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The anti-estrogen tamoxifen has been used worldwide as an adjuvant hormone therapeutic agent in the
treatment of breast cancer. However, the molecular mechanism of tamoxifen-induced cytotoxicity in
non-small cell lung cancer (NSCLC) cells has not been identified. Human MutS homolog 2 (MSH2), a
crucial element of the highly conserved DNA mismatch repair system, and expression of MSH2 have been

Keywords: down-regulated by Hsp90 function inhibition in human lung cancer. Therefore, in this study, we exam-
MSH2 ined whether MSH2 plays a role in the tamoxifen and Hsp90 inhibitor-induced cytotoxic effect on NSCLC
?:fnmeifen cells. The results showed that treatment with tamoxifen increased MSH2 mRNA and protein levels. The

combination treatment with PI3K inhibitors (LY294002 or wortmannin) or knockdown AKT expression
by specific small interfering RNA could decrease tamoxifen-induced MSH2 expression. Both knocking
down MSH2 expression and co-treatment of PI3K inhibitors enhanced the cytotoxicity and cell growth
inhibition of tamoxifen. Compared to a single agent alone, tamoxifen combined with an Hsp90 inhibitor
resulted in cytotoxicity and cell growth inhibition synergistically in NSCLC cells, accompanied with
reduced MSH2 expression. These findings may have implications for the rational design of future drug

Hsp90 inhibition
Non-small cell lung cancer

regimens incorporating tamoxifen and Hsp90 inhibitors for the treatment of NSCLC.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Tamoxifen, an estrogen receptor (ER) antagonist, has been used
as therapy against breast cancer [1]. However, it also has been con-
firmed that tamoxifen could promote cell death in non-small cell
lung cancer (NSCLC) [2]. A close relationship between estrogen
and the risk of NSCLC cancers has been verified recently in a series
of prospective studies [2-4]. However, the presence of ERs in
human lung tumor cells has been controversial. Rather than ERa,
ERB is expressed in the major part of NSCLC cells [5]. Some studies
indicated that estrogen contributes greatly to both the genesis and
development of NSCLC by either triggering cell proliferation or
inhibiting apoptosis; this is generally similar to the finding in
breast cancers [6,7]. However, the detailed mechanism of the
induction of a cytotoxic effect by tamoxifen in NSCLC is still
unclear.
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Human MutS homolog 2 (MSH2), a crucial element of the highly
conserved DNA mismatch repair (MMR) system, maintains genetic
integrity by correcting DNA replication errors [8]. The function of
MSH2 is to recognize DNA mismatches and then help recruit
DNA repair proteins to the mismatched site [8]. A previous study
indicated that MSH2 is one of the promising markers of the benefit
of adjuvant cisplatin-based chemotherapy for NSCLC [9]. However,
whether MSH2 also plays a role in the tamoxifen-induced cytotoxic
effect in NSCLC cells needs further examination.

Heat shock protein 90 (Hsp90), a molecular chaperone, is an
exciting new target in cancer therapy, and is required for confor-
mational folding and maintaining the stability of numerous client
proteins, including the proper folding and intracellular disposition
of multiple proteins involved in cell signaling and survival [10,11].
17-Allylamino-17-demethoxygeldanamycin (17-AAG) can inter-
fere with the function of Hsp90 [12] through binding to a con-
served ATP interaction pocket of the NH,-terminal domain [13].
Previous studies have indicated that Hsp90 inhibition can trigger
the destabilization and degradation of client proteins such as
AKT, Raf-1, cyclin D and ErbB [14]. The phosphatidylinositol
3’-kinase (PI3K)-AKT signal has been proved to be a therapeutic
target for tamoxifen-resistant breast cancer cells [15].
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Based on previous studies, we wanted to examine the interac-
tions between tamoxifen and the Hsp90 antagonist 17-AAG in
human NSCLC cells in relation to effects on MSH2 expression and
cytotoxic effects. We proposed a novel mechanism of a combina-
tion of tamoxifen and Hsp90 inhibitor that can synergistically inhi-
bit cell proliferation and reduce cell viability, both of which are
correlated with down-regulation of AKT-mediated MSH2 expres-
sion in A549 and H1703 cells.

