy. 
Cleavage of the autophagy marker microtubule-associat-
ed protein 1 light chain (LC3) to LC3-I and conjugation 
of LC3-I to phosphatidylethanolamine to form LC3-II is 
an essential process for the formation of autophagosomal 
vacuoles [44-49]. As the levels of LC3-II are propor-
tional to the extent of autophagic vacuole formation, we 
therefore examined the processing of LC3 as an indica-
tor of autophagy activity. To this end, we generated a 
line of MCF-7 cells that stably expressed the autophagy 
marker LC3 fused with GFP (GFP-LC3). Expression of 
the GFP-LC3 fusion protein is a widely used autophagy 
assay, which allows visualization of autophagosome for-
mation in live cells, because GFP-LC3 is processed and 
recruited to the autophagosome membrane where it can 
be imaged as a cytoplasmic punctate structure by fluores-
cence microscopy [46, 50, 51].

In contrast to control siRNA-treated cells that exhib-
ited a diffuse cytoplasmic GFP-LC3 pattern, knockdown 
of SRC-3 or MIF resulted in a change of intracellular 
localization of GFP-LC3 and formation of punctate 
structures, indicative of autophagic activity (Figure 5A). 
The punctate structures from SRC-3 or MIF knockdown 
cells are very similar to that found in cells treated with 
rapamycin, a known inducer of autophagy (Supplemen-
tary information, Figure S9). Quantification showed 
that the percentage of GFP-LC3 punctate-positive cells 
increased from 3% in control siRNA-transfected cells 
to 32% and 25% in cells treated with siRNAs against 
SRC-3 and MIF, respectively (Figure 5B). To further 
demonstrate that knockdown of SRC-3 or MIF promotes 
autophagy, we determined the expression of endogenous 
autophagy-specific LC3-II. In agreement with imaging of 
GFP-LC3 in live cells, quantification of the immunoblot 
analysis revealed an elevated level of autophagy-specific 
LC3-II expression in cells that were treated with specific 
siRNAs against SRC-3 or MIF, compared to cells treated 
with control siRNA (Figure 5C). In addition, the endog-
enous levels of sequestosome 1 (SQSTM1/p62) were 
significantly reduced in the SRC-3 or MIF knockdown 
cells (Figure 5C). Since SQSTM1/p62 is degraded by 
autophagy [52-54], these results support that knockdown 
of SRC-3 or MIF elevated autophagy activity.

Despite an earlier report indicating that MCF-7 cells 



www.cell-research.com | Cell Research

Mei-Yi Wu et al.
1011

npg

Figure 5 SRC-3 and MIF regulate autophagy. (A) Induction of autophagy in SRC-3 or MIF knockdown MCF-7 cells was 
visualized by the formation of punctated GFP-LC3 structure. MCF-7 cells that stably expressed the GFP-LC3 fusion were 
transfected with either control siRNA or siRNAs specific for SRC-3 or MIF. The cells were imaged 36 h after transfection. (B) 
Quantification of autophagy represented the ratio of GFP-LC3 punctate-positive cells to the total cells counted. More than 300 
cells per group were counted in each experiment and the results were from three independent experiments. (C) Cell lysates 
from MCF-7 transfected with control siRNA or siRNAs specific against SRC-3 (siSRC-3) or MIF (siMIF) were analyzed with 
antibodies against LC3 or SQSTM1/p62 to determine the autophagy activity. Knockdown of SRC-3 or MIF was confirmed with 
specific antibodies. β-actin was used as loading controls. Normalized intensity is quantified by ImageJ. Graph shows quanti-
fication data in arbitrary units for the density of the LC3-II (top right) or SQSTM1/p62 (bottom right) bands from each sample. 
Columns and bars represent the mean ± SD of the results from three independent experiments. Difference is considered sig-
nificant at the 95% confidence level.
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did not express beclin 1, the essential mediator for au-
tophagy, and were deficient in autophagy [55], numer-
ous reports have since described beclin 1 expression in 
MCF-7 cells and showed that MCF-7 cells were indeed 
autophagy competent [56-59]. In fact, we found that be-
clin 1 was expressed in our MCF-7 cells at levels compa-
rable with other cells and that the cells were autophagy-
competent (Supplementary information, Figure S10). 
The confirmation of beclin 1 expression allowed us 
to study regulation of autophagy by SRC-3 or MIF in 
MCF-7 cells. It is of note that induction of autophagy is 
not limited to MCF-7 cells, as increased punctate GFP-
LC3 formation and elevated LC3-II levels were similarly 
observed in HeLa and MDA-MB-231 cells after knock-
down of SRC-3 or MIF (data not shown).

