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Hsp90 is an important driver of stabilization and activation of several oncogenic proteins in

many key pathways in oncogenesis, including HER2. The present study demonstrated that

synuclein gamma (SNCG) prevents the protein degradation and protects the function of

HER2 in the condition when the function of Hsp90 is blocked. Disruption of Hsp90 resulted

in a significant degradation of HER2 and the loss of activity. However, SNCG completely

recovered Hsp90 disruption-mediated losses of HER2 and the function. SNCG bound to

HER2 in the presence and absence of Hsp90. Specifically, the C-terminal (Gln106-Asp127)

of SNCG bound to the loop connecting aC helix and b4 sheet of the kinase domain of

HER2. SNCG renders resistance to 17-AAG-induced tumor suppression in tumor xenograft.

Crossing SNCG transgenic mice with HER2 mice stimulated HER2-induced tumor growth

and rendered resistance to Hsp90 disruption. The present study indicates that SNCG pro-

tects Hsp90 client protein of HER2, and renders resistance to Hsp90 disruption.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction with signal transduction (Wandinger et al., 2008). So far,
Hsp90 is a ubiquitously expressed molecular chaperone that

controls the folding, assembly, intracellular disposition, and

proteolytic turnover of many proteins, most of which are

involved in signal transduction processes (Neckers, 2007).

Hsp90 keeps unstable proteins poised for activation until

they are stabilized by conformational changes associated
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more than 200 client proteins are known to be regulated by

Hsp90, including key mediators of signal transduction and

aberrant oncogenic fusion proteins (Neckers, 2007;

Wandinger et al., 2008; Bonvini et al., 2002; Nimmanapalli

et al., 2001; Chiosis et al., 2001; Caldas-Lopes et al., 2009).

Loss of Hsp90 chaperone activity may result in misfolding of

target proteins, ultimately leading to their ubiquitylation
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and proteasomal degradation (Wandinger et al., 2008).

Because of these activities, Hsp90 is becoming an emerging

therapeutic target for cancer. The clinical development of

Hsp90 inhibitors, such as 17-AAG, as cancer chemotherapeu-

tics is progressing rapidly. Although 17-AAG, which permits

simultaneous inhibition of multiple Hsp90 regulated client

oncoproteins, is a promising new anticancer agent, acquired

resistance to 17-AAG has been demonstrated in many

different cancer cells (Workman et al., 2007; Gaspar et al.,

2009; McCollum et al., 2006), indicating that other proteins or

chaperones may also protect Hsp90 client proteins when the

Hsp90 function is blocked.

We previously identified a breast cancer specific gene

BCSG1, also known as synuclein g (SNCG) (Ji et al., 1997). Syn-

ucleins are a family of small proteins consisting of 3 known

members, synuclein a (SNCA), synuclein b (SNCB), and SNCG

(Clayton and George, 1998). While synucleins are highly

expressed in neuronal cells and have been specifically impli-

cated in neurodegenerative diseases (Polymeropoulos et al.,

1997; Spillantini et al., 1997), SNCG is not clearly involved in

neurodegenerative diseases but is primarily involved in

neoplastic diseases. So far, the abnormal expression of

SNCG protein has been demonstrated in many different ma-

lignant diseases, including breast (Ji et al., 1997; Bruening

et al., 2000; Wu et al., 2003; Guo et al., 2007), liver (Liu et al.,

2005; Zhao et al., 2006), esophagus (Liu et al., 2005), colon

(Liu et al., 2005, 2008, 2010; Hu et al., 2009), gastric (Liu et al.,

2005), lung (Liu et al., 2005), prostate (Liu et al., 2005), pancreas

(Li et al., 2004; Hibi et al., 2009), bladder (Iwaki et al., 2004), cer-

vical cancers (Liu et al., 2005), ovarian cancer (Bruening et al.,

2000; Czekierdowski et al., 2006), and glial tumors (Fung et al.,

2003). In these studies, SNCG protein is abnormally expressed

in a high percentage of tumor tissues but rarely expressed in

tumor-matched nonneoplastic adjacent tissues. The clinical

relevance of SNCG expression on breast cancer prognosis

was confirmed in clinical follow-up studies (Wu et al., 2003;

Guo et al., 2007). Patients with an SNCG-positive tumor had

a significantly shorter disease-free survival and overall sur-

vival compared with the patients with no SNCG expression.

SNCG is a new unfavorable prognostic marker for breast can-

cer progression and a potential target for breast cancer treat-

ment. At the cellular level, SNCG increases metastasis (Jia

et al., 1999) and hormone-dependent tumor growth (Jiang

et al., 2003, 2004), promotes genetic instability (Gupta et al.,

2003; Inaba et al., 2005), and regulates estrogen receptor

signaling (Jiang et al., 2004; Liu et al., 2007; Shi et al., 2010).

