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Abstract

Insulin inhibits ischemia/reperfusion-induced myocardial apoptosis through the PI3K/Akt/

mTOR pathway. Survivin is a key regulator of anti-apoptosis against doxorubicin-induced

cardiotoxicity. Insulin increases survivin expression in cardiac myocytes to mediate cytopro-

tection. However, the mechanism by which survivin mediates the protective effect of insulin

against doxorubicin-associated injury remains to be determined. In this study, we demon-

strated that pretreatment of H9c2 cardiac myocytes with insulin resulted in a significant

decrease in doxorubicin-induced apoptotic cell death by reducing cytochrome c release

and caspase-3 activation. Doxorubicin-induced reduction of survivin mRNA and protein lev-

els was also significantly perturbed by insulin pretreatment. Reducing survivin expression

with survivin siRNA abrogated insulin-mediated inhibition of caspase-3 activation, suggest-

ing that insulin signals to survivin inhibited caspase-3 activation. Interestingly, pretreatment

of H9c2 cells with insulin or MG132, a proteasome inhibitor, inhibited doxorubicin-induced

degradation of the transcription factor Sp1. ChIP assay showed that pretreatment with insu-

lin inhibited doxorubicin-stimulated Sp1 dissociation from the survivin promoter. Finally

using pharmacological inhibitors of the PI3K pathway, we showed that insulin-mediated

activation of the PI3K/Akt/mTORC1 pathway prevented doxorubicin-induced proteasome-

mediated degradation of Sp1. Taken together, insulin pretreatment confers a protective

effect against doxorubicin-induced cardiotoxicity by promoting Sp1-mediated transactiva-

tion of survivin to inhibit apoptosis. Our study is the first to define a role for survivin in cellular

protection by insulin against doxorubicin-associated injury and show that Sp1 is a critical

factor in the transcriptional regulation of survivin.
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Introduction

Survivin (encoded by Birc5), a member of the inhibitor of apoptosis protein (IAP) family, plays

a crucial role in regulating apoptosis and contributes to tumor progression [1, 2]. Survivin sup-

presses mitochondrial apoptosis by inhibiting caspase-9 activities in concert with the caspase

inhibitor, XIAP [3].

Expression of the survivin gene is largely regulated at the transcription level [4]. The survi-

vin gene promoter region contains binding sites for numerous transcription factors, including

NF-κB, GATA-1, Stat3, E2F, c-myc, KLF5, DEC1, Sp1, Sp3, HIF-1α and tumor suppressors

p53 and Rb [1, 4–11]. Hoffman et al. reported that down-regulation of survivin transcription

by the DNA-damaging agent doxorubicin is mediated by p53 induction [12]. Other works

have shown that p53 suppresses survivin gene expression both directly and indirectly [4–6, 13,

14]. Conversely, it was demonstrated that Sp1 and Sp3 transcription factors transactivate the

survivin promoter [15].

Accumulated evidences have suggested that survivin is cardioprotective [16–18]. In the

spontaneously hypertensive rat, the survivin expression is inversely correlated with apoptosis

and adverse cardiac remodeling [19]. Cardiac-specific deletion of survivin results in premature

cardiac death due to a dramatic reduction in cardiac myocyte numbers [20]. In addition, survi-

vin is associated with cardiac myocyte size and DNA content in the failing human heart [21].

Doxorubicin, a quinine-containing anthracycline anticancer drug, is a highly effective che-

motherapeutic widely used against human hematological malignancies and solid tumors.

Although it has a strong anticancer effect, doxorubicin is also known to cause cardiotoxicity

that leads to hypotension, arrhythmia, depression of left ventricular function and heart failure

[22, 23]. A variety of studies have suggested the mechanism involved in doxorubicin-induced

cardiotoxicity and apoptosis, including reactive oxygen species (ROS) production, caspase acti-

vation and cell cycle arrest [24, 25]. The survivin gene therapy prevents myocytes from apopto-

sis and attenuates left ventricular systolic dysfunction in the doxorubicin-induced heart model

[26]. Recently, we also reported the protective effect of survivin against doxorubicin-induced

cell death in H9c2 cardiac myocytes [27]. The contribution of the phophatidylinositide-

3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) axis to survivin expression is

observed not only in various cancer cells [28, 29], but also in normal cells including cardiac

myocytes [30]. In the latter case, survivin plays a critical role in the cardioprotection of insulin

against myocardial ischemia/reperfusion (I/R) injury through the PI3K/Akt/mTOR signaling

pathway. However the contribution of the PI3K/Akt/mTOR pathway and survivin in insulin-

mediated protection of cardiac myocytes from doxorubicin-associated toxicity remains to be

determined. In this study, we set out to elucidate the mechanism by which insulin signals to

survivin to mediate cytoprotection against doxorubicin-associated injury in the H9c2 cardiac

myocyte cell line.

Materials and Methods

Reagents and antibodies

Insulin, human recombinant from Saccharomyses cerevisiae, was purchased from Sigma-

Aldrich. Doxorubicin was obtained from Tocris. Anti-survivin, anti-caspase-3 (cleaved form),

anti-phospho-p53 (Ser15), anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-mTOR (Ser2481)

and anti-mTOR antibodies were obtained from Cell Signaling. Anti-Sp1, anti-phospho-

p70S6K (Thr421/Ser424), anti-p70S6K, anti-β-actin, anti-GAPDH, anti-Smac/DIABLO antibod-

ies and p70S6K inhibitor PF4708671 were purchased from Santa Cruz Biotechnology. Anti-

VDAC1, anti-p53, anti-Bcl-2, and anti-BAX antibodies were obtained from Abcam. PI3K
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inhibitor LY294002 and mTOR inhibitor Rapamycin were purchased from Calbiochem. Anti-

cytochrome c antibody was included in ApoAlert Cell Fractionation Kit (Clontech).

Cell culture

The rat heart-derived myoblast cell line H9c2 (2–1) cardiac myocytes, was obtained from the

American Type Culture Collection (ATCC CRL-1446). Cells were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplement with 10% fetal bovine serum (FBS) and 100 U/

ml of penicillin and 100 μg/ml of streptomycin (Gibco) at 37°C in a humidified atmosphere

with 5% CO2. All experiments were performed using cells between 15 to 25 passage numbers.

After adaptation in DMEM containing 10% FBS for 24 h, cells were starved in DMEM contain-

ing 0.5% FBS for 24 h. After starvation, cells were pretreated with insulin in 0.5% FBS contain-

ing DMEM for 1 h prior to doxorubicin treatment for 24 h.

Cell viability and cell death assay

Cell viability was measured by MTT assay and cell death was determined by TUNEL assay

(Promega), cytochrome c release and caspase-3 activity assay (ApoAlert CPP32/caspase-3

assay kit, BD Biosciences), which were performed as described previously [27].

Confocal immunofluorescence microscopy

Immunofluorescence microscopy was performed as previously reported [27]. Briefly, H9c2

cells cultured on Lab-Tek chamber slides (Nalgene Nunc) were fixed with 3% paraformalde-

hyde and permeablized with 0.5% Triton X-100. After blocking with PBS containing 0.3% goat

serum and 5% bovine serum albumin, the slides were incubated with survivin antibody and

mounted with ProLongantifade reagent containing DAPI. The immunoreactive signals were

visualized by confocal laser scanning microscope LSM700 (Carl Zeiss, Germany).

Subcellular fractionation and Immunoblot analysis

Mitochondrial and cytosolic fractions were obtained using Qproteome Cell Compartment Kit

(Qiagen) according to the manufacturer's instructions, and protein sample preparation and

immunoblot analysis were performed as described previously [27].