MIF regulates cell viability through autophagy
Having demonstrated that SRC-3 and MIF regulated 

autophagy, we hypothesized that MIF may mediate im-
portant oncogenic functions of SRC-3 through its regula-
tion of autophagy. Consistent with this hypothesis, our 
results showed that knockdown of MIF phenocopied 
knockdown of SRC-3 and inhibited cell proliferation 
(Figure 6A and Supplementary information, Figures S1 
and S2), and reduced colony number in a colony-forma-
tion assay (Figure 6B and 6D, top row). Interestingly, 
transfection of SRC-3 that is resistant to the shRNA 
targeting the SRC-3 3′-UTR into the SRC-3 knockdown 
cells (sh3′-UTR, Figure 6C, lanes 3 and 4) increased the 
colony number (Figure 6B) and elevated the expression 
levels of endogenous MIF (Figure 6C, lanes 3 and 4). 
Since colony-formation assay is based on the ability of a 
single cell to grow into a colony, these results indicated 
that knockdown of SRC-3 or MIF reduced cell viability 
and MIF may, at least partially, mediate this important 
function of SRC-3.

Figure 6 MIF regulates cell viability through autophagy. (A) Proliferation of MCF-7 cells after knockdown of SRC-3 (shSRC-3) 
or MIF (shMIF) was compared to the control cells (shControl). The cell numbers at 2, 4 and 6 days after plating were mea-
sured by MTT assay. The values represent means ± SD from three experiments. (B) The viability of the cells transfected 
with control vector or SRC-3 expression construct after knockdown of SRC-3 by shRNA targeting the 3′-UTR of SRC-3 was 
determined by colony-formation assay. (C) The expression of transfected Flag-SRC-3 and endogenous MIF from experi-
ments described in B was determined by immunoblot analysis in a parallel experiment. β-actin was used as loading controls. 
(D) The viability of MCF-7 cells after knockdown of SRC-3 or MIF was determined by colony-formation assays. The medium 
was changed every 2 days. For treatment with MIF, MIF (50 ng/ml) was added to the medium every time the medium was 
changed. The colonies were then fixed and stained with 0.5% crystal violet. Shown is a representative from three experi-
ments with similar results. (E) MCF-7 cells were transfected with control (siControl) or siRNA specific for SRC-3 (siSRC-3). 
After 48 h of transfection, the cells were treated with MIF (50 ng/ml) for an additional 4 h when indicated. Cell lysates were 
analyzed using the indicated antibody. β-actin was used as loading controls. (F) MCF-7 cells were transfected with control (si-
Control) or siRNA specific for MIF (siMIF), and treated as in C. Cell lysates were analyzed by immunoblot using the indicated 
antibody. β-actin was used as loading controls. All normalized intensity is quantified by ImageJ. Graph shows quantification 
data in arbitrary units for the density of the LC3-II or SQSTM1/p62 bands from each sample. Columns and bars represent 
the mean ± SD of the results from three independent experiments. Difference is considered significant at the 95% confidence 
level.

Consistent with this hypothesis, we found that ad-
dition of biologically active recombinant human MIF 
was able to significantly rescue cell death and increased 
colony number following knockdown of SRC-3 or MIF 
(Supplementary information, Figure S11 and Figure 
6D, bottom row). In line with its ability to rescue cell 
death, treatment with MIF also inhibited the induction 
of endogenous autophagy-specific LC3-II and elevated 
the SQSTM1/p62 levels in the SRC-3 or MIF knock-
down cells (Figure 6E and 6F). Our results substantiated 
that knockdown of SRC-3 or MIF reduced cell viability 
through induction of autophagic cell death and demon-
strated that treatment of MIF inhibited autophagic cell 
death induced by knockdown of SRC-3 or MIF. The fact 
that MIF is able to inhibit autophagy and promote cell 
survival, not only in MIF knockdown but also in SRC-
3 knockdown cells, underlines the importance of MIF 
regulation by SRC-3.