HER2-positive tumors account for approximately 30% of all

breast cancer and these tumors carry poor prognosis. The

importance of HER2 in breast cancer led to the development

of agents that aimed at reducing HER2 level or activity. Trastu-

zumab (Herceptin) and lapatinib are 2 agents that have gained

FDA approval for treating HER2-positive breast cancer. In spite

of their impressive results, a significant fraction of patients

still develop either primary or secondary resistance. Several

possible mechanisms of resistance have been proposed and

one of the most described mechanisms is the loss of PTEN ac-

tivity and/or activation of PI3K/Akt/mTOR signaling pathway

(Jones and Buzdar, 2009). Considering that HER2 is an Hsp90

client protein and requires interaction with Hsp90 and its

chaperone to acquire proper protein function (Citri et al.,
2004), the Hsp90 inhibitor such as 17-AAG provides an alterna-

tive approach to target HER2 through dissociation of HER2

from the chaperone, which leads to HER2 degradation by a

proteasome-dependent manner (Xu et al., 2001). Our previous

studies demonstrate that expression of SNCG was strongly

correlated with lymph node involvement, metastasis, and

HER2 status (Guo et al., 2007). In the present study, we evalu-

ated the effect of SNCG on HER2 expression and function. The

results indicate that SNCG specifically interactswithHER2 and

protects HER2 stability and function under stressful condi-

tions when the activity of Hsp90 is blocked.
2. Results

2.1. SNCG prevents Hsp90 disruption induced HER2
degradation

Clinical studies demonstrated that expression of SNCG is clin-

ically associated with HER2 status (Guo et al., 2007). Since the

stability and function of HER2 is regulated by Hsp90 and 17-

AAG acts primarily by promoting the degradation of HER2,

we investigated whether expression of SNCG could prevent

17-AAG-induced HER2 degradation. Using previously estab-

lished SNCG transfected MCF-7 cell (Jiang et al., 2003, 2004),

we demonstrated that while treatment of parental MCF-7

and vector transfected MCF-neo1 cells with 17-AAG resulted

in a significant decrease in HER2 expression, forced expres-

sion of SNCG completely prevented the induced HER2 degra-

dation (Figure 1A). Treatment of the cells with Herceptin had

no effect on HER2 expression levels. To investigate whether

the reduction of HER2 was due to proteasomal degradation,

we treated MCF-7 cells with proteasome inhibitor MG132.

The results of this treatment revealed that 17-AAG-induced

HER2 degradation could be blocked by proteasome inhibitor

(Figure 1B). These results indicate that dysfunction of Hsp90

by treatment with Hsp90 inhibitors destabilized the HER2 pro-

tein and removed the unstable HER2 by proteasomes.

The effect of SNCG expression on 17-AAG-induced HER2

degradation was further demonstrated by inhibiting endoge-

nous SNCG expression in T47D cells using previously estab-

lished stable SNCG knockdown T47D cell lines: AS-3 cells (Jia

et al., 1999). As demonstrated in Figure 1C, knockdown SNCG

in T47D cells significantly increased sensitivity to 17-AAG-

induced HER2 degradation. Since SNCG activates ERa tran-

scriptional activity (Jiang et al., 2003, 2004) and ERa and HER2

cross activate each other, it is likely that the observed SNCG-

mediatedHER2 protection in ER-positiveMCF-7 and T47D cells

is mediated indirectly by stimulation of ERa activity. To

exclude this possibility, we first used ER-negative and SNCG

stably transfected MDA-MB-435 cells (Figure 1D). As we

demonstrated in ER-positive MCF-7 cells, 17-AAG treatment

caused a significant reduction of HER2 levels in parental

SNCG-negative MDA-MB-435 cells and control vector trans-

fected neo-435-1 cells. However, this 17-AAG-induced down-

regulation of HER2 was completely blocked by expression of

SNCG in stably transfected SNCG-435-3 cells. Since there has

been a controversy over the past several years about the

true origin of the human MDA-MB-435 cell line, which might

be derived from M14 melanoma cells (Chambers, 2009), next
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Figure 1 e Prevention of HER2 degradation by SNCG. A. MCF-7, MCF-neo1, and MCFB6 cells were treated either with 17-AAG (1 mM) or

Herceptin (1 mM) for 12 h. HER2 and SNCG expression were analyzed by Western blot and normalized with actin. B. Reduction of HER2 was

prevented by proteasome inhibitor treatment. MCF-7 cells were pre-treated with 20 mM of proteasome inhibitor MG 132 for 2 h followed by a

treatment with 17-AAG (1 mM) for 10 h. Cell lysates were analyzed for HER2 expression. C. T47D and its SNCG knockdown AS-3 cells were

treated with 17-AAG (1 mM) for 12 h. HER2 and SNCG expression were analyzed by Western blot D. Parental MDA-MB-435, SNCG-435-3,

and control neo-435-1 cells were treated with 1 mM 17-AAG for 15-h. E. Prevention of HER2 degradation in SKBR3 cells. Control siRNA

(siCtrl) and SNCG siRNA infected cells treated with 17-AAG (0.5 and 1 mM) for 12 h. HER2 and SNCG expression were analyzed by Western

blot. F. Prevention of BIIB021-induced HER2 degradation. Cells were treated with BIIB021 (80 nM, 24 h). HER2 expression was analyzed by

Western blot.
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we used ER-negative and SNCG-positive SKBR3 breast cancer

cell, which is considered as HER2 over-expressed cell line.

The effect of SNCG knockdown on HER2 expression in

response to 17-AAG treatment was determined in SKBR3 cells

(Figure 1E). Treatment of SNCG knockdown cells with 17-AAG

significantly reduced HER2 expression levels. These data sug-

gest that SNCG prevents HER2 degradation under stressful

conditions, in which 17-AAG blocks the chaperone function

of Hsp90 and such protection of HER2 is ERa-independent.

We also tested the effect of SNCG on prevention of degrada-

tion of HER2 due to the Hsp90 disruption induced by different

Hsp90 inhibitors. As shown in Figure 1F, treatment of MCF-7

cells with BIIB021, a novel fully synthetic inhibitor that binds

competitively with geldanamycin in the ATP-binding pocket

of Hsp90, resulted in a significant loss of HER2. Similar to

what we observed for 17-AAG, expression of SNCG prevented

the BIIB021-mediated loss of HER2.