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using QIAzol-Regent (Qiagen) and reverse transcribed using Omnis-

cript Reverse Transcriptase (Qiagen). The cDNAs were amplified using TaKaRa Ex Taq poly-

merase (Takara). The sequences of the primers were as follows: survivin F, 5'-ATG GGT GCT

ACG GCG CTG CCC-3'; survivin R, 5'-TCA GCG TAA GGC AGC CAG CTG-3'; Sp1 F, 5'-

GGA GAA AAC AGC CCA GGA TGC-3'; Sp1 R, 5'-CTC ATC CGA ACG TGT GAA GC-3';

GAPDH F, 5'-AAT GCA TCC TGC ACC ACC AAC TGC-3'; GAPDH R, 5'-GGA GGC CAT

GTA GGC CAT GAG GTC-3'. PCR products were separated by electrophoresis in a 1% agarose

gel containing Gel-red (Biotium).

RNA interference

H9c2 cells were transfected with scrambled RNA or siRNA targeted to either survivin or Sp1

gene using Lipofectamine RNA iMAX (Invitrogen) according to the manufacturer’s protocol.

survivin siRNA targeting sequences, 5'-GCA AAG GAG ACC AAC AAC AUU-3' and 5'-UGU

UGU UGG UCU CCU UUG CUU-3’, and Sp1 siRNA targeting sequences, 5'-AGC CUU GAA
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GUG UAG CUA UUU-3' and 5'-AUA GCU ACA CUU CAA GGC UUU-3' were synthesized by

Genolution Pharmaceuticals. Scrambled RNA was purchased from Santa Cruz Biotechnology.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed according to Hsu et al. with minor modifications [31]. Briefly, form-

aldehyde-treated nuclear lysates were subjected to immunoprecipitation with anti-Sp1 and

anti-p53 antibodies. The cross-linked chromatin complex was reversed in the presence of pro-

teinase K and DNA fragments were purified. The DNA fragment (257-bp) of survivin pro-

moter region (between -265 and -9) was amplified by PCR using a pair of primers: Rat survivin

promoter F, 5’-AGG ACA CAA CTC CCA GCA AG- 3’; Rat survivin promoter R, 5’-CGC

CAC AAT CCC TAA TTC AA- 3’. PCR condition was as follows: at 95°C for 30 sec; at 56°C for

30 sec; and at 72°C for 60 sec. After 36 cycles of PCR, products were analyzed by 2% agarose

gel electrophoresis. For input data (5%), 25 μl aliquots of 500 μl samples were taken before

immunoprecipitation.

Statistical analysis

Data were expressed as mean ±S.D. One-way ANOVA with Bonferroni post hoc correction

was used for comparison between the groups using the Prism software (GraphPad Software

Inc.). Values of p less than 0.05 were considered statistically significant.

Results

Insulin protects H9c2 cardiac myocytes from doxorubicin-induced cell
death

To investigate whether insulin protects H9c2 cardiac myocytes against doxorubicin-induced

injury, H9c2 cardiac myocytes were pretreated with insulin for 1 h prior to doxorubicin treat-

ment. Consistent with previous reports [27], stimulation of H9c2 cells with doxorubicin for 24

h, 48 h or 72 h reduced cell viability to 49.8 ± 0.4%, 24.9 ± 2.7% and 23.5 ± 2.0%, respectively

(Fig 1A). However, doxorubicin-stimulated cell death was significantly perturbed by pretreat-

ment with 200 nM of insulin resulting in 84.2 ± 0.8% of H9c2 cell viability (Fig 1B). Consis-

tently, doxorubicin treatment stimulated apoptosis in 90.0 ± 2.3% of H9c2 cells, and insulin

pretreatment dramatically reduced the doxorubicin-induced apoptotic cell death to

21.4 ± 2.0%, as determined by TUNEL assay (Fig 1C and 1D). Similar to the previous findings

[27], pretreatment with doxorubicin alone stimulated activation of other markers of apoptotic

cell death in H9c2 cells, including activation of caspase-3, release of pro-apoptotic mitochon-

drial proteins cytochrome c and Smac/DIABLO to cytosol, decreasing anti-apoptotic Bcl-2

protein levels and increasing pro-apoptotic Bax protein levels. However, pretreatment with

insulin prevented doxorubicin-stimulated caspase-3 activation (Fig 1E), release of cytochrome

c (Fig 1F) and Smac/DIABLO (S1A Fig), decreased Bcl-2 protein levels and increased Bax pro-

tein levels (S1B Fig). These results suggest that insulin protects H9c2 cardiac myocytes from

doxorubicin toxicity by blocking apoptosis.

Insulin inhibits the doxorubicin-induced survivin down-regulation in H9c2
cardiac myocytes

Previously Si et al. showed that insulin inhibits I/R-induced myocardial apoptosis by stimulat-

ing the survival signaling cascade PI3K/Akt/mTOR/survivin pathway [30]. Further, survivin

has been shown to be cardioprotective [16–18]. Thus, we examined whether survivin expres-

sion is altered by insulin stimuli in doxorubicin-associated injury. Insulin treatment alone did
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Fig 1. Protective effect of insulin on the doxorubicin-induced cell death in H9c2 cardiac myocytes. (A) H9c2 cardiac myocytes were left untreated or
treated with 1 μM doxorubicin (Doxo) for 24 h, 48 h, and 72 h. (B) Serum-deprived H9c2 cardiac myocytes were left untreated or pretreated with the indicated
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not affect survivin protein levels in H9c2 cells (p = 0.2, n = 8) (S2 Fig). Interestingly, H9c2 cells

treated with doxorubicin had reduced levels of survivin protein (Fig 2A and 2C) and mRNA

(Fig 2B), and these reductions were suppressed with insulin pretreatment. The role of survivin

in insulin-mediated H9c2 cell protection was investigated using the siRNA knockdown

method. H9c2 cardiac myocytes were transfected with the siRNA targeting survivin to reduce

its expression. Fig 2D shows the efficiency of survivin siRNA in reducing the protein level of

survivin. As shown in Fig 2E, the ability of insulin to suppress doxorubicin-mediated caspase-3

activation was completely perturbed by survivin knockdown (lane 4). These findings suggest

that survivin plays a pivotal role in the cytoprotection of insulin by blocking the doxorubicin-

induced apoptotic activity in H9c2 cardiac myocytes.

Insulin inhibits doxorubicin-induced up-regulation of p53 and down-
regulation of Sp1

The survivin gene promoter contains several Sp1 and p53 binding sites with some variations

between species, indicating the evolutionarily conserved participation of Sp1 and p53 in the

survivin gene regulation. We found that doxorubicin treatment reduced Sp1 protein levels in

time- (S3A Fig) and dose-dependent manners (Fig 3A). This correlates with doxorubicin-stim-

ulated decrease in survivin mRNA levels at 12 h (S3B Fig), followed by a decrease in survivin

protein levels at 18 h (S3A Fig) in response to doxorubicin treatment. Conversely, insulin treat-

ment alone significantly increased Sp1 protein by 34.8% (Fig 3B). The reduction of Sp1 protein

due to doxorubicin treatment was significantly prevented by pretreatment with insulin (Fig

3B). In contrast to its protein levels, the mRNA levels of Sp1 were unaffected by doxorubicin

treatment with or without insulin pretreatment (Fig 3D, 3E and S4 Fig). Similar to the findings

in various human cancer cell lines [12], doxorubicin treatment alone stimulated an increase in

phosphorylation of p53 at Ser15 and total p53 levels (S3A Fig). Interestingly, insulin pretreat-

ment diminished doxorubicin-stimulated increase in p53 phosphorylation at Ser15 and total

p53 protein levels (Fig 3C).