2. Materials and methods
2.1. Chemicals, cells, and cell culture

Tamoxifen, 17-AAG, actinomycin D, and cycloheximide were
purchased from Sigma Chemical (St. Louis, MO). LY294002 and
wortmannin were purchased from Calbiochem-Novabiochem
(San Diego, CA, USA). Human lung carcinoma cells A549 and
H1703 were obtained from the American Type Culture Collection
(Manassas, VA) and the cells were cultured at 37° C in a humidified
atmosphere containing 5% CO, in RPMI-1640 complete medium
supplemented with sodium bicarbonate (2.2%, w/v), L-glutamine
(0.03%, w/v), penicillin (100 units/mL), streptomycin (100 pg/mL),
and fetal calf serum (10%).

2.2. Western blot analysis

After different treatments, equal amounts of proteins from each
set of experiments were subjected to Western blot analysis as pre-
viously described [16]. The specific phospho-AKT (Ser?”?) antibod-
ies were purchased from Cell Signaling (Beverly, MA, USA). Rabbit
polyclonal antibodies against MSH2 (N-20) (sc-494), AKT (H-136)
(sc-8312), ERB (H-150) (sc-8974), and actin (I-19) (sc-1616) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.3. Transfection with AKT-CA vector or small interfering RNA

Exponentially growing human lung cancer cells (10°) were pla-
ted for 18 h, and then constitutively active AKT expression plasmid
(AKT-CA), which harbored a consensus myristylation domain that
replaced the 4-129 amino acids of wild-type AKT, were transfected
into cells using Lipofectamine (Invitrogen). Cells were transfected
with siRNA duplexes (200 nM) by using Lipofectamine 2000 (Invit-
rogen) for 24 h.

2.4. Quantitative real-time polymerase chain reaction (PCR)

Polymerase chain reactions (PCRs) were performed using an ABI
Prism 7900HT according to the manufacturer’s instructions.
Amplification of specific PCR products was detected using the SYBR
Green PCR Master Mix (Applied Biosystems). For each sample, data
was normalized to the housekeeping gene GAPDH.

2.5. MTS assay

Cells were cultured at 5000 per well in 96-well tissue culture
plates. To assess cell viability, drugs were added after plating. At
the end of the culture period, 20 pL of MTS solution (CellTiter 96
Aqueous One Solution Cell Proliferation Assay; Promega, Madison,
WI, USA) was added, the cells were incubated for a further 2 h, and
the absorbance was measured at 490 nM using an ELISA plate
reader (Biorad Technologies, Hercules, CA).

2.6. Combination index analysis

The cytotoxicity induced by the combined treatment with
tamoxifen and/or 17-AAG was compared with the cytotoxicity
induced by each drug using the combination index (CI), where
CI1<0.9, CI=0.9-1.1, and CI> 1.1 indicated synergistic, additive,
and antagonistic effects, respectively. The combination index anal-
ysis was performed using CalcuSyn software (Biosoft, Oxford, UK).

2.7. Trypan blue dye exclusion assay

Cells were treated with tamoxifen and/or 17-AAG for 24 h.
Trypan blue dye can be excluded from living cells, but is able to
penetrate dead cells. The proportion of dead cells was determined
by hemocytometer, counting the number of cells stained with try-
pan blue.

2.8. Statistical analyses

For each protocol, 3 or 4 independent experiments were per-
formed. Results were expressed as the mean + SEM. Statistical cal-
culations were performed using SigmaPlot 2000 software (Systat
Software, San Jose, CA). Differences in measured variables between
the experimental and control groups were assessed by unpaired
t-test. P < 0.05 was considered statistically significant.

3. Results

3.1. Tamoxifen increased MSH2 protein and mRNA expression in an
AKT activation-dependent manner

To investigate if tamoxifen had any effect on MSH2 expression,
we first assessed A549 or H1703 cells treated with tamoxifen (0.5-
5 uM) for 24 h, and real-time PCR was used for determination of
the MSH2 mRNA level. The protein levels of MSH2 were deter-
mined by Western blot analysis. Tamoxifen increased MSH2 mRNA
and protein expression and was accompanied with an increase in
phospho-AKT protein levels (Supplementary Fig. 1A and B).