Downregulation of MIF suppressed tumorigenesis and 
enhanced chemosensitivity

To evaluate the functional importance of autophagic 
cell death induced by MIF knockdown, we determined 
its effects on the tumorigenicity of MCF-7 cells in a tu-
mor xenograft mouse model [60-62]. In order to maintain 
long-term knockdown of MIF after injection into mice, 
we used the MCF-7 cells with stable knockdown of MIF. 
Consistent with results from transient MIF knockdown 
(Figure 6F), stable knockdown of MIF in MCF-7 cells 
also increased the expression of autophagy-specific LC3-
II and decreased the levels of SQSTM1/p62 (Figure 7A, 
a). Conversely, treatment with MIF reduced the induc-
tion of LC3-II expression and increased the levels of 
SQSTM1/p62 (Figure 7A, a). We then injected athymic 
nude mice (five mice per group) with either the control 
(shControl) or the stable MIF knockdown (shMIF) cells. 
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After injection, the mice were monitored for develop-
ment of tumors and the tumor sizes were measured. 
Remarkably, all five mice that were injected with the 
shControl cells developed tumors 3 weeks after injection 
and the sizes of the tumors increased 5 weeks after injec-
tion (Figure 7A, b). In contrast, all five mice that were 
injected with the shMIF cells failed to develop visible 
tumors during the same period (Figure 7A, b and c). A 
representative image comparing the mice 5 weeks after 
injection clearly demonstrated the difference in tumor 
development (Figure 7A, c). All mice were sacrificed 
5 weeks after injection due to the large size of tumors 
in the control mice (Figure 7A, d). We noticed that all 
five mice that contained tumors also developed enlarged 
spleens (Figure 7A, e). These results clearly demonstrat-
ed that knockdown of MIF inhibited the tumorigenicity 
of MCF-7 cells in a tumor xenograft mouse model.

Since chemotherapy is used to treat all stages of breast 
cancer, and resistance of cancer cells to chemotherapy 
is the major cause for subsequent cancer recurrence and 
metastasis, we hypothesized that autophagic cell death 
induced by MIF knockdown may enhance chemosensi-
tivity of cancer cells. To test this hypothesis, we com-
pared the cytotoxicity of doxorubicin and etoposide after 
knockdown of MIF. Our results showed that doxorubicin 
and etoposide reduced the viability of control cells in a 
dosage-dependent manner (Figure 7B, shControl). Im-
portantly, knockdown of MIF enhanced the cytotoxicity 
of doxorubicin and etoposide as evidenced by the further 
decrease in cell viability compared to the control cells 
(Figure 7B, shMIF). In contrast, overexpression of MIF 
reduced the chemosensitivity to doxorubicin and etopo-
side and promoted cell survival and proliferation (Sup-
plementary information, Figure S12). To confirm that 
knockdown of MIF sensitized cells to chemotherapeutic 
killing by induction of autophagy, we examined the lev-
els of autophagy-specific LC3-II after treatment with low 
concentrations of doxorubicin or etoposide. Immunoblot 

analysis showed that the levels of LC3-II were not af-
fected in the control cells treated with low concentrations 
(0.1 and 1 µM) of doxorubicin or etoposide (Figure 7C, 
shControl, lanes 1-5). However, knockdown of MIF 
increased the levels of LC3-II as expected (Figure 7C, 
shMIF, lane 6), and treatment with low concentrations 
of doxorubicin or etoposide further increased the levels 
of LC3-II (Figure 7C, compare lane 6 with lanes 7-10). 
Once again, we found that apoptosis was not significantly 
affected in the MIF knockdown cells compared to control 
cells (Supplementary information, Figure S13). Together, 
our results indicated that by regulating autophagic cell 
death, MIF plays an important role in both tumorigenesis 
and chemosensitivity of cancer cells.