Doxorubicin-induced protein degradation of Sp1 is associated with
proteasome-mediated proteolysis

To test whether doxorubicin-stimulated decrease in Sp1 protein level relies on proteasome-

dependent protein degradation, we pretreated H9c2 cells with the proteasome inhibitor

MG132. Intriguingly, similar to insulin pretreatment (Fig 3B), the reduction of Sp1 protein lev-

els due to doxorubicin treatment was significantly prevented by pretreatment with MG132 (Fig

4A). Consistently, MG132 pretreatment also inhibited the doxorubicin-mediated down-regula-

tion of survivin in both protein and mRNA levels (Fig 4B and 4C, respectively). These data sug-

gest that doxorubicin treatment triggers degradation of Sp1 protein via proteasome-mediated

concentration of insulin (Ins) for 1 h prior to treatment with 1 μM doxorubicin (Doxo) for 24 h. Cell viability was assessed by the MTT assay (**p < 0.01;
***p < 0.001, n = 3 performed in triplicates). (C–F) Serum-deprived cells were left untreated or pretreated with insulin (200 nM) for 1 h prior to treatment with
doxorubicin (1 μM) for 24 h. (C) Represented images of the TUNEL assay (100×). Treated cells were incubated with TUNEL reaction mixture, followed by
staining with DAPI. (D) The TUNEL-stained cells were counted under fluorescence microscopy and presented as a bar graph (***p < 0.001, n = 3 performed
in triplicates). (E) Caspase-3 activity was determined by immunoblot analysis of active form of caspase-3. (F) Mitochondrial (Mito) and cytosolic (Cyto)
fractions were separated by SDS-PAGE gel and analyzed by immunoblotting with anti-cytochrome C (Cyt C) antibodies. GAPDH or β-actin bands show that
equal amounts of sample were loaded and VDAC1 is used as a loading control for mitochondrial fraction. Note that blots represent one of three independent
experiments. Values are mean ±S.D.

doi:10.1371/journal.pone.0135438.g001
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Fig 2. Inhibitory effect of insulin on the doxorubicin-induced survivin down-regulation. (A, B) Serum-deprived H9c2 cardiac myocytes were left
untreated or pretreated with 200 nM insulin (Ins) for 1 h and treated with 1 μM doxorubicin (Doxo) for 24 h. (A) Whole cell lysates were separated by
SDS-PAGE gel and analyzed by immunoblotting with anti-survivin antibody. Graph represents the mean ±S.D. of the normalized densitometric analysis of
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proteolysis to suppress survivin expression, and insulin pretreatment inhibits this process

through an unknown mechanism.

Insulin restores the transcriptional activity of Sp1

To identify the Sp1 and p53 binding sites on the rat survivin promoter, we aligned the 5’-flank-

ing region of the rat, mouse and human survivin gene (Fig 5A). Based on the alignment, we

predicted a maximum of nine Sp1 and Sp1-like sites and two p53 binding sites in the promoter

survivin protein levels from 8 independent experiments (***p < 0.001, n = 8). (B) Total RNA was analyzed by RT-PCR (28 cycles) using primers specific to
survivin gene. Graph represents the mean ±S.D. of the normalized densitometric analysis of survivinmRNA levels from 3 independent experiments
(***p < 0.001, n = 3). (C) Immunofluorescence microscopy images were obtained using anti-survivin antibody followed by staining with DAPI (200×). (D, E)
One day after transfection with either scrambled RNA (scRNA) or survivin siRNA (20 nM), H9c2 cardiac myocytes were left untreated or pretreated with
insulin (200 nM) for 1 h and treated with doxorubicin (1 μM) for 24 h. Whole cell lysates were blotted with antibodies against survivin and cleaved-caspase-3
(active form). Note that the blots in panel D and E represent one of three independent experiments. n.s. not significant.

doi:10.1371/journal.pone.0135438.g002

Fig 3. Effect of insulin on the doxorubicin-induced changes in Sp1 and p53. (A, D) H9c2 cardiac myocytes were left untreated or treated with the
indicated concentration of doxorubicin (Doxo) for 12 h, and (B, C, E) serum-deprived cells were left untreated or pretreated with insulin (200 nM) for 1 h prior
to treatment with doxorubicin (1 μM) for 12 h. Whole cell lysates were analyzed by immunoblotting with anti-Sp1, anti-phospho-p53 (Ser15), anti-p53 and anti-
GAPDH antibodies. Graphs represent the mean ±S.D. of the normalized densitometric analyses of Sp1 protein levels (A, **p < 0.01, n = 3; B, ***p < 0.001,
n = 5). (D, E) Sp1 mRNA amount was determined by RT-PCR (28 cycles). Note that the blots in panel C represent one of three independent experiments.

doi:10.1371/journal.pone.0135438.g003
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region (between -265 and -9) of the rat survivin gene. To determine whether pretreatment with

insulin alters doxorubicin-stimulated binding of Sp1 and/or p53 to the survivin promoter, we

performed ChIP experiments using H9c2 cardiac myocytes. The fixed cell extracts were incu-

bated with anti-Sp1 or anti-p53 antibodies. The DNA-protein (promoter-transcription factor)

complexes captured by the antibodies were amplified by PCR to detect the presence of the sur-

vivin promoter. If Sp1 or p53 is bound to the survivin promoter, anti-Sp1 or anti-p53 antibod-

ies will be able to pull down the survivin promoter. Data presented in Fig 5B demonstrated that

in the absence of both doxorubicin and insulin, the survivin promoter was occupied by Sp1,

but not by p53. Following doxorubicin treatment of the H9c2 cardiac myocytes, the survivin

promoter had reduced levels of bound Sp1, but had increased level of bound p53. This observa-

tion is in accordance with the findings of Esteve et al. using human HCT116 cell line (doxoru-

bicin treatment) [13] and recently Hsu et al. using rat C6 glioma cell line (trichostatin A

treatment) [31]. However, when H9c2 cardiac myocytes were pretreated with insulin prior to

doxorubicin treatment, Sp1 binding to the survivin promoter was maintained while p53 bind-

ing to the survivin promoter was prevented by insulin.

To test whether Sp1 is a critical player in the insulin-induced survivin-mediated H9c2 cell

protection, H9c2 cells were transfected with the Sp1 siRNA to reduce Sp1 expression. The

effectiveness of the knockdown is shown in Fig 5C. As shown in Fig 5D and 5E, when Sp1

expression was reduced by siRNA, both survivinmRNA and its gene product, respectively,

were substantially reduced. Similar to the effect of survivin knockdown (Fig 2E, lane 4), insu-

lin-mediated suppression of doxorubicin-stimulated caspase-3 activation was also perturbed

Fig 4. Doxorubicin-induced Sp1 degradation by proteasome-mediated proteolysis. (A–C) H9c2 cardiac myocytes were pretreated with proteasome
inhibitor MG132 (50 nM) for 1 h and treated with 1 μM doxorubicin (Doxo) for either 12 h (A) or 24 h (B, C). (A, B) Whole cell lysates were analyzed by
immunoblotting using anti-Sp1 and anti-survivin antibodies. Graphs represent the mean ±S.D. of the normalized densitometric analyses of Sp1 (A, n = 5) or
survivin (B, n = 5) protein levels (***p < 0.001). (C) Total RNA was analyzed by RT-PCR (28 cycles) with specific primers to survivin gene. Graph represents
the mean ±S.D. of the normalized densitometric analysis of survivinmRNA levels (**p < 0.01; ***p < 0.001, n = 3).

doi:10.1371/journal.pone.0135438.g004
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Fig 5. Effect of doxorubicin and/or insulin on the transcriptional activity of Sp1 and p53. (A) Multiple sequence alignment (ClustalW2) of the proximal
promoter regions of the rat, mouse and human survivin genes. Black arrow indicates the transcriptional start site and +1 points out the translation start codon.
Canonical p53, Sp1, Sp1-like sites of the mouse and human survivin genes are boxed [12, 38–40]. Two gray bars indicate the primers for ChIP analysis [31];
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by reduction of Sp1 expression with Sp1 siRNA (lane 4). These evidences suggest that insulin

protects H9c2 cardiac myocytes from doxorubicin-induced apoptosis by blocking the protea-

some-mediated degradation of Sp1 resulting in Sp1-mediated transactivation of survivin.