2.2. SNCG prevents 17-AAG-induced downregulation of
HER2 downstream effectors

Recent studies demonstrated manipulation of HER2 levels

resulted in parallel changes in FoxM1 expression in breast

cancer cells (Bektas et al., 2008; Francis et al., 2009). We next
investigated whether 17-AAG-induced downregulation of

HER2 can result in a concomitant decrease in FoxM1 expres-

sion and whether expression of SNCG can prevent the down-

regulation of FoxM1. In SNCG-negative MDA-MB-435 cells,

while downregulation of HER2 by blocking Hsp90 with 17-

AAG coincided with lower levels of FoxM1, enforced expres-

sion of SNCG in SNCG-435-3 cells prevented HER2 degradation

and restored FoxM1 levels (Figure 2A). Similar results were

also observed in the SNCK knockdown SKBR3 cells. These

studies indicate that SNCG protects HER2 and its downstream

effector FoxM1 in the absence of Hsp90 function.

We also investigated the effect of SNCG on the function

and stability of another HER2 downstream effector Akt. As

shown in Figure 2B, expression of SNCG did not activate Akt

under normal conditions. However, under stressful conditions

when 17-AAG blocked the chaperoning function of Hsp90, the

loss of Akt activity was completely protected by SNCG. 17-AAG

treatment only slightly decreased Akt expression, suggesting

that the protein stability of Akt is not very sensitive to the in-

hibition of Hsp90 chaperoning function. Once activated Akt,

however, vector transfected control MCF-7 cells were highly

sensitive to the inhibitory effect of 17-AAG after 12 h of expo-

sure; in contrast, SNCG over-expressing MCFB6 cells were

resistant to the inhibitory effect of this compound.

http://dx.doi.org/10.1016/j.molonc.2014.05.011
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Figure 2 e Protection of HER2 downstream effectors FoxM1 and

Akt. A. MDA-MB-435, SNCG stably transfected SNCG-435-3,

SKBR3, and SNCG knockdown SKBR3/siSNCG cells were treated

with 17-AAG (1 mM) for 12 h. HER2, FoxM1, and actin expression

were analyzed by Western blot. B. Protection of Akt activity. MCF-7

and SNCG stably transfected MCFB6 cells were treated with 1 mM

17-AAG or 1 mM Herceptin for 12-h. Total proteins were subjected

to Western analysis of Akt, phosphorylated Akt, and SNCG.
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2.3. SNCG physically interacts with HER2

Because SNCG prevented 17-AAG-mediated degradation of

HER2, we investigated if SNCG also physically interacts with

HER2.We performed a GST pull-down assay using the purified

GST-tagged SNCG protein to pull down HER2 (Figure 3A). The

GST-tagged SNCG was immobilized to GST beads and incu-

bated with lysates of SKBR3 cells. The results of immunoblot-

ting revealed that HER2 was specifically precipitated by

immobilized GST-SNCG, indicating that HER2 directly inter-

acts with SNCG in vitro.

Using SNCG transfected MCFB6 cells, we also determined if

SNCG physically interacts with HER2 in cells in the presence

and absence of 17-AAG by immunoprecipitation (IP) assays.

IP of SNCG in SNCG-positive MCFB6 cells co-precipitated

HER2 and Hsp90 in the absence of 17-AAG, indicating that

SNCG participated in a chaperone complex with Hsp90 and

HER2 in the absence of Hsp90 inhibitor. As negative controls,

IP of SNCG in SNCG-negative MCF-7 cells and IP with control

IgG in SNCG-positive MCFB6 cells did not pull down HER2.

Similarly, IP of HER2 co-precipitated SNCG and Hsp90 and IP

of Hsp90 co-precipitated HER2 and SNCG in MCFB6 cells

(Figure 3B). As expected, after cells were treated with 17-

AAG, Hsp90 dissociated from its client protein HER2. However,

although SNCG dissociated from Hsp90, it still bound to HER2.

Since SNCG still bound to HER2 even after Hsp90 was dissoci-

ated from its client protein, these data indicate that although

SNCG participated in the chaperone complex with Hsp90, its

function on HER2 was mediated by Hsp90-independent path-

ways such as by direct binding and chaperoning HER2. We

also investigated the in vivo interactions among endogenous
SNCG, HER2 and Hsp90 in SKBR3 cells (Figure 3C). The same

interaction pattern between endogenous SNCG and HER2

and Hsp90 was observed in SKBR3 cells, as we demonstrated

in SNCG transfected MCF-7 cells. When SKBR3 cells were

cultured in the absence of 17-AAG, endogenous SNCG was

co-precipitated with HER2 and Hsp90. However, after the

treatment of 17-AAG, Hsp90 dissociated from HER2 and

SNCG, but SNCG still bound to Hsp90, indicating that the inter-

action between the endogenous SNCG, HER2, and Hsp90 pro-

teins also occurs in the physiological situation.