Discussion

SRC-3 is an oncogene that is involved in the initia-
tion and progression of many cancers, including breast 
and prostate cancers [63, 64]. Recently, clinical evidence 
suggested that SRC-3 promoted drug resistance in can-
cer cells and contributed to poor disease-free survival in 
patients with breast and lung cancers [3-5]. Therefore, 
a better understanding of how SRC-3 promotes drug 
resistance and survival in cancer cells is imperative for 
improving treatment outcomes.

In this report, we utilized a chemotherapeutic sen-
sitivity and cDNA rescue assay to identify MIF as a 
target gene of SRC-3, thereby uncovering a novel func-
tion of SRC-3 and MIF in cell death. MIF, a cytokine 
and a growth factor, has multiple biological functions 
and is known to play an important role in inflammation 
and cancer [9-11, 13, 65]. We found that expression of 
MIF is regulated by SRC-3 at the transcriptional level 
as demonstrated by reduced Mif mRNA in cells derived 
from SRC-3-null mutant mice, including MEFs and pri-
mary lymphocytes, and transfection of SRC-3 activated 
the MIF promoter in MCF-7 cells. We showed that the 

Figure 7 Downregulation of MIF suppressed tumorigenicity and enhanced chemosensitivity in MCF-7 breast cancer cells. (A) a. 
Expression of autophagy-specific LC3-II and SQSTM1/p62 in stable MIF knockdown cells was determined. When indicated, 
cells were treated with MIF (50 ng/ml) for 4 h before harvest. Normalized intensity is quantified by ImageJ. b. Comparison of 
tumor volumes from mice injected with shControl or shMIF cells measured at 3 and 5 weeks after injection. Gray and black 
bars represent tumor sizes from the two injected sides. c. A representative image of the mice at week 5 post-injection. d. Tu-
mors taken from the siControl cells-injected mice (panel d). e. A representative image showed the spleen from the siControl 
cells injected mice was enlarged. (B) Stable MIF knockdown MCF-7 cells were treated with 0.1, 1 and 10 µM of doxorubicin 
or etoposide for 18 h, and the cell viability was determined by MTT assay. Shown is mean ± SD from three experiments per-
formed in triplicate. (C) Stable MIF knockdown MCF-7 cells were treated with low concentrations (0.1 and 1 µM) of doxoru-
bicin or etoposide. The levels of autophagy-specific LC3-II were determined. Knockdown of MIF was confirmed. β-actin was 
used as loading controls. Normalized intensity is quantified by ImageJ. Graph shows quantification data in arbitrary units for 
the density of the LC3-II or SQSTM1/p62 bands from each sample. Columns and bars represent the mean ± SD of the results 
from three independent experiments. Difference is considered significant at the 95% confidence level.
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region from −74 to +127 bp of the MIF promoter is re-
quired for activation by SRC-3. This region contains a 
putative HRE and a CRE. Mutation of the HRE, but not 
the CRE, within the promoter significantly reduced the 
activation by SRC-3, suggesting that SRC-3 cooper-
ates with HIF-1α to activate MIF expression. In fact, we 
showed that SRC-3 and HIF-1α synergistically activated 
the MIF promoter in different cell types, and further 
identified phosphorylation of S857 on SRC-3 by IKKα 
is required for this synergistic activation. Although phos-
phorylation of S857 is required for the activation of MIF 
promoter by SRC-3, it is not required for the interaction 
of SRC-3 with HIF-1α, suggesting that phosphorylation 
of S857 by IKKα recruits other important coregulators to 
activate the MIF promoter. To this end, we showed that 
CBP collaborated with SRC-3 and HIF-1α to activate the 
MIF promoter, and that co-activation by CBP is depen-
dent on the phosphorylation of S857on SRC-3. These 
results are in line with a previous report, which showed 
that phosphorylation of S857 was required for the di-
rect interaction of SRC-3 and CBP [8]. Based on these 
results and the fact that HIF-1α, SRC-3 and CBP can be 
recruited to the endogenous MIF promoter, transcrip-
tional activation of MIF requires not only the binding of 
HIF-1α to the MIF promoter, but also the recruitment of 
crucial coactivators SRC-3 and CBP (Figure 8). SRC-3 is 
recruited through direct interaction with HIF-1α that can 
occur independent of the phosphorylation status of S857 
on SRC-3, although phosphorylation of S857 appears to 
enhance this interaction. Thus, phosphorylation of S857 
provides a platform for SRC-3 to further recruit CBP that 
is essential for the activation of the MIF promoter.