Next, we proposed that the activation of AKT was involved in
the up-regulation of MSH2 expression in tamoxifen-exposed
A549 and H1703 cells. These cell lines were pretreated with PI3K
inhibitors (LY294002 or wortmannin), and the MSH2 protein and
mRNA levels in tamoxifen-exposed A549 or H1703 cells could be
decreased (Fig. 1A-D). Also, knockdown of AKT expression by spe-
cific si-AKT RNA decreased MSH2 protein and mRNA levels in
tamoxifen-exposed A549 and H1703 cells (Fig. 1E and F). However,
enforced expression of constitutive AKT (AKT-CA) vectors in A549
and H1703 cells could enhance cellular MSH2 protein and mRNA
expression (Fig. 1G and H). Of interest, knockdown of ERB expres-
sion decreased the cellular and tamoxifen-elicited MSH2 protein
and mRNA levels in A549 and H1703 cells (Fig. 11 and ]). Therefore,
we suggested that tamoxifen increased MSH2 expression was cor-
related with AKT activation and ERB expression.

3.2. Knockdown of MSH2 enhanced the cytotoxicity and growth
inhibition in tamoxifen-exposed NSCLC cells

We next examined the effect of siRNA-mediated MSH2
knockdown on tamoxifen-induced cytotoxicity and cell growth
inhibition in NSCLC cells. At 24 h post-transfection, real-time
RT-PCR and Western blot analysis showed a decrease in MSH2
mRNA and protein in tamoxifen-treated A549 and H1703 cells;
however, tamoxifen-induced AKT activation was not affected
(Fig. 2A and B). Furthermore, suppression of MSH2 expression by
si-MSH2 RNA resulted in increased sensitivity to tamoxifen,
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Fig. 1. Tamoxifen increased MSH2 expression via AKT activation in NSCLC cells. (A and B) LY294002 (5 M) was added to A549 or H1703 cells for 1 h before tamoxifen
treatment for 24 h. The results (mean + SEM) were from 3 independent experiments. (C and D) Wortmannin was added to cells for 1 h before tamoxifen (5 uM) treatment for
24 h. The results (mean + SEM) were from 3 independent experiments. **p < 0.01 using Student’s t-test for comparison between the cells treated with tamoxifen-DMSO or a
tamoxifen-LY294002/wortmannin combination. After treatment, the cell extracts were examined by Western blot (A, C) and real-time PCR (B, D) for determination of MSH2
protein and mRNA levels, respectively. (E and F) A549 or H1703 cells were transfected with si-AKT RNA. After incubation for 24 h, the cells were treated with 5 tM tamoxifen
for 24 h. After treatment, the cell extracts were examined by Western blot and real-time PCR for determination of MSH2 protein and mRNA levels, respectively. The results
(mean + SEM) were from 3 independent experiments. **p < 0.01 using Student’s t-test for comparison between the cells treated with tamoxifen in si-AKT RNA or si-scrambled
RNA-transfected cells. (G and H) A549 or H1703 cells (5 x 10°) were transfected with 1, 2, 5 ug of AKT-CA vectors. After incubation for 24 h, the cell extracts were examined
by Western blot and real-time PCR for determination of MSH2 protein and mRNA levels, respectively. **p <0.01 using Student’s t-test for comparison between cells
transfected with pcDNA3 or AKT-CA vector. (I and J) The cells were transfected with siRNA duplexes (25, 50, 100 nM) specific to ERB or scrambled (control) in complete
medium for 24 h prior to treatment with tamoxifen (5 utM) in complete medium for 24 h; the cell extracts were examined by Western blot and real-time PCR for
determination of MSH2 protein and mRNA levels, respectively. “*p < 0.01, *p < 0.05 using Student’s t-test for comparison between cells transfected with si-ERB RNA or si-
scrambled RNA. **p < 0.01 using Student’s t-test for comparison between cells treated with tamoxifen in si-ERp RNA or si-scrambled RNA-transfected cells.