Insulin inhibits Sp1 degradation via activation of the PI3K/mTORC1/
p70S6K pathway

Insulin-elicited cardiovascular protection is mediated by activation of PI3K/Akt/mTOR path-

way [32–36]. First, we determined whether insulin signals to the PI3K/mTOR/p70S6K pathway

to mediate cytoprotection against doxorubicin-mediated cell death. The results shown in

Fig 6A domonstrated that doxorubicin treatment of H9c2 cardiac myocytes reduced the phos-

phorylation levels of Akt (downstream target of PI3K), mTORC1 and p70S6K. However, when

the cells were pretreated with insulin, doxorubicin-mediated suppression of Akt, mTORC1

and p70S6K activation was perturbed. To determine the role of PI3K, mTOR and p70S6K in

mediating the inhibitory effect of insulin on the Sp1 degradation stimulated by doxorubicin,

three inhibitors were used; PI3K inhibitor LY294002, mTORC1 inhibitor rapamycin, and

p70S6K inhibitor PF4708671. As shown in Fig 6B to 6D, insulin-stimulated phosphorylation

of Akt, mTORC1, and p70S6K was inhibited by LY294002 (Fig 6B), rapamycin (Fig 6C), and

PF4708671 (Fig 6C), respectively. Pretreatment with LY294002, rapamycin, and PF4708671

blocked the ability of insulin to inhibit doxorubicin-induced Sp1 degradation (Fig 6B to 6D,

lane 6). It should be pointed out that pretreatment with LY294002, rapamycin, and PF4708671

did not affect total Akt, mTORC1, p70S6K or Sp1 protein levels (Fig 6B to 6D, lane 2).

Insulin protects H9c2 cardiac myocytes from doxorubicin toxicity by
Sp1-mediated transactivation of survivin via the PI3K/mTORC1/p70S6K
pathway

As shown in Fig 7A, pretreatment with LY294002, rapamycin, and PF4708671 also blocked the

ability of insulin to inhibit doxorubicin-induced survivin down-regulation (lane 4–6). Finally,

we investigated the effect of either survivin or Sp1 knockdown, or pharmacological inhibition

of the PI3K/mTOR/p70S6K pathway on the insulin-induced protection of H9c2 cardiac myo-

cytes. Consistent with the result shown in Figs 2E and 5D, doxorubicin treatment reduced cell

viability and this was perturbed with insulin pretreatment. Interestingly, the viability of cells

transfected with survivin siRNA (60.3 ± 3.2%) or Sp1 siRNA (60.1 ± 3.4%), or pretreated with

PI3K inhibitor (54.1 ± 6.3%), mTORC1 inhibitor (53.3 ± 3.8%), or p70S6K inhibitor

(61.8 ± 1.4%) prior to doxorubicin stimulation were similar to that of doxorubicin only-treated

group (52.1 ± 5.8%) (Fig 7B). These findings demonstrated that insulin-stimulated activation

of PI3K/mTORC1/p70S6K and expressions of Sp1 and survivin are required for insulin-medi-

ated protection against doxorubicin-stimulated cell death of cardiac myocytes.

a red bar corresponds to human CHR sequences; two blue bars highlight human CDE regions [50]. (B) Serum-deprived cells were left untreated or
pretreated with 200 nM insulin (Ins) for 1 h and treated with 1 μM doxorubicin (Doxo) for 12 h. Cross-linked cell lysates were subjected to ChIP analysis with
anti-Sp1 or anti p53-antibody. RT-PCR (36 cycles) was performed with ChIP primers as listed in Materials and Methods (n = 5). (C–E) One day after
transfection with Sp1 siRNA (20 nM), cells were left untreated or pretreated with insulin (200 nM) for 1 h and treated with doxorubicin (1 μM) for 24 h. Whole
cell lysates were immunoblotted with anti-Sp1, anti-survivin and anti-caspase-3 (active form) antibodies (C, D), and total RNA was analyzed by RT-PCR (28
cycles) with specific primers to survivin gene (E). Note that these results represent one of three independent experiments.

doi:10.1371/journal.pone.0135438.g005

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 11 / 19



Fig 6. Inhibitory effect of insulin on the doxorubicin-induced Sp1 degradation via PI3K/Akt/mTORC1 pathway in H9c2 cardiac myocytes. (A)
Serum-deprived H9c2 cardiac myocytes were left untreated or pretreated with 200 nM insulin (Ins) for 1 h and treated with 1 μM doxorubicin (Doxo) for 12 h.
(B–D) Cells were pretreated with 2 μMPI3K inhibitor LY294002 (LY) (B), 1 μMmTORC1 inhibitor rapamycin (Rapa) (C), or 5 μM p70S6K inhibitor PF4708671
(PF). (D) for 1 h, followed by treatment with insulin (200 nM) for 1 h and then with doxorubicin (1 μM) for 12 h. Whole cell lysates were analyzed by
immunoblotting for protein levels or phosphorylation status of Akt, mTORC1 and p70S6K and for protein levels of Sp1 using antibodies listed in Materials and
Methods. Note that these blots represent one of three independent experiments. Graphs represent the mean ±S.D. of the normalized densitometric analyses
of Sp1 protein levels (*p < 0.05; **p < 0.01; ***p < 0.001, n = 3).

doi:10.1371/journal.pone.0135438.g006

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 12 / 19



Discussion

The major findings of this study are as follows: First, Sp1 was down-regulated following doxo-

rubicin treatment, possibly by proteasome-mediated proteolysis. Insulin pretreatment blocked

doxorubicin-mediated Sp1 degradation by activating the survival signaling cascade PI3K/Akt/

mTORC1 pathway. In addition, reducing Sp1 expression with Sp1 knockdown successfully

blunted the insulin-induced cytoprotection. Second, our ChIP assay revealed that insulin pre-

treatment perturbed doxorubicin-mediated inhibition of the association of the transcription

factor Sp1 with the survivin gene promoter region (between -265 and -9). Conversely, insulin

Fig 7. Survivin-mediated protective effect of insulin on the doxorubicin-induced cardiac cell death. After pretreatment with the indicated inhibitors for
1 h (A, B), or transfection with either survivin siRNA or Sp1 siRNA for 24 h (B), cells were left untreated or treated with insulin (Ins) for 1 h, followed by
doxorubicin (Doxo) for 24 h. (A) Whole cell lysates were immunoblotted with anti-survivin antibodies. Numbers represent the mean ±S.D. of the normalized
densitometric analyses of survivin protein levels (n = 4). (B) Cell viability was assessed by the MTT assay (n = 3 performed in triplicates). Values are mean
±S.D. (*p < 0.05; **p < 0.01; ***p < 0.001). (C) Schematic diagram of insulin-induced cardiac myocytes protection against doxorubicin toxicity. Pro-
apoptotic signaling cascades induced by doxorubicin are shown as black lines and pro-survival (or anti-apoptotic) signaling pathways induced by insulin are
shown as red lines. (+) indicates positive transcriptional regulator (e.g. activator); (-) indicates negative transcriptional regulator (e.g. repressor).

doi:10.1371/journal.pone.0135438.g007
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pretreatment perturbed doxorubicin-stimulated p53 expression and phosphorylation at Ser15.

Consistently, our ChIP assay showed that doxorubicin-stimulated binding of p53 to the survi-

vin gene promoter was completely suppressed by insulin pretreatment.