It was previously shown that expression of MIF is 
induced by HIF-1α under hypoxia, and that induction 
of MIF prevents premature senescence by inactivat-
ing the p53 tumor suppressor [18]. Although recent 
genome-wide analysis of SRC-3 chromatin affinity sites 
in MCF-7 human breast cancer in response to estrogen 
induction did not identify the MIF gene, high-stringency 
HIF-binding site(s) near the MIF gene was identified 
in another recent genome-wide mapping [42, 66]. It is 
reasonable that as a master transcriptional regulator, the 
ability of SRC-3 to regulate expression of its target genes 
is dependent on the transcriptional factors involved (i.e., 
HIF-1 vs ERα). Since intratumoral hypoxia is a major 
obstacle to cell survival and MIF expression is regulated 
by oncogene SRC-3, we hypothesized that MIF may be 
an important mediator of cell survival and the oncogenic 
function of SRC-3. In support of this hypothesis, we 
found that knockdown of MIF phenocopied knockdown 
of SRC-3 and resulted in not only inhibition of cell pro-
liferation, but also reduction of cell viability. Importantly, 

our data further showed that knockdown of MIF induced 
autophagy, inhibited tumorigenicity and enhanced the cy-
totoxicity of doxorubicin and etoposide in MCF-7 breast 
cancer cells. However, it should be pointed out that 
both intracellular and extracellular MIF are functionally 
important and it is difficult to distinguish the functions 
of these two pools of MIF, because secreted MIF could 
work in autocrine and paracrine fashion.

In contrast to autophagy, apoptotic cell death was not 
significantly affected by knockdown of SRC-3 or MIF, 
despite the fact that expression of the anti-apoptotic Bcl-
2 protein was inhibited. This is consistent with recent 
reports that treatment of MCF-7 cells with Bcl-2 siRNA 
significantly reduced cell viability (50%-85%), but only 
slightly induced apoptosis (9%-11%), indicating that 
another cell death mechanism may be involved [56, 67, 
68]. Interestingly, Bcl-2 also inhibited the beclin-1-de-

Figure 8 A model for activation of MIF by the HIF-1/SRC-3/CBP 
complex. Activation of MIF expression requires the binding of 
HRE by HIF-1α, which in turn recruits SRC-3 to the MIF pro-
moter. Phosphorylation of S857 on SRC-3 by IKKα is required 
for the subsequent recruitment of CBP and eventual activation 
of MIF promoter. The ability of MIF to regulate autophagic cell 
death underscores its potential importance in cancer develop-
ment.
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pendent autophagy by binding to beclin 1. Consequently, 
it is likely that knockdown of SRC-3 or MIF suppressed 
Bcl-2 expression, which in turn, removed its inhibition of 
beclin 1 and activated autophagy. Future study to under-
stand the detailed mechanism by which SRC-3 and MIF 
regulate autophagy is warranted and ongoing.

It should be noted that although SRC-1 and SRC-2 
have been shown to interact with HIF-1α and activate 
a synthetic promoter with tandem HREs under hypoxia 
[69], we found that SRC-3, but not SRC-1 or SRC-2, 
activated the native MIF promoter. Consistent with our 
findings, a recent report showed that knockdown of SRC-
3, but not SRC-1 or SRC-2, reduced erythropoietin and 
VEGF induction in Hep3B cells by HIF-2α and HIF-1α, 
respectively [70]. Since SRC-3, but not SRC-1 or SRC-2, 
has been shown to be phosphorylated by IKKα at S857 
and is required for the activation of the MIF promoter, it 
is possible that selective phosphorylation regulates the 
functional specificity of coactivator complex assembly 
[40, 41].