compared to si-control transfected cells (Fig. 2C). More inhibition alone. Both LY294002 and wortmannin could enhance growth
of cell growth was induced by the combination of MSH2 siRNA inhibition individually after treatment with tamoxifen (Fig. 2G).
and tamoxifen than by tamoxifen alone in A549 or H1703 cells Moreover, knockdown ERB expression enhanced the sensitivity of
(Fig. 2D). Therefore, down-regulation of MSH2 expression tamoxifen in both A549 and H1703 cells (Fig. 2H). Taken together,
increased the cytotoxicity and growth inhibition in tamoxifen- inactivation of the PI3K-AKT-MSH2 signals could enhance tamoxi-
exposed NSCLC cells. fen-induced cytotoxicity and growth inhibition in NSCLC cells.

3.3. Blocking AKT activation enhanced tamoxifen-induced cytotoxicity 3.4. Combination treatment with 17-AAG enhanced the cytotoxic effect

and growth inhibition and growth inhibition of tamoxifen

Next, the role of AKT and ERB in the cytotoxic effect of tamoxi- Down-regulation of AKT has been associated with administra-
fen was examined. In Fig. 2E and F, co-treatment with LY294002 or tion of Hsp90 antagonists, and recent evidence suggests that
wortmannin significantly decreased cell viability in tamoxifen- 17-AAG might cooperate to antagonize tumor cell survival by

exposed A549 or H1703 cells, compared with tamoxifen treatment inhibiting the AKT-MSH2 pathway. To test this possibility, we
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Fig. 2. Knockdown of MSH2 expression by si-RNA transfection enhanced the cytotoxicity induced by tamoxifen. (A and B) Cells were transfected with siRNA duplexes
(200 nM) specific to MSH2 or scrambled (control) in complete medium for 24 h prior to treatment with tamoxifen (1 or 5 uM) in complete medium for 24 h; total RNA was
isolated and subjected to real-time PCR for MSH2 mRNA expression (A). Whole-cell extracts were collected for Western blot analysis using specific antibodies against MSH2,
phospho-AKT, AKT, and actin (B). (C) After the above-mentioned treatment, cytotoxicity was determined by MTS assay. (D) After the cells were transfected with si-MSH2 or
si-scrambled RNA, the cells were treated with tamoxifen (5 uM) for 24, 48, and 72 h, after which living cells were determined by trypan blue exclusion assay. The results
(mean + SEM) were from 3 independent experiments. **p < 0.01 using Student’s t-test for comparison between cells treated with tamoxifen in si-MSH2 RNA or si-scrambled
RNA-transfected cells. (E and F) A549 or H1703 cells were pretreated with LY294002 (5 uM) or wortmaninn (5 pM) for 1 h and then co-treated with tamoxifen for 24 h.
Cytotoxicity was determined by the MTS assay (E) and trypan blue exclusion assay (F). **p <0.01 using Student’s t-test for comparison between cells pretreated with or
without LY294002/wortmaninn in tamoxifen-exposed cells. (G) Cells were treated with tamoxifen (5 uM) and/or LY294002/wortmaninn (2.5 uM) for 1-4 days, after which
living cells were determined by MTS assay. **p < 0.01 using the Student’s t-test for comparison between cells treated with tamoxifen alone or with a tamoxifen and LY294002/
wortmaninn combination. (H) A549 or H1703 cells were transfected with siRNA duplexes (200 nM) specific to ERB or scrambled (control) in complete medium for 24 h prior
to treatment with tamoxifen in complete medium for 24 h; cytotoxicity was determined by the MTS assay. **p < 0.01 using Student’s t-test for comparison between the cells

treated with tamoxifen in si-ERB RNA or si-scrambled RNA-transfected cells.