2.4. Molecular modeling of interaction between SNCG
and HER2

The kinase domain of HER2 holds an N-terminal and C-termi-

nal lobes of which the region connecting the aC helix with b4

sheets in N-terminal lobe was proven to interact with Hsp90

(Sidera et al., 2008; Citri et al., 2006). Disruption of this

Hsp90-HER2 interaction was shown to affect the stability of

the HER2 (Citri et al., 2004). In order to evaluate the possible in-

teractions between the HER2 kinase domain and SNCG, the

structure of the HER2 kinase domain is modeled based on

the coordinates of the active state conformation of ErbB-1 ki-

nase domain (PDB id: 2GS2) (Zhang et al., 2006); and the insi-

lico interaction between the SNCG-C terminal region

(Manivel et al., 2011) and HER2 kinase domain was analyzed.

The obtained interacting conformation (Figure 4A) reveals

the specific orientation of SNCG-C-terminal region in which

the residues Glu120-Asp127 were placed in a position to

make interactions with the residues Gly76-Arg84 of the loop

connecting the aC helix with b4 of HER2 kinase domain

(Figure 4B). The orientation of SNCG was stabilized by the hy-

drophobic and hydrogen bonds between the residues of Gly76-

Arg84 of HER2 with the residues Glu120-Asp127 of C-terminal

SNCG (Figure 4C), of which Gly78, Ser79 and Arg84 of HER2

involved in H-bond between Glu120 and Asp127 of SNCG

respectively. Meanwhile, a carbonylecarbonyl interaction be-

tween Gly76 of HER2 and Glu120 of SNCG was also found to

stabilize the interaction between the SNCG and HER2 kinase

domain.

The molecular modeling study indicates that the C-termi-

nal aa 106e127 of SNCG interacts with its client proteins of

HER2 and Akt. To confirm that the effects of SNCG on protec-

tion HER2 relays on its specific C-terminal interaction with

HER2, we constructed a deletion mutant of SNCG, which the

C-terminal region of 106e127 was deleted. While the wild

type SNCG (F-SNCG) was able to protect HER2 under the con-

ditions that Hsp90 was disrupted, C-terminal deleted SNCG

(D-SNCG) failed to protect HER2 under the same conditions

(Figure 4D). These data are consistent with the molecular

modeling analysis, which indicate that the C-terminal aa

106e127 of SNCG binds to HER2 and protects HER2 from

degradation.

2.5. SNCG renders resistance to 17-AAG in xenograft
model

To determine whether the protective effect of SNCG could be

administered in vivo tumor xenograftmodel to a similar effect.

We choose HER2 over-expressing and SNCG-negative MDA-

http://dx.doi.org/10.1016/j.molonc.2014.05.011
http://dx.doi.org/10.1016/j.molonc.2014.05.011
http://dx.doi.org/10.1016/j.molonc.2014.05.011


Figure 3 e SNCG interacts with HER2. A. GST-SNCG fusion protein was expressed in E. coli, purified, and stained with Coomassie Blue to

demonstrate the expression of the fusion proteins (A, left panel). The SKBR3 cell extracts were subsequently incubated either with bead-bound

GST as a negative control or GST-SNCG. After the beads were washed, proteins were subjected to Western blot for HER2 (A, right panel). B.

Parental MCF-7 and SNCG transfected MCFB6 cells were treated with or without 1 mM 17-AAG for 15 h. Equal amount of protein was subjected

to IP with antibodies against SNCG, HER2, and Hsp90 followed by Western blot for SNCG, HER2, and Hsp90. As a negative, IP with control

IgG did not pull down SNCG, HER2, and Hsp90 in MCFB6 cells. C. SKBR3 cells were treated with or without 1 mM 17-AAG for 15 h. Equal

amount of protein was subjected to IP with antibodies against SNCG and HER2 followed by Western blot for SNCG, HER2, and Hsp90. As a

negative, IP with control IgG did not pull down SNCG, HER2, and Hsp90 in SKBR3 cells.
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MB-435 and its SNCG stably transfected SNCG-435-3 cell. We

treated the mice with established MDA-MB-435 and SNCG-

435-3 tumors with 17-AAG. As shown in Figure 5A, treatment

of MDA-MB-435 tumors resulted in a 62% tumor growth inhi-

bition. However, SNCG-435-3 tumors were resistant to the

treatment with only 25% tumor growth inhibition. A dose of

50 mg/kg 17-AAG was sufficient to induce HER2 degradation

in MDA-MB-435 tumors. In contrast, expression of SNCG

restored HER2 in SNCG-435-3 tumors (Figure 5B).

2.6. Expression of SNCG in mammary gland protects
HER2 and exacerbates HER2-induced mammary tumor
development

We developed a bitransgenic micemodel that co-express both

HER2 and SNCG in themammary epithelium by crossbreeding

the previously established MMTV/SNCG transgenic mice (Liu

et al., 2007) with MMTVneu HER2 transgenic mice. The effect

of SNCG on HER2 was investigated in the mammary gland of

SNCG/HER2 bitransgenic mice.

We first used ex vivomodel involving a wholemousemam-

mary gland organ culture (MGOC) to study whether SNCG can

prevent HER2 degradation due to the loss of Hsp90 chaper-

oning function. Treatment of mammary glands from HER2

transgenic mice in MGOC with 17-AAG caused a significant

reduction of HER2 expression. However, consistent with the
in vitro effect in breast cancer cells, co-expression of SNCG in

HER2 transgenic mammary gland prevented 17-AAG-induced

HER2 degradation, resulting in only a slight decrease in HER2

expression (Figure 5C). Next, we studied the effect of SNCG

on the expression and function of HER2 on the transgenic

mice treated with 17-AAG. Treatment of HER2 transgenic

mice with 17-AAG resulted in a significant loss of HER2 and

its downstream effector FoxM1. However, expression of

SNCG in the SNCG/HER2 bitransgenic mice prevented the

loss of HER2 and FoxM1 due to the disruption of Hsp90 func-

tions (Figure 5D). These studies provide direct evidence sup-

porting the chaperone role of SNCG on Hsp90 client proteins

of HER2 sin a more relevant mammary gland.