Since Altieri and his colleagues reported survivin as a novel anti-apoptosis gene expressed

in cancer and lymphoma [37], the promoter region of survivin gene has been studied exclu-

sively in various cancer cell lines, mostly originated from mouse or human [12, 38–40]. In this

study, we investigated the regulation of survivin gene expression by Sp1 in mediating insulin-

stimulated protection against doxorubicin-mediated toxicity of H9c2 cells, a rat-derived non-

cancerous myoblast cell line. Changes in gene expression of Sp1 following doxorubicin is con-

troversial. In human colon carcinoma HCT116 cell line, Sp1 expression is not affected by

doxorubicin treatment, however p53 protein is markedly increased in the same condition [13,

41]. Doxorubicin treatment up-regulates Sp1 protein and mRNA levels in the human breast

adenocarcinoma MCF-7 [42] and chronic myeloid leukemic cell line K562 cells, respectively

[43]. In contrast, similar to our results, doxorubicin induces Sp1 down-regulation in doxorubi-

cin-resistant MCF-7 (MCF-7/Dox) cell line, whereas Sp1 mRNA is unchanged by doxorubicin

treatment [44]. Although Sp1 is believed to be a transcriptional activator, its possible role as a

transcriptional repressor in the survivin gene regulation also has been proposed. Inconsistent

with our ChIP data, in which Sp1 acted as a transcriptional activator, p53 appears on the pro-

moter without the loss of Sp1 to mediate dual function of both transcription activator and

repressor after 9 h of doxorubicin treatment [13].

The increased level of p53 protein can be accomplished by enhancing protein stability

instead of inducing transcription or translation. Our results supported the notion that DNA

damage, e.g. doxorubicin stimuli, induces phosphorylation of p53 at Ser15 and leads to a

reduced interaction between p53 and its negative regulator, the oncoprotein MDM2, which

inhibits p53 accumulation by targeting it for ubiquitination and proteasomal degradation [45,

46]. Surprisingly, the increase in the phosphorylation of p53 at Ser15 was reduced in H9c2 car-

diac myocytes that were pretreated with insulin. To better understand the mechanisms for

cytoprotection mediated by insulin, more studies will be required to identify the specific

kinases that are activated by doxorubicin to mediate the Ser15 phosphorylation and define the

precise correlation between the post-translational modification (phosphorylation or acetyla-

tion) of p53 and its function as transcription factor [13, 47]. Chromatin modification in the

promoter region may play a crucial role in the survivin gene silencing by p53 [6].

As shown in Fig 4, we designed an experiment using a potent proteasome inhibitor MG132

to inhibit doxorubicin-stimulated degradation of the Sp1 protein. Our findings are supported

by a recent publication that showed MG132 pretreatment of MCF-7/Dox cells inhibits the

doxorubicin-induced Sp1 down-regulation (the level of mRNA is not changed) [44]. Moreover,

inhibitor studies shown in Fig 6 demonstrated a connection between the mTOR pathway and

proteasome-mediated protein degradation [48]. We cannot exclude the possibility that another

signaling pathway might be involved in the insulin-induced inhibition of Sp1 degradation. As

shown in Fig 6, the efficiencies of the three inhibitors (LY294002> rapamycin> PF4708671)

suggested that a pathway might share the upstream kinases, PI3K, Akt and mTORC1, but they

might have distinct downstream mediators. Insulin-like growth factor-I (IGF-I) induces the

expression of survivin by increasing the translation of mRNA through mTOR-dependent

p70S6K activation, rather than by regulating gene transcription or protein stability [28, 49]. In

a more complicated study by Song et al., IGF-I reverses suppression of survivin gene expression

by TGF-β [49], whose survivin gene down-regulation depends on two cell cycle repressor ele-

ments in the survivin promoter region, a cell cycle-dependent element (CDE) and a cell cycle

genes homology region (CHR); and two transcription factors Smad2 and Smad3 [50].

Although it has been suggested that survivin plays a critical role in the cardioprotective effect
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of insulin through the activation of a survival cascade [30], the mechanism how insulin-elicited

activation of the PI3K/mTORC1/p70S6K pathway regulates survivin gene transcription

remains to be elucidated. In this study, it was successfully confirmed by ChIP assays that insu-

lin could reverse the doxorubicin-induced survivin down-regulation by maintaining the posi-

tive regulator Sp1 [51] on the promoter of survivin gene and removing the negative regulator

p53 [6] from the promoter of survivin gene.

Clinically, the doxorubicin-induced cardiotoxicity is one of the most important sequelae of

current chemotherapy against various cancers. A safe and effective method for reducing

anthracyclin-induced cardiotoxicity remains elusive [52]. In this study, we tested whether the

physiologic concentration of insulin could limit the doxorubicin-induced cardiotoxicity.

Recently, insulin-like growth factor (IGF) and its binding protein (IGFBP) involve in cancer

development, progression and anti-cancer drug resistance, thus IGF/IGFBP is an emerging tar-

get of cancer therapy [53, 54]. In line with these findings, insulin could be harmful in cancer

patients. Additionally, insulin may be beneficial by reducing host nutritional toxicity and result

in improvement of antitumor efficacy [55]. Therefore, further research should be warranted to

assess the clinical feasibility of insulin in cancer patients.

Taken together, our results support the hypothesis (a simplified scheme depicted in Fig 7C)

that i) insulin prevents Sp1 from the doxorubicin-induced proteasomal degradation via the

PI3K/mTORC1/p70S6K pathway; ii) the preserved Sp1 level by insulin transactivates the survi-

vin gene by direct binding to its promoter region; and iii) survivin mediates protective effect of

insulin against doxorubicin toxicity.

Supporting Information

S1 Fig. Effect of insulin on release of Smac/DIABLO and Bcl-2 family. (A, B) Serum-

deprived cells were left untreated or pretreated with insulin (200 nM) for 1 h and treated with

doxorubicin (1 μM) for 24 h. (A) Mitochondrial (Mito) and cytosolic (Cyto) fractions were sep-

arated by SDS-PAGE gel and analyzed by immunoblotting with anti-Smac/DIABLO antibod-

ies. (B) Whole cell lysates were immunoblotted with anti-Bcl-2, anti-BAX and anti-caspase-3

(active form) antibodies. VDAC1 and β-actin are used as a loading control for mitochondrial

and cytosolic fractions, respectively. Note that blots represent one of three independent experi-

ments.

(PDF)

S2 Fig. Effect of doxorubicin and/or insulin on survivin expression at protein levels in

H9c2 cardiac myocytes. Eight replicates of Western blot for survivin. Whole cell lysates were

separated by SDS-PAGE gel and analyzed by immunoblotting with antibodies against survivin

and GAPDH.

(PDF)

S3 Fig. Effect of doxorubicin on survivin expression at both protein and mRNA levels in

H9c2 cardiac myocytes. (A, B) H9c2 cardiac myocytes were treated with doxorubicin for the

indicated time points. Whole cell lysates were separated by SDS-PAGE gel and analyzed by

immunoblotting with antibodies against p-p53, p53, Sp1, survivin and GAPDH (A), and total

RNA was analyzed by RT-PCR (28 cycles) using primers specific to survivin and GAPDH gene

(B).

(PDF)

S4 Fig. Effect of doxorubicin and/or insulin on Sp1 mRNA expression in H9c2 cardiac

myocytes. (A) H9c2 cardiac myocytes were treated with the increased concentration of doxo-

rubicin (Doxo) up to 1 μM for 12 h, and (B) cells were pretreated with insulin (200 nM) for 1 h

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135438.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135438.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135438.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135438.s004


and treated with doxorubicin (1 μM) for 12 h. Sp1 mRNA amount was determined by semi-

qPCR (22–30 cycles).

(PDF)

Acknowledgments

We thank Dr. J. Julie Wu (NHLBI, National Institutes of Health) for her helpful discussions.

Author Contributions

Conceived and designed the experiments: BSL JO YWC SMK. Performed the experiments: BSL

SKK. Analyzed the data: BSL JO SP SHL DC JHC YWC SMK. Contributed reagents/materials/

analysis tools: BSL SP SHL DC YWC. Wrote the paper: YWC SMK.

References
1. Altieri DC. Survivin, cancer networks and pathway-directed drug discovery. Nature reviews Cancer.