examined interactions between 17-AAG and tamoxifen in human
NSCLC cells, emphasizing their effects on cytotoxicity of NSCLC
cells. 17-AAG and tamoxifen were combined at a ratio of 1:10
and MTS assay was used to analyze cell viability. Combined treat-
ment with 17-AAG and tamoxifen for 24 h resulted in a greater loss
of cell viability in A549 and H1703 cells than treatment with either
17-AAG or tamoxifen alone (Fig. 3A). The CI values for 17-AAG and
tamoxifen were <1, indicating the combination treatment had a
synergistic effect (Fig. 3B). In addition, A549 and H1703 cells were
exposed to 17-AAG and/or tamoxifen, and cell proliferation was
determined 1-4 days after exposure to the drugs. 17-AAG and
tamoxifen co-treatment had a greater cell growth inhibition effect
than either treatment alone (Fig. 3C). The results showed that com-
bined 17-AAG and tamoxifen has a synergistic cytotoxic effect on
human NSCLC cells.

3.5. 17-AAG enhanced down-regulation of MSH2 protein and the
mRNA level in tamoxifen-treated human lung cancer cells

In order to assess the mechanism of the synergistic effects, we
hypothesized that 17-AAG would affect MSH2 expression. To test

this hypothesis, A549 and H1703 cells were exposed to various
concentrations of tamoxifen and 17-AAG for 24 h. 17-AAG sup-
pressed the phospho-AKT and MSH2 protein levels in tamoxifen-
exposed NSCLC cells (Supplementary Fig. 2A). Moreover, the
results from real-time PCR analysis showed that 17-AAG decreased
tamoxifen-induced MSH2 mRNA levels in A549 and H1703 cells
(Supplementary Fig. 2B). Next, we examined the possible mecha-
nisms for post-transcriptional regulation of MSH2 transcripts
under tamoxifen and/or 17-AAG treatment. To evaluate the stabil-
ity of MSH2 mRNA in tamoxifen and/or 17-AAG-exposed A549 or
H1703 cells, we treated these cells with actinomycin D to block
de novo RNA synthesis and then measured the levels of existing
MSH2 mRNA using quantitative real-time PCR. After actinomycin
D co-exposure, lower levels of MSH2 mRNA were observed after
17-AAG and tamocxifen treatment than in tamoxifen-alone cells
(Supplementary Fig. 2C). Then, cycloheximide (an inhibitor of de
novo protein synthesis) was added to tamoxifen alone or tamoxi-
fen-17-AAG combination for 4, 8, and 12 h, and the remaining
MSH2 protein was analyzed by Western blot. 17-AAG enhanced
the MSH2 protein instability in tamoxifen-exposed A549 and
H1703 cells (Supplementary Fig. 2D). Therefore, 17-AAG triggered
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Fig. 3. 17-AAG co-treatment with tamoxifen synergistically enhanced cytotoxicity. (A) 17-AAG and tamoxifen were combined at a ratio of 1:10. After treatment for 24 h, the
MTS assay was used to analyze cell viability. (B) The mean CI values at a fraction affected (FA) of 0.50, 0.75, 0.90 for tamoxifen and 17-AAG combined treatment were
averaged for each experiment and used to calculate the mean between experiments. Points and columns, mean values obtained from 3 independent experiments; bars,
standard error (SE). (C) Cells were treated with tamoxifen (1 pM) and/or 17-AAG (0.2 pM) for 24, 48, and 72 h, after which living cells were determined by MTS assay.
**p <0.01 using the Student’s t-test for comparison between cells treated with a drug alone or with a tamoxifen/17-AAG combination.

down-regulation of MSH2 expression in tamoxifen-exposed cells
through increased mRNA and protein instability.

3.6. Transfection with AKT-CA or MSH2 vectors enhanced the MSH2
protein level as well as the cell survival suppressed by 17-AAG and
tamoxifen

We used enforced expression of the AKT-CA vector in A549 and
H1703 cells to gain insights into the functional role of the PI3K-
AKT pathways in tamoxifen and 17-AAG-mediated lethality.
Overexpression of AKT-CA could rescue the cellular MSH2 protein
and mRNA levels that were suppressed by 17-AAG and tamoxifen
(Fig. 4A and B). In addition, AKT-CA or MSH2 expression vectors
transfection could rescue A549 and H1703 cell viability after being
decreased by 17-AAG and tamoxifen (Fig. 4C-F). These results indi-
cated that 17-AAG decreased MSH2 mRNA and protein levels
through AKT inactivation, and thus enhanced the cytotoxicity of
tamoxifen in A549 or H1703 cells.