Effect of SNCG on HER2-induced mammary tumor was

investigated in SNCG/HER2 bitransgenic mice. While expres-

sion of SNCG in mammary epithelium induces mammary hy-

perplasia, MMTV/SNCG transgenic mice fail to develop

mammary tumors (Liu et al., 2007). Previous studies have

shown that HER2 transgenicmice developmultifocalmetasta-

tic mammary tumors at w6 months of age (Siegel et al., 1999).

Expression of SNCG in mammary glands significantly stimu-

lated HER2-induced mammary tumorigenesis (Table 1). The

results reveal that bitransgenics show significantly reduced

latency of palpable mammary tumor formation with 50% of

the animals showing tumor formation at 145 days as opposed

to 182 days for HER2 mice. Tumor growth was also

http://dx.doi.org/10.1016/j.molonc.2014.05.011
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Figure 4 e Structure analyses of the interaction between SNCG and HER2. A. Docked interacting conformation of HER2 (color code: lemon

green) with the SNCG-C terminal region (color code: orange). B. The interaction mode between the residues Glu120-Asp127 of SNCG with the

loop connecting the aC helix with b4 sheet in the N-lobe of the predicted HER2 kinase domain. C. Residues involved in the specific HER2 (violet

colored stick)-SNCG (green colored stick) interaction. Hydrogen bonds: black dotted lines. Hydrophobic interactions: orange dotted lines.

Carbonylecarbonyl interactions: magenta dotted lines. D. MCF-7 cells, engineered to express full length F-SNCG and C-terminal deleted D-

SNCG, were treated with 17-AAG (1 mM, 15 h) and extracts were subjected to Western analysis of Her2, SNCG, and actin.
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significantly stimulated. At day 250, the average tumor size of

bitransgenics was 1.45-fold of that of HER2 mice. There was a

slight increase in tumor incidence in bitransgenics, but it was

not significant compared with HER2 mice. To determine

whether 17-AAG has an antitumor effect on transgenic mice

and whether expression of SNCG can render resistance to

17-AAG-mediated antitumor effect on HER2 mice, we treated

the tumor-bearing mice with 17-AAG for 1-month period

from day 220 to day 250. Tumors in HER2 mice receiving the

treatment had a mean 65% reduction in volume when

compared with tumors in mice that were treated with vehicle

control (318 mm3 vs. 921 mm3). In contrast, SNCG/HER2 mice

treated with 17-AAG demonstrated a slight 22% tumor inhibi-

tion during the therapy (1045 mm3 vs. 1338 mm3). To exclude

the possibility that the attenuated antitumor effect of 17-AAG

on SNCG/HER2 bitransgenic mice is due to the poor accessi-

bility of larger tumors to the drug, in a separate experiment,

we started the drug treatment at the earlier day for the
bitransgenic mice in order to have a similar tumor size at

the starting point. While treatment of HER2 mice with 17-

AAG resulted in a 59% tumor inhibition (from 821 mm3 to

337 mm3), expression of SNCG reduced tumor inhibition to

25% in the SNCG/HER2 bitransgenic mice (from 891 mm3 to

671mm3). These data indicate that SNCG renders tumor resis-

tance to Hsp90 disruption.
3. Discussion

The present findings demonstrate a novel role for SNCG in the

context of protection of stability and function of Hsp90 client

protein HER2 under stressful conditions when the chaperone

function of Hsp90 is blocked. In this article, we provide evi-

dence that 1) SNCG prevents the degradation of HER2 under

conditionswhen the chaperoning function of Hsp90 is blocked

by 17-AAG. The SNCG-mediated protectionwas demonstrated

http://dx.doi.org/10.1016/j.molonc.2014.05.011
http://dx.doi.org/10.1016/j.molonc.2014.05.011
http://dx.doi.org/10.1016/j.molonc.2014.05.011


Figure 5 e In vivo study of SNCG on protection of HRER2. A. Tumor growth in response to 17-AAG treatment. Mice bearing established tumors

were treated with either vehicle control or 17-AAG (50 mg/kg, i.p., 3 times/week). All mice were sacrificed at day 40 following the first drug

treatment. Statistical comparison for tumor size in 17-AAG treated MDA-MD-435 mice relative to mice in other groups indicates *P < 0.01. B.

Protection of HER2 expression. Tumors were harvested from two MDA-MB-435 and two SNCG-435-3 xenografts at day 40, 12 h following the

last 17-AAG treatment. Total protein was subjected to Western analyses of HER2, and actin. C. Protection of 17-AAG-induced HER2

degradation by SNCG in mammary organ culture. A pair (left and right) of inguinal mammary glands from a 14-week virgin HER2 transgenic

mouse and a HER2/SNCG bitransgenic mouse were cultured in the organ culture medium as described in Methods for 2 days followed by a 2-day

treatment with 1 mM 17-AAG. The left mammary gland was used as control and the right gland was treated with 17-AAG. Total protein was

isolated and subjected to Western analysis. D. SNCG protects HER2 in HER2/SNCG bitransgenic mice. A 14-month old HER2/SNCG

bitransgenic mouse as well as an age-matched HER2 transgenic mouse were treated with 17-AAG (50 mg/kg, i.p., 3 times/week) for three weeks.