2008; 8(1):61–70. doi: 10.1038/nrc2293 PMID: 18075512.

2. Altieri DC. Survivin and IAP proteins in cell-death mechanisms. The Biochemical journal. 2010; 430
(2):199–205. doi: 10.1042/BJ20100814 PMID: 20704571; PubMed Central PMCID: PMC3198835.

3. Dohi T, Okada K, Xia F, Wilford CE, Samuel T, Welsh K, et al. An IAP-IAP complex inhibits apoptosis.
The Journal of biological chemistry. 2004; 279(33):34087–90. doi: 10.1074/jbc.C400236200 PMID:
15218035.

4. Mityaev MV, Kopantzev EP, Buzdin AA, Vinogradova TV, Sverdlov ED. Functional significance of a
putative sp1 transcription factor binding site in the survivin gene promoter. Biochemistry Biokhimiia.
2008; 73(11):1183–91. PMID: 19120021.

5. Grossman D, Kim PJ, Blanc-Brude OP, Brash DE, Tognin S, Marchisio PC, et al. Transgenic expres-
sion of survivin in keratinocytes counteracts UVB-induced apoptosis and cooperates with loss of p53.
The Journal of clinical investigation. 2001; 108(7):991–9. doi: 10.1172/JCI13345 PMID: 11581300;
PubMed Central PMCID: PMC200956.

6. Mirza A, McGuirk M, Hockenberry TN, Wu Q, Ashar H, Black S, et al. Human survivin is negatively reg-
ulated by wild-type p53 and participates in p53-dependent apoptotic pathway. Oncogene. 2002; 21
(17):2613–22. doi: 10.1038/sj.onc.1205353 PMID: 11965534.

7. Jiang Y, Saavedra HI, Holloway MP, Leone G, Altura RA. Aberrant regulation of survivin by the RB/E2F
family of proteins. The Journal of biological chemistry. 2004; 279(39):40511–20. doi: 10.1074/jbc.
M404496200 PMID: 15271987.

8. Cosgrave N, Hill AD, Young LS. Growth factor-dependent regulation of survivin by c-myc in human
breast cancer. Journal of molecular endocrinology. 2006; 37(3):377–90. doi: 10.1677/jme.1.02118
PMID: 17170079.

9. Peng XH, Karna P, Cao Z, Jiang BH, Zhou M, Yang L. Cross-talk between epidermal growth factor
receptor and hypoxia-inducible factor-1alpha signal pathways increases resistance to apoptosis by up-
regulating survivin gene expression. The Journal of biological chemistry. 2006; 281(36):25903–14. doi:
10.1074/jbc.M603414200 PMID: 16847054; PubMed Central PMCID: PMC3132567.

10. Raj D, Liu T, Samadashwily G, Li F, Grossman D. Survivin repression by p53, Rb and E2F2 in normal
human melanocytes. Carcinogenesis. 2008; 29(1):194–201. doi: 10.1093/carcin/bgm219 PMID:
17916908; PubMed Central PMCID: PMC2292458.

11. Boidot R, Vegran F, Lizard-Nacol S. Transcriptional regulation of the survivin gene. Molecular biology
reports. 2014; 41(1):233–40. doi: 10.1007/s11033-013-2856-0 PMID: 24197699.

12. HoffmanWH, Biade S, Zilfou JT, Chen J, Murphy M. Transcriptional repression of the anti-apoptotic
survivin gene by wild type p53. The Journal of biological chemistry. 2002; 277(5):3247–57. doi: 10.
1074/jbc.M106643200 PMID: 11714700.

13. Esteve PO, Chin HG, Pradhan S. Molecular mechanisms of transactivation and doxorubicin-mediated
repression of survivin gene in cancer cells. The Journal of biological chemistry. 2007; 282(4):2615–25.
doi: 10.1074/jbc.M606203200 PMID: 17124180.

14. Nabilsi NH, Broaddus RR, Loose DS. DNAmethylation inhibits p53-mediated survivin repression.
Oncogene. 2009; 28(19):2046–50. doi: 10.1038/onc.2009.62 PMID: 19363521.

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 16 / 19

http://dx.doi.org/10.1038/nrc2293
http://www.ncbi.nlm.nih.gov/pubmed/18075512
http://dx.doi.org/10.1042/BJ20100814
http://www.ncbi.nlm.nih.gov/pubmed/20704571
http://dx.doi.org/10.1074/jbc.C400236200
http://www.ncbi.nlm.nih.gov/pubmed/15218035
http://www.ncbi.nlm.nih.gov/pubmed/19120021
http://dx.doi.org/10.1172/JCI13345
http://www.ncbi.nlm.nih.gov/pubmed/11581300
http://dx.doi.org/10.1038/sj.onc.1205353
http://www.ncbi.nlm.nih.gov/pubmed/11965534
http://dx.doi.org/10.1074/jbc.M404496200
http://dx.doi.org/10.1074/jbc.M404496200
http://www.ncbi.nlm.nih.gov/pubmed/15271987
http://dx.doi.org/10.1677/jme.1.02118
http://www.ncbi.nlm.nih.gov/pubmed/17170079
http://dx.doi.org/10.1074/jbc.M603414200
http://www.ncbi.nlm.nih.gov/pubmed/16847054
http://dx.doi.org/10.1093/carcin/bgm219
http://www.ncbi.nlm.nih.gov/pubmed/17916908
http://dx.doi.org/10.1007/s11033-013-2856-0
http://www.ncbi.nlm.nih.gov/pubmed/24197699
http://dx.doi.org/10.1074/jbc.M106643200
http://dx.doi.org/10.1074/jbc.M106643200
http://www.ncbi.nlm.nih.gov/pubmed/11714700
http://dx.doi.org/10.1074/jbc.M606203200
http://www.ncbi.nlm.nih.gov/pubmed/17124180
http://dx.doi.org/10.1038/onc.2009.62
http://www.ncbi.nlm.nih.gov/pubmed/19363521


15. Xu R, Zhang P, Huang J, Ge S, Lu J, Qian G. Sp1 and Sp3 regulate basal transcription of the survivin
gene. Biochemical and biophysical research communications. 2007; 356(1):286–92. doi: 10.1016/j.
bbrc.2007.02.140 PMID: 17350596.

16. Fukuda S, Kaga S, Sasaki H, Zhan L, Zhu L, Otani H, et al. Angiogenic signal triggered by ischemic
stress induces myocardial repair in rat during chronic infarction. Journal of molecular and cellular cardi-
ology. 2004; 36(4):547–59. doi: 10.1016/j.yjmcc.2004.02.002 PMID: 15081314.

17. Kaga S, Zhan L, Altaf E, Maulik N. Glycogen synthase kinase-3beta/beta-catenin promotes angiogenic
and anti-apoptotic signaling through the induction of VEGF, Bcl-2 and survivin expression in rat ische-
mic preconditioned myocardium. Journal of molecular and cellular cardiology. 2006; 40(1):138–47. doi:
10.1016/j.yjmcc.2005.09.009 PMID: 16288908.

18. Yao LL, Wang YG, Cai WJ, Yao T, Zhu YC. Survivin mediates the anti-apoptotic effect of delta-opioid
receptor stimulation in cardiomyocytes. Journal of cell science. 2007; 120(Pt 5):895–907. doi: 10.1242/
jcs.03393 PMID: 17298978.

19. Abbate A, Scarpa S, Santini D, Palleiro J, Vasaturo F, Miller J, et al. Myocardial expression of survivin,
an apoptosis inhibitor, in aging and heart failure. An experimental study in the spontaneously hyperten-
sive rat. International journal of cardiology. 2006; 111(3):371–6. doi: 10.1016/j.ijcard.2005.07.061
PMID: 16257070.

20. Levkau B, Schafers M, Wohlschlaeger J, vonWnuck Lipinski K, Keul P, Hermann S, et al. Survivin
determines cardiac function by controlling total cardiomyocyte number. Circulation. 2008; 117
(12):1583–93. doi: 10.1161/CIRCULATIONAHA.107.734160 PMID: 18332262.