4. Discussion

This study provides new insight into the mechanism of Hsp90
inhibition in down-regulating the expression of MSH2 to enhance
the cytotoxic effect of tamoxifen in NSCLC cells. The results showed
that tamoxifen treatment increased the protein levels of phospho-
AKT and MSH2 in A549 and H1703 cells. The previous study indi-
cated that the inhibition of PI3K-AKT enhanced tamoxifen-induced
cell apoptosis in malignant gliomas [17]. In our previous study,
tamoxifen combined with erlotinib resulted in cytotoxicity and cell
growth inhibition synergistically in NSCLC cells, accompanied with
reduced activation of phospho-AKT protein levels [18]. In this
study, inhibition of AKT activity and MSH2 expression increased
the tamoxifen-mediated cytotoxicity in A549 and H1703 cells.

ERP is expressed in a major part of NSCLC cells [5]. In this study,
knockdown of ERPB expression decreased the tamoxifen-elicited
MSH2 expression in A549 and H1703 cells. Previous studies indi-
cated that estrogen contributes greatly to both the genesis and
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Fig. 4. Overexpression of AKT-CA or MSH2 vectors restored 17-AAG and tamoxifen-suppressed cell survival in NSCLC cells. (A) AKT-CA (5 pg) or pcDNA3 (5 pg) expression
plasmids were transfected into cells using lipofectamine. After expression for 24 h, the cells were treated with tamoxifen (1 uM) and 17-AAG (1 uM) for an additional 24 h,
and whole-cell extracts were collected for Western blot analysis. (B) After treatment as the above, total RNA was isolated and subjected to real-time PCR for MSH2 mRNA
expression. The means + standard deviation (SD) from 4 independent experiments. **Denotes p < 0.01, respectively, using Student’s t-test to compare cells treated with
tamoxifen and 17-AAG in AKT-CA vs. pcDNA3-transfected cells. (C-F) After AKT-CA (1, 3, 5 pg) or MSH2 (1, 3, 5 pg) expression plasmids transfection, cells were treated with
tamoxifen (2 pM) and 17-AAG (0.1 uM) for 24 h. Cytotoxicity was determined by assessment with the MTS assay (C and D) and trypan blue exclusion assay (E and F).
*p <0.01 by Student’s t-test comparing cells treated with tamoxifen and 17-AAG in AKT-CA/MSH2 vs. pcDNA3-transfected A549 or H1703 cells.

development of NSCLC by either triggering cell proliferation or
inhibiting apoptosis [6,7]. The specific antiestrogen fulvestrant
was shown to exhibit significant antitumor activity in NSCLC cells
in vitro and in vivo, and the drug showed evidence of significant
interactions with epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor (TKI) [19,20]. Furthermore, Stabile et al. have
targeted both the ER and the EGFR in lung cancer cells with fulve-
strant and gefitinib, respectively, to achieve greater antiprolifera-
tive effects over either agent alone [21]. Moreover, our results
suggested that down-regulation of AKT-mediated MSH2 expres-
sion involved in tamoxifen and the Hsp90 inhibitor induced syner-
gistic cytotoxic effect in A549 and H1703 cells. However, the
detailed mechanism of how estrogen and ERp link to MSH2 expres-
sion in tamoxifen-exposed NSCLC cells needs further clarification.

Hsp90 inhibitors have been shown to increase sensitivity of
cancer cells to chemotherapeutic agents [22]. In the present study,
combination treatment with 17-AAG promoted the cytotoxic effect
and growth inhibition of tamoxifen. A previous study indicated
that estrogen-induced transcriptional activation is inhibited by
17-AAG in tamoxifen-sensitive and tamoxifen-