Although the circumstances for this coactivator speci-
ficity remain unknown, these results substantiated that 
the function of the p160/SRC family of coactivators is 
not redundant and that different HIF target genes exhibit 
different requirements for specific members of the p160/
SRC. Most importantly, we have demonstrated that ex-
pression of MIF is regulated by the oncogene SRC-3, and 
identified ‘suppression of autophagy’ as a novel mecha-
nism by which SRC-3 and MIF increase the chemore-
sistance and tumorigenicity (Figure 8). By virtue of its 
ability to regulate MIF expression, the role of SRC-3 in 
autophagic cell death is mediated through regulation of 
MIF expression. Our study provides the basis for target-
ing the SRC-3/MIF-autophagy pathway to improve the 
therapeutic outcome for breast cancer patients.

Materials and Methods

Cell lines and culture conditions
MCF-7, MDA-MB-231, HeLa, PC3 and HEK293T cells were 

obtained from the American Type Culture Collection and were 
maintained as instructed. The MEFs, primary lymphocytes and the 
mammary epithelial cells have been described previously [8, 71].

Plasmids and reagents
The mammalian expression vectors for SRC-3, CBP and IKKs 

plasmids have been described previously [8, 41]. The human HIF-
1α cDNA was purchased from Open Biosystems and subcloned 
into a pSG5-HA or pSG5-Flag vector modified from pSG5 vector 
(Stratagene). The MIF cDNA was inserted into the pCMV-Tag 
2B vector (Stratagene). The full-length human MIF promoter (−2 
504 to +127 bp) was amplified from genomic DNA prepared from 
MCF-7 cells and cloned into the pGL3-basic vector (Promega). 
Truncated MIF promoter variants were constructed by PCR ampli-

fication using the full-length human MIF promoter as a template. 
The following primers were used. MIF promoter −2 504 sense 
5′-CCGCTCGAGCTTTCCCAAGGAACTAAGGCTGAGCCA-
AG-3′. MIF promoter −1 514 sense 5′-CCGCTCGAGTCAGTCT-
TCTGCCTGGAGTGACTT-3′. MIF promoter −614 sense 
5′-CCGCTCGAGGGAGCTGAGCACGTTTGAACCACT-3′. 
MIF promoter −434 sense 5′-CCGCTCGAGACAAGCTCACG-
CATGCGGGACTGG-3′. MIF promoter −254 sense 5′-CCGCTC-
GAGCGGTGACTTAGTGAAAGGACTAAG-3′. MIF promoter 
−74 sense 5′-CCGCTCGAGTCCCCACTCGGGGCGGAGCCG-
CAG-3′. The same anti-sense primer was used 5′-CCCAAGCT-
TGGCATGATGGCAGAAGGACCAGGAGACCC-3′.

The GFP-LC3 was generated by inserting the LC3 cDNA ob-
tained from MCF-7 by RT-PCR into the pEGFP-C3 vector (Clon-
tech).

Doxorubicin, etoposide and (S,R)-3-(4-hydroxyphenyl)-4,5-
dihydro-5-isoxazole acetic acid methyl ester (ISO-1) were ob-
tained from Calbiochem. M2 beads and β-actin antibodies were 
from Sigma. LC3 antibody was from MBL. MIF, p21 and IKKα 
antibodies were from Santa Cruz Biotechnology. HA antibody was 
from Roche. Rabbit polyclonal antibodies against SRC-3 have 
been described previously [41]. CBP and HIF-1α antibodies were 
from Upstate and BD Biosciences, respectively. SQSTM1/p62, 
antibodies against phosphorylated ERK and total ERK were from 
Cell Signaling Technology. Recombinant human MIF were from 
R&D systems and eBioscience. Puromycin and blasticidin were 
purchased from InvivoGen. Rapamycin was from Selleck Chemi-
cals. All oligonucleotides were from Invitrogen.

Assay to identify genes that can promote cell survival in 
SRC-3 knockdown cells

Knockdown of SRC-3 was achieved by infecting the MCF-
7 breast cancer with lentivirus expressing shRNA against SRC-3. 
After successful knockdown of SRC-3, the cells were transduced 
with a lentiviral cDNA expression library, followed by selection 
with blasticidin (10 µg/ml) and treatment with doxorubicin (10 µg/
ml) until surviving colonies were clearly visible. A total of 34 sur-
vival clones were isolated for recovery of cDNAs.