Age-matched control mice were treated with vehicle (5% Tween 80, 5% DMSO in PBS). At the end of 3-week treatment, mice were sacrificed and

the right inguinal gland was removed and subjected to Western analysis of HER2, FoxM1, SNCG, and actin.
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in four different cell systems including overexpression of

SNCG in SNCG-negative MCF-7 cells and MDA-MB-435 cells

and knockdown endogenous SNCG expression in T47D and

SKBR3 cells; 2) SNCG protects HER2 in tumor xenograft and

in the mammary gland from HER2/SNCG bitransgenic mouse;

3) SNCG stimulates HER2-induced mammary tumor growth

and renders a resistance to 17-AAG-mediated antitumor effect

in the HER2/SNCG bitransgenic mice; 4) SNCG binds to HER2

both in vitro in cell-free system and in breast cancer cells;

such interaction occurs even in the presence of 17-AAG, in

which Hsp90 dissociates from its client protein HER2; and 5)

molecular modeling study indicates that SNCG binds to the

loop connecting aC helix and b4 sheet of the kinase domain

of HER2.

Although the biology and pathology of HER2 have been un-

der extensive investigation, factors that regulate HER2 expres-

sion and function remain largely unknown. Over the past

years, there has been increasing evidence that Hsp90 interacts

with a great number of molecules including HER2 that are

involved in the development and/or survival of cancer cells

(Neckers, 2007; Wandinger et al., 2008; Bonvini et al., 2002;

Nimmanapalli et al., 2001; Chiosis et al., 2001; Caldas-Lopes

et al., 2009). The role of Hsp90 in the regulation of HER2 has

been attributed so far to stabilization of the receptor at the

cell surface, via interaction with its cytoplasmic kinase

domain, such that disruption of the HER2/Hsp90 association
induced by 17-AAG leads to proteasomal degradation of the

receptor (Citri et al., 2004; Xu et al., 2001). However, resistance

to Hsp90 inhibitors has been established and one of themech-

anisms underlying resistance to Hsp90 disruption is the pres-

ence of other molecular chaperones that also regulate Hsp90

client proteins (Workman et al., 2007; Gaspar et al., 2009;

McCollum et al., 2006). The chaperone-like activity of SNCG

has been demonstrated in the cell-free system by assaying

the aggregation of thermally denatured proteins; SNCG bind-

ing reduces the thermally induced degradation of alcohol de-

hydrogenase and insulin (Souza et al., 2000). Consistent with

the previous report on chaperone-like activity of SNCG, here

we provided evidence that SNCG prevents the degradation

and the loss of activity of HER2 when 17-AAG blocks the

chaperoning function of Hsp90. This protection on HER2 was

demonstrated in breast cancer cells, tumor xenograft, and

the mammary gland from HER2/SNCG bitransgenic mouse.

These data suggest a critical role of SNCG in maintaining the

stability and function of HER2 signaling pathway.

We previously demonstrated that SNCG participates in

Hsp90-based multi-chaperone complex for ERa and stimu-

lates ERa transcriptional activity (Jiang et al., 2004; Liu et al.,

2007). In the present study, we also demonstrated that SNCG

physically associates with HER2 and Hsp90. One of the critical

questions that needs to be addressed is whether SNCG-

mediated effect on HER2 is manifested by Hsp90-based

http://dx.doi.org/10.1016/j.molonc.2014.05.011
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Table 1 e Expression of SNCG exacerbates HER2-induced mammary tumor development and renders resistance to antitumor effect of 17-AAG.
The effect of SNCG on HER2-mediated tumorigenesis was measured by tumor incidence (percentage of mice developing tumors at 250-day
period), tumor latency T50 (day with 50% of the animals showing tumor formation), and tumor size at the day 250. For treatment, mice bearing
tumors were treated with either vehicle control or 17-AAG (50 mg/kg, i.p., 3 times/week) for 1-month period. There were 15 mice analyzed for
each group. Tumor growth inhibition was calculated by comparison of treated vs. non-treated mice. Statistical comparisons for both T50 and
tumor size in SNCG/HER2 bitransgenic mice relative to HER2 transgenic mice indicate p< 0.01. Statistical comparison for tumor incidence in
SNCG/HER2 mice relative to HER2 mice indicates p > 0.05. Statistical comparison for tumor size in 17-AAG treated vs. non-treated HER2
mice indicates P < 0.01. Statistical comparison for tumor size in 17-AAG treated vs. non-treated SNCG/HER2 mice indicates P > 0.05.

Experimental group Tumor incidence T50 Tumor size (mm3)

Genotypes Tumor/total (%) (Days) Day 250

SNCG N/A N/A N/A

HER2 52 182 921 � 198

SNCG/HER2 58 145 1338 � 281

With Treatment of 17-AAG at day 220e250

HER2 N/A N/A 318 � 49 (65% Y)

SNCG/HER2 N/A N/A 1045 � 136 (22% Y)

Tumor size before 17-AAG treatment (mm3) Tumor size after 17-AAG treatment (mm3)

HER2 821 � 168 (day 230) 337 � 41 (59% Y)

SNCG/HER2 891 � 229 (day 190) 671 � 78 (25% Y)
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chaperone complex or by its own chaperoning function. Using

Hsp90 inhibitor 17-AAG, our data demonstrated that treat-

ment of cellswith 17-AAG resulted in a significant degradation

of HER2. However, expression of SNCG completely recovered

17-AAG-mediated loss of HER2 expression. Furthermore,

when cells were treated with 17-AAG, while Hsp90 lost its

ATPase function and dissociated from its client protein

HER2, SNCG was still physically associated with and chaper-

oning HER2. These data suggest that SNCG, which can replace

the chaperone function of Hsp90 on its client protein HER2, is

an independent chaperone protein and its chaperoning func-

tion on HER2 is not dependent on Hsp90. Thus, SNCG and

Hsp90 act cooperatively in regulating HER2 stability and

function.