21. Wohlschlaeger J, Meier B, Schmitz KJ, Takeda A, Takeda N, Vahlhaus C, et al. Cardiomyocyte survivin
protein expression is associated with cell size and DNA content in the failing human heart and is revers-
ibly regulated after ventricular unloading. The Journal of heart and lung transplantation: the official pub-
lication of the International Society for Heart Transplantation. 2010; 29(11):1286–92. doi: 10.1016/j.
healun.2010.06.015 PMID: 20851637.

22. Singal PK, Iliskovic N. Doxorubicin-induced cardiomyopathy. The New England journal of medicine.
1998; 339(13):900–5. doi: 10.1056/NEJM199809243391307 PMID: 9744975.

23. Takemura G, Fujiwara H. Doxorubicin-induced cardiomyopathy from the cardiotoxic mechanisms to
management. Progress in cardiovascular diseases. 2007; 49(5):330–52. doi: 10.1016/j.pcad.2006.10.
002 PMID: 17329180.

24. Kim KH, Oudit GY, Backx PH. Erythropoietin protects against doxorubicin-induced cardiomyopathy via
a phosphatidylinositol 3-kinase-dependent pathway. The Journal of pharmacology and experimental
therapeutics. 2008; 324(1):160–9. doi: 10.1124/jpet.107.125773 PMID: 17928571.

25. Venkatesan B, Prabhu SD, Venkatachalam K, Mummidi S, Valente AJ, Clark RA, et al. WNT1-inducible
signaling pathway protein-1 activates diverse cell survival pathways and blocks doxorubicin-induced
cardiomyocyte death. Cellular signalling. 2010; 22(5):809–20. doi: 10.1016/j.cellsig.2010.01.005
PMID: 20074638; PubMed Central PMCID: PMC2885703.

26. Lee PJ, Rudenko D, Kuliszewski MA, Liao C, Kabir MG, Connelly KA, et al. Survivin gene therapy atten-
uates left ventricular systolic dysfunction in doxorubicin cardiomyopathy by reducing apoptosis and
fibrosis. Cardiovascular research. 2014; 101(3):423–33. doi: 10.1093/cvr/cvu001 PMID: 24403316.

27. Lee BS, Kim SH, Jin T, Choi EY, Oh J, Park S, et al. Protective effect of survivin in Doxorubicin-induced
cell death in h9c2 cardiac myocytes. Korean circulation journal. 2013; 43(6):400–7. doi: 10.4070/kcj.
2013.43.6.400 PMID: 23882289; PubMed Central PMCID: PMC3717423.

28. Vaira V, Lee CW, Goel HL, Bosari S, Languino LR, Altieri DC. Regulation of survivin expression by
IGF-1/mTOR signaling. Oncogene. 2007; 26(19):2678–84. doi: 10.1038/sj.onc.1210094 PMID:
17072337.

29. Zhao P, Meng Q, Liu LZ, You YP, Liu N, Jiang BH. Regulation of survivin by PI3K/Akt/p70S6K1 path-
way. Biochemical and biophysical research communications. 2010; 395(2):219–24. doi: 10.1016/j.
bbrc.2010.03.165 PMID: 20361940.

30. Si R, Tao L, Zhang HF, Yu QJ, Zhang R, Lv AL, et al. Survivin: a novel player in insulin cardioprotection
against myocardial ischemia/reperfusion injury. Journal of molecular and cellular cardiology. 2011; 50
(1):16–24. doi: 10.1016/j.yjmcc.2010.08.017 PMID: 20801129.

31. Hsu YF, Sheu JR, Hsiao G, Lin CH, Chang TH, Chiu PT, et al. p53 in trichostatin A induced C6 glioma
cell death. Biochimica et biophysica acta. 2011; 1810(5):504–13. doi: 10.1016/j.bbagen.2011.02.006
PMID: 21376104.

32. Aikawa R, Nawano M, Gu Y, Katagiri H, Asano T, ZhuW, et al. Insulin prevents cardiomyocytes from
oxidative stress-induced apoptosis through activation of PI3 kinase/Akt. Circulation. 2000; 102
(23):2873–9. PMID: 11104747.

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 17 / 19

http://dx.doi.org/10.1016/j.bbrc.2007.02.140
http://dx.doi.org/10.1016/j.bbrc.2007.02.140
http://www.ncbi.nlm.nih.gov/pubmed/17350596
http://dx.doi.org/10.1016/j.yjmcc.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15081314
http://dx.doi.org/10.1016/j.yjmcc.2005.09.009
http://www.ncbi.nlm.nih.gov/pubmed/16288908
http://dx.doi.org/10.1242/jcs.03393
http://dx.doi.org/10.1242/jcs.03393
http://www.ncbi.nlm.nih.gov/pubmed/17298978
http://dx.doi.org/10.1016/j.ijcard.2005.07.061
http://www.ncbi.nlm.nih.gov/pubmed/16257070
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.734160
http://www.ncbi.nlm.nih.gov/pubmed/18332262
http://dx.doi.org/10.1016/j.healun.2010.06.015
http://dx.doi.org/10.1016/j.healun.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20851637
http://dx.doi.org/10.1056/NEJM199809243391307
http://www.ncbi.nlm.nih.gov/pubmed/9744975
http://dx.doi.org/10.1016/j.pcad.2006.10.002
http://dx.doi.org/10.1016/j.pcad.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17329180
http://dx.doi.org/10.1124/jpet.107.125773
http://www.ncbi.nlm.nih.gov/pubmed/17928571
http://dx.doi.org/10.1016/j.cellsig.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20074638
http://dx.doi.org/10.1093/cvr/cvu001
http://www.ncbi.nlm.nih.gov/pubmed/24403316
http://dx.doi.org/10.4070/kcj.2013.43.6.400
http://dx.doi.org/10.4070/kcj.2013.43.6.400
http://www.ncbi.nlm.nih.gov/pubmed/23882289
http://dx.doi.org/10.1038/sj.onc.1210094
http://www.ncbi.nlm.nih.gov/pubmed/17072337
http://dx.doi.org/10.1016/j.bbrc.2010.03.165
http://dx.doi.org/10.1016/j.bbrc.2010.03.165
http://www.ncbi.nlm.nih.gov/pubmed/20361940
http://dx.doi.org/10.1016/j.yjmcc.2010.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20801129
http://dx.doi.org/10.1016/j.bbagen.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21376104
http://www.ncbi.nlm.nih.gov/pubmed/11104747


33. Jonassen AK, Sack MN, Mjos OD, Yellon DM. Myocardial protection by insulin at reperfusion requires
early administration and is mediated via Akt and p70s6 kinase cell-survival signaling. Circulation
research. 2001; 89(12):1191–8. PMID: 11739285.

34. Gao F, Gao E, Yue TL, Ohlstein EH, Lopez BL, Christopher TA, et al. Nitric oxide mediates the antia-
poptotic effect of insulin in myocardial ischemia-reperfusion: the roles of PI3-kinase, Akt, and endothe-
lial nitric oxide synthase phosphorylation. Circulation. 2002; 105(12):1497–502. PMID: 11914261.

35. Ma H, Zhang HF, Yu L, Zhang QJ, Li J, Huo JH, et al. Vasculoprotective effect of insulin in the ischemic/
reperfused canine heart: role of Akt-stimulated NO production. Cardiovascular research. 2006; 69
(1):57–65. doi: 10.1016/j.cardiores.2005.08.019 PMID: 16212952.

36. Li J, Wu F, Zhang H, Fu F, Ji L, Dong L, et al. Insulin inhibits leukocyte-endothelium adherence via an
Akt-NO-dependent mechanism in myocardial ischemia/reperfusion. Journal of molecular and cellular
cardiology. 2009; 47(4):512–9. doi: 10.1016/j.yjmcc.2009.07.010 PMID: 19616003.

37. Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, expressed in cancer and lym-
phoma. Nature medicine. 1997; 3(8):917–21. PMID: 9256286.

38. Li F, Altieri DC. Transcriptional analysis of human survivin gene expression. The Biochemical journal.
1999; 344 Pt 2:305–11. PMID: 10567210; PubMed Central PMCID: PMC1220645.

39. Li F, Altieri DC. The cancer antiapoptosis mouse survivin gene: characterization of locus and transcrip-
tional requirements of basal and cell cycle-dependent expression. Cancer research. 1999; 59
(13):3143–51. PMID: 10397257.

40. Xia F, Altieri DC. Mitosis-independent survivin gene expression in vivo and regulation by p53. Cancer
research. 2006; 66(7):3392–5. doi: 10.1158/0008-5472.CAN-05-4537 PMID: 16585159.

41. Tong Y, ZhaoW, Zhou C, Wawrowsky K, Melmed S. PTTG1 attenuates drug-induced cellular senes-
cence. PloS one. 2011; 6(8):e23754. doi: 10.1371/journal.pone.0023754 PMID: 21858218; PubMed
Central PMCID: PMC3157437.

42. Shirley SH, Rundhaug JE, Tian J, Cullinan-Ammann N, Lambertz I, Conti CJ, et al. Transcriptional reg-
ulation of estrogen receptor-alpha by p53 in human breast cancer cells. Cancer research. 2009; 69
(8):3405–14. doi: 10.1158/0008-5472.CAN-08-3628 PMID: 19351845; PubMed Central PMCID:
PMC3079369.

43. YangMY, Lin PM, Liu YC, Hsiao HH, YangWC, Hsu JF, et al. Induction of cellular senescence by doxo-
rubicin is associated with upregulated miR-375 and induction of autophagy in K562 cells. PloS one.
2012; 7(5):e37205. doi: 10.1371/journal.pone.0037205 PMID: 22606351; PubMed Central PMCID:
PMC3350486.

44. Liu WH, Chang LS. Fas/FasL-dependent and -independent activation of caspase-8 in doxorubicin-
treated human breast cancer MCF-7 cells: ADAM10 down-regulation activates Fas/FasL signaling
pathway. The international journal of biochemistry & cell biology. 2011; 43(12):1708–19. doi: 10.1016/j.
biocel.2011.08.004 PMID: 21854868.

45. Shieh SY, Ikeda M, Taya Y, Prives C. DNA damage-induced phosphorylation of p53 alleviates inhibi-
tion by MDM2. Cell. 1997; 91(3):325–34. PMID: 9363941.

46. Honda R, Tanaka H, Yasuda H. Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor suppressor p53.
FEBS letters. 1997; 420(1):25–7. PMID: 9450543.

47. Murphy M, Ahn J, Walker KK, HoffmanWH, Evans RM, Levine AJ, et al. Transcriptional repression by
wild-type p53 utilizes histone deacetylases, mediated by interaction with mSin3a. Genes & develop-
ment. 1999; 13(19):2490–501. PMID: 10521394; PubMed Central PMCID: PMC317076.

48. Hashemolhosseini S, Nagamine Y, Morley SJ, Desrivieres S, Mercep L, Ferrari S. Rapamycin inhibition
of the G1 to S transition is mediated by effects on cyclin D1 mRNA and protein stability. The Journal of
biological chemistry. 1998; 273(23):14424–9. PMID: 9603954.

49. Song K, Shankar E, Yang J, Bane KL, Wahdan-Alaswad R, Danielpour D. Critical role of a survivin/
TGF-beta/mTORC1 axis in IGF-I-mediated growth of prostate epithelial cells. PloS one. 2013; 8(5):
e61896. doi: 10.1371/journal.pone.0061896 PMID: 23658701; PubMed Central PMCID: PMC3641055.

50. Lucibello FC, Liu N, Zwicker J, Gross C, Muller R. The differential binding of E2F and CDF repressor
complexes contributes to the timing of cell cycle-regulated transcription. Nucleic acids research. 1997;
25(24):4921–5. PMID: 9396797; PubMed Central PMCID: PMC147143.

51. Chen Y,Wang X, Li W, Zhang H, Zhao C, Li Y, et al. Sp1 upregulates survivin expression in adenocarci-
noma of lung cell line A549. Anatomical record. 2011; 294(5):774–80. doi: 10.1002/ar.21378 PMID:
21433308.

52. Vejpongsa P, Yeh ET. Prevention of anthracycline-induced cardiotoxicity: challenges and opportuni-
ties. Journal of the American College of Cardiology. 2014; 64(9):938–45. doi: 10.1016/j.jacc.2014.06.
1167 PMID: 25169180.

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/11739285
http://www.ncbi.nlm.nih.gov/pubmed/11914261
http://dx.doi.org/10.1016/j.cardiores.2005.08.019
http://www.ncbi.nlm.nih.gov/pubmed/16212952
http://dx.doi.org/10.1016/j.yjmcc.2009.07.010
http://www.ncbi.nlm.nih.gov/pubmed/19616003
http://www.ncbi.nlm.nih.gov/pubmed/9256286
http://www.ncbi.nlm.nih.gov/pubmed/10567210
http://www.ncbi.nlm.nih.gov/pubmed/10397257
http://dx.doi.org/10.1158/0008-5472.CAN-05-4537
http://www.ncbi.nlm.nih.gov/pubmed/16585159
http://dx.doi.org/10.1371/journal.pone.0023754
http://www.ncbi.nlm.nih.gov/pubmed/21858218
http://dx.doi.org/10.1158/0008-5472.CAN-08-3628
http://www.ncbi.nlm.nih.gov/pubmed/19351845
http://dx.doi.org/10.1371/journal.pone.0037205
http://www.ncbi.nlm.nih.gov/pubmed/22606351
http://dx.doi.org/10.1016/j.biocel.2011.08.004
http://dx.doi.org/10.1016/j.biocel.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21854868
http://www.ncbi.nlm.nih.gov/pubmed/9363941
http://www.ncbi.nlm.nih.gov/pubmed/9450543
http://www.ncbi.nlm.nih.gov/pubmed/10521394
http://www.ncbi.nlm.nih.gov/pubmed/9603954
http://dx.doi.org/10.1371/journal.pone.0061896
http://www.ncbi.nlm.nih.gov/pubmed/23658701
http://www.ncbi.nlm.nih.gov/pubmed/9396797
http://dx.doi.org/10.1002/ar.21378
http://www.ncbi.nlm.nih.gov/pubmed/21433308
http://dx.doi.org/10.1016/j.jacc.2014.06.1167
http://dx.doi.org/10.1016/j.jacc.2014.06.1167
http://www.ncbi.nlm.nih.gov/pubmed/25169180


53. Beech DJ, Perer E, Helms J, Gratzer A, Deng N. Insulin-like growth factor-I receptor activation blocks
doxorubicin cytotoxicity in sarcoma cells. Oncology reports. 2003; 10(1):181–4. PMID: 12469167.

54. Baxter RC. IGF binding proteins in cancer: mechanistic and clinical insights. Nature reviews Cancer.
2014; 14(5):329–41. doi: 10.1038/nrc3720 PMID: 24722429.

55. Peacock JL, Gorschboth CM, Norton JA. Impact of insulin on doxorubicin-induced rat host toxicity and
tumor regression. Cancer research. 1987; 47(16):4318–22. 3300963. PMID: 3300963

Insulin Induces Sp1-Mediated Survivin Expression

PLOS ONE | DOI:10.1371/journal.pone.0135438 August 13, 2015 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/12469167
http://dx.doi.org/10.1038/nrc3720
http://www.ncbi.nlm.nih.gov/pubmed/24722429
http://www.ncbi.nlm.nih.gov/pubmed/3300963