Sequencing analyses were performed to identify the candidate 
genes.

Knockdown of SRC-3 by lentivirus expressing shRNA 
against SRC-3 or MIF

Knockdown of SRC-3 or MIF was achieved by infecting the 
MCF-7 breast cancer cells with lentivirus expressing shRNA 
against SRC-3 or MIF. To produce shSRC-3- or MIF-expressing 
lentivirus, the plasmids were co-transfected with pPACKH1-
packaging mix into 293TN producer cells according to manufac-
turer’s instructions (SBI). Collection of the produced virus and 
transduction of the MCF-7 breast cancer cells with the virus were 
also performed according to manufacturer’s instructions (SBI). For 
stable selection, puromycin (8 µg/ml) was added to the medium. 
The medium was changed every 3 days until colony was clearly 
visible. To generate shRNA for stable knockdown, the specific se-
quences against SRC-3 (5′-TCGAGACGGAAAACATTGTA-3′), 
SRC-3 3′-UTR (5′-AACACTGCACTAGGATTATTG-3′) and MIF 
(5′-TCATCGTAAACACCAACGT-3′ and 5′-GCGCAGAAC-
CGCTCCTACA-3′) were inserted into the pSIH-H1-Puro vector 
(SBI) according to manufacturer’s instructions.
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Lentiviral cDNA library
The cDNA library was constructed using the CloneMiner II 

cDNA Library Construction Kit (Invitrogen) according to manu-
facturer’s instructions. The finished library contains 1.2 × 106 
clones and the average cDNA size is 1.3 kb.

To produce lentiviral cDNA library, the plasmids were co-trans-
fected with pPACKH1-packaging mix into 293TN producer cells 
according to manufacturer’s instructions (SBI). Collection of the 
produced virus and transduction of target cells with the virus were 
also performed according to manufacturer’s instructions (SBI). For 
stable selection, blasticidin (10 µg/ml) was added to the medium. 
The medium was changed every 3 days until colony was clearly 
visible.

Knockdown of gene by transfection with siRNAs against 
SRC-3, MIF, or IKKα

All the ON-TARGETplus siRNA reagents were purchased from 
Dharmacon. Transfection of siRNAs by TransIT-TKO transfection 
reagent was performed according to manufacturer’s instructions 
(Mirus).

Cell proliferation, EdU labeling, cell viability and colony 
formation assays

To measure cell proliferation, the cells were seeded in a 96-
well plate at 1 × 104 per well. After seeding, the cell numbers were 
measured by MTT assay at the indicated days according to the 
manufacturer’s instructions (Roche). Briefly, the MTT solution 
was added to the well and incubated for 4 h at 37 °C. The absor-
bance (490 nm) was measured and analyzed. In addition to MTT 
assays, the actual cell numbers from parallel experiments were 
counted at the indicated days. To measure DNA synthesis, EdU 
labeling was performed according to the manufacturer’s instruc-
tions (Invitrogen). For cell viability assay, the cells were seeded at 
1 × 104 per well. After 24 h, the cells were treated with different 
concentrations of doxorubicin or etoposide for another 18 h and 
followed by MTT assay. For colony-formation assay, 5 × 103 cells 
were seeded per well. MIF was added to medium 24 h after seed-
ing when indicated. The culture media were changed every 2 days 
and supplemented with fresh MIF when indicated. The cells were 
allowed to grow for at least 2 weeks. To visualize the colony foci, 
the plates were fixed with 10% methanol and stained with 0.5% 
of crystal violet. DNA fragmentation assay was performed as de-
scribed previously [72].

Transfection and luciferase reporter gene assay
Plasmid transfection using Lipofectamine reagents (Invitrogen) 

or Fugene HD (Roche) was carried out according to the manufac-
turers’ instructions. After transfection (5 h), transfected cells were 
washed twice with phosphate-buffered saline, and fresh DMEM 
was added for further incubation. To determine the luciferase ac-
tivity, whole-cell lysates were prepared and assayed as instructed 
by the manufacturer. The luciferase activity was normalized 
against total protein (Promega). Transfection of siRNAs was per-
formed using the TransIT TKO reagents (Mirus).