To study the mechanism through which SNCG protects

various Hsp90 client proteins, we performed docking analysis

of the interaction between SNCG and HER2. It is well estab-

lished that disruption of interaction between Hsp90 and ki-

nase domain of HER2, mediated by the loop connecting aC

helix and b4 sheet of N-lobe of kinase domain (Citri et al.,

2006), results in the ubiquitin mediated degradation of HER2

(Xu et al., 2001). This region acts as the hinge controlling the

movement of aC helix, which is also defined as the conserved

chaperone-binding region in some of the Hsp90 client kinase

proteins including HER2 (Citri et al., 2006). Accordingly, the

replacement of Hsp90 function by SNCG, which also acts as

a chaperone, invoked the possibility of the interaction be-

tween SNCG and the chaperone-binding region of HER2. Spe-

cifically, the C-terminal tail region of SNCG, enriched with the

highly charged residues, has been suggested to possess

chaperone-like activity and to mediate proteineprotein inter-

actions (Manivel et al., 2011). We provide evidence that the C-

terminal of SNCG binds directly to the loop connecting aC he-

lix and b4 sheet of the kinase domain of HER2. We reason that

this interaction stabilizes Hsp90 client proteins andmaintains

their function when the chaperone function of Hsp90 is

disrupted.
17-AAG seems to display significant Hsp90-dependent

antitumor activity. Although the exact mechanisms by which

17-AAG kills cancer cells remain to be defined and may vary

with cell types, studies suggest that abrogation of the survival

pathways, such as HER2 signaling, may lead to apoptosis

(Okawa et al., 2009). Using tumor xenograft model, we demon-

strated that while SNCG expression renders resistance to 17-

AAG-induced tumor suppression, compromising endogenous

SNCG expression increased sensitivity to 17-AAG-induced

cytotoxicity. Consistent with tumor xenograft model, our

study demonstrated that SNCG antagonizes 17-AAG-mediated

antitumor effect in SNCG/HER2 bitransgenic model. These

data support the conclusion that protection of Hsp90 client

proteins, such as HER2, is responsible for the antagonistic ef-

fect of SNCG against 17-AAG. It should be pointed out that 17-

AAG binds to Hsp90 and promotes the degradation of various

Hsp90 client proteins important in the proliferation and sur-

vival of malignant cells. Although the direct target of 17-AAG

is Hsp90, and HER2 is a Hsp90 client protein, multiple mecha-

nismsmay contribute to the SNCG-mediated antitumor effect.

It has been demonstrated that overexpression of SNCG leads

to constitutive activation of ERK1/2 and inactivation of JNK

in response to several chemotherapeutic agents (Hua et al.,

2009). Nevertheless, we demonstrated that mammary specific

expression of SNCG in HER2/SNCG bitransgenic mouse pro-

tects HER2, stimulates HER2-mediated mammary tumorigen-

esis, and renders resistance to 17-AAG-mediated antitumor

effect. We reason that the chaperoning function of SNCG on

HER2 signaling and other Hsp90 regulated signaling pathways,

such as PI3K/Akt/mTOR, may serve an underlyingmechanism

for promoting cancer progression and resistance to Hsp90

disruptors.

Unlike a typical chaperone Hsp90, which is essential for a

range of indispensable functions in normal tissue, SNCG is

not expressed in normal cells but aberrantly expressed in

advanced malignant state through epigenetic control by

demethylation of CpG sties within SNCG gene (Liu et al.,

http://dx.doi.org/10.1016/j.molonc.2014.05.011
http://dx.doi.org/10.1016/j.molonc.2014.05.011
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2005), suggesting that SNCG is a more tumor oriented chap-

erone. Targeting tumor specific chaperones, such as SNCG,

represents a potential alternative to direct Hsp90 inhibition

that may offer greater specificity. Notably, resistance to 17-

AAG has been frequently reported in cancer cells (Workman

et al., 2007; Gaspar et al., 2009; McCollum et al., 2006). It is

known that Hsp90 disruption induces unfolded protein

response and leads to an ER stress (Davenport et al., 2007);

and ER stress often causes a robust increase in the expression

of molecular chaperones, which assist protein refolding

(Szegezdi et al., 2006). This may represent a fundamental

rationale for acquired resistance to Hsp90 disruption. Since

SNCG is upregulated by ER stress (Hua et al., 2009), and we

demonstrated here that SNCG protects HER2 when Hsp90

function is disrupted; targeting SNCG should be exploited to

increase the clinical efficacy of Hsp90-directed therapy. The

studywill potentially lead to a newmolecular profile of the tu-

mor for the optimal patient selection for Hsp90 disruption and

a new strategy of combining SNCG targeting with Hsp90

disruption as a novel advantageous approach for treatment

of cancer.
4. Materials and methods

4.1. Materials

Proteasome inhibitor MG132 and Hsp90 inhibitor 17-AAG

(Sigma) were dissolved in DMSO. Herceptin (Genentech) was

dissolved in sterile water at 20 mg/ml. Antibodies used (Santa

Cruz) were as follows: anti-SNCG (goat polyclonal antibody E-

20, 1:300 dilution); anti-Hsp90 (rabbit polyclonal antibody sc-

7947, 1:1000 dilution); anti-HER2 (mousemonoclonal antibody

sc-71677); anti-FoxM1 (rabbit polyclonal antibody sc-13016);

normal goat IgG (sc-2028); normal rabbit IgG (sc-2027) and

anti-actin (goat polyclonal antibody sc-1615).
4.2. Cell lines, SNCG transfection, and knockdown

MCF-neo1 (vector transfected MCF-7 clone), and SNCG stably

transfected MCFB6 (MCF-7 clone) cells and SNCG-435-3 cells

(MDA-MB-435 clone) were previously established and

described (Jia et al., 1999; Jiang et al., 2003). Knockdown

SNCG expression in T47D cells and establishment of two sta-

bly SNCG antisense transfected clones (AS-3 and AS-1) were

previously selected and characterized (Jiang et al., 2003). To

knockdown endogenous SNCG in SKBR3 cells, we used

SNCG siRNA Lentiviral Particle Gene Silencers (42290-v from

Santa Cruz). SNCG siRNA consists of a pool of five target-

specific 19e25 nt siRNAs designed to knockdown SNCG

gene expression. Subconfluent SKBR3 cells were infected

with the lentiviral vectors according to manufacture’s

protocol.
4.3. In vitro pulldown assay using Glutathione-S-
Transferase

This was performed as we previously described (Shi et al.,

2010).
4.4. Preparation of recombinant SNCG protein (rSNCG)

Escherichia coli expressed rSNCG was prepared as we previ-

ously described (Guo et al., 2007).

4.5. Immunoprecipitation (IP)

Cells were cultured in 100 mm cell culture dishes in the strip-

ped condition for 3 days. After the treatment with E2 or 17-

AAG, cells were lysed (1� PBS, 1% Triton X-100, 10mM sodium

molybdate, 2 mg/ml aprotinin, 0.5 mg/ml leupeptin and 1 mM

PMSF), disrupted by sonication, and centrifuged for 10 min at

10,000 g. Immunoprecipitation was carried out as we previ-

ously described Jiang et al., 2003, 2004; Shi et al., 2010

4.6. Mammary gland organ culture

As we previously described (Liu et al., 2007), a pair of inguinal

whole mammary gland was removed from 14-week virgin fe-

male MMTV/SNCG and HER2/SNCG transgenic mice and

cultured in medium 199 containing 5% FCS, with medium

changed every two days. The medium was supplemented

with following components from Clonetics: bovine pituitary

extract (52 mg/ml), insulin (5 mg/ml), EGF (10 ng/ml), and hydro-

cortisone (1 mg/ml). The glands were cultured in the organ cul-

ture for 2 days before addition of 1 mM 17-AAG for additional 2

days. At day 4, the glands were subjected to protein extraction

for Western analysis.

4.7. Tumor growth in athymic nude mice

A nude mouse tumorigenic assay was performed as we previ-

ously described (Jiang et al., 2004; Shi et al., 2010). Briefly,

approximately 1 � 106 cells were injected into a 6-week old fe-

male athymic nude mouse (Frederick Cancer Research and

Development Center, Frederick, MD). Each animal received

two injections, one on each side, in themammary fat pads be-

tweenthefirst andsecondnipples.Tumorsizewasdetermined

atweekly intervals by three-dimensionalmeasurements (mm)

using a caliper. For drug administration, 17-AAGwas dissolved

in 5% Tween 80, 5% DMSO in PBS, and administrated at 50mg/

kg, i.p. 3 times/week as previously reported.

4.8. Generation of SNCG/HER2 bitransgenic mice and
HER2-induced mammary tumor

Wepreviously established and characterized amammary spe-

cific SNCG transgenic mouse model under the MMTV pro-

moter (Liu et al., 2007). Transgenic males and females from

the same family were mated to generate homozygous mice.

We interbred homozygous MMTV/SNCG mice with homozy-

gous MMTVneu mice (FVB/N-Tg from Jackson Lab) to gener-

ated bitransgenic mice. Both MMTV/SNCG and MMTVneu

mice were on the FVB background. Animals were genotyped

using tail DNA (Shi et al., 2010). Mammary tumor formation

was monitored in nulliparous mice by weekly physical palpa-

tion. Mice were terminated at 10 months and mammary tu-

mors harvested from mice were subjected histologic

analysis as we previously described (Jiang et al., 2004; Liu

et al., 2007).

http://dx.doi.org/10.1016/j.molonc.2014.05.011
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4.9. Molecular docking study

The coordinates of active state conformation of ErbB-1 (PDB id:

2GS2) (Zhang et al., 2006) were used to model the structure of

HER2 kinase domain by using MODELLER 9v7. The generated

structure was optimized using the inbuilt options provided

in the modeler tool. The insilico interaction study between

the C-terminal SNCG (Manivel et al., 2011) with the modeled

HER2 kinase domain was carried out using the easy interface

option of HADDOCK online server. The PyMol molecular visu-

alization tool version 0.99 was used to analyze and to prepare

the images and DimPlot was used to plot the interactions be-

tween SNCG and HER2.

4.10. Statistical analysis

Results were reported as the mean � SD for typical experi-

ments done in three replicate samples and compared by the

Student’s t test. Results were considered significantly

different for p< 0.05. All experiments were done at least twice

to ensure reproducibility of the results.
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