Autophagy induction by GFP-LC3 punctate formation
MCF-7 cells stably expressing GFP-LC3 were obtained by 

transfecting the cells with pEGFP-LC3 plasmid and selected 
with G418. For autophagy induction, the formation of GFP-LC3 

punctate structures was examined as previously described [73]. 
The live cell images were taken using the Nikon Eclipse inverted 
fluorescent microscope, and the results were analyzed by the NES-
Elements BR 3.10 software. Quantification of autophagy repre-
sented the ratio of GFP-LC3-punctate-positive cells to the total 
cells counted.

Tumor xenograft in athymic nude mice
Five-week-old female athymic nude mice (Hsd:Athymic Nude-

nu; Harlan) were anesthetized with isoflurane before the injection. 
The cells used for injection (shControl and shMIF) were resus-
pended in DMEM-50% Matrigel at 107 cells per ml as described 
previously [61, 62]. Each side of the #4 mammary gland fat pad 
was injected with of 106 cells (0.1 ml). The mice were monitored 
every week and the tumor sizes were measured with a caliper start-
ing at 3 weeks after injection. The tumor volume was calculated 
by 1/6 × length × height × width × π. All animal experiments were 
approved by the Institutional Animal Care and Use Committee.

Immunoprecipitation and immunoblot analysis
Transfections were carried out essentially as described previ-

ously. The transfected cells were lysed in lysis buffer (20 mM 
Tris-HCl (pH 8.0), 125 mM NaCl, 0.5% NP-40, 2 mM EDTA, 
0.2 mM NaF, 0.2 mM Na3VO4, protease inhibitor cocktail) for 30 
min and the debris was cleared by centrifugation at 13 400× g for 
20 min at 4 °C. For immunoprecipitation experiments, the lysates 
were incubated with 0.5 µg of anti-hemagglutinin (anti-HA; Roche 
Molecular Biochemicals) or anti-Flag (Sigma) antibody for 4 h or 
overnight at 4 °C. The antibody was allowed to bind to protein A 
and G beads for 1 h, and then washed extensively with lysis buf-
fer. For western blot analysis, the samples were resolved by SDS-
PAGE and transferred to nitrocellulose membranes (Bio-Rad). 
After blocking with 5% milk in TBST, the primary antibodies 
were diluted in TBST buffer (50 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 0.1% Tween 20) with 5% milk and added to the membranes 
for 1 h at room temperature (RT) or overnight at 4 °C, followed by 
incubation with the appropriate horseradish peroxidase-conjugated 
secondary antibodies for 1 h at RT. All blots were developed with 
Supersignal substrate (Pierce) and visualized by chemilumines-
cence. Subsequent probing with different antibodies was made 
possible by stripping the membranes with buffer (62.5 mM Tris-
HCl (pH 6.8), 2% SDS, 100 mM β-mercaptoethanol) at 55 °C for 
30 min.

Quantitative PCR analysis
The quantitative PCR was performed using the StepONE Plus 

real-time PCR system (Applied Biosystems). Primer sequences 
for the ChIP experiments are sense 5′-CCGCTCGAGTCCCCA-
CTCGGGGCGGAGCCGCAG-3′ and anti-sense 5′- CCCAAGCT-
TGGCATGATGGCAGAAGGACCAGGAGACCC-3′.

RNA preparation, RNase protection assay and RT-PCR
Total RNA was prepared using the RNeasy kit according to 

the manufacturer’s instructions (Qiagen). Total RNA of 5 µg was 
used in the RNase protection assay with the RNase protection as-
say kit (Pharmingen) and 2 µg were used for RT-PCR with the 
SuperScript III Platinum One-Step Quantitative RT-PCR system 
(Invitrogen).
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Statistical analyses
All results are shown as the mean ± SD. The comparison of 

different groups was carried out by using two-tailed unpaired Stu-
dent’s t-test, and differences at or below P < 0.05 were considered 
statistically significant.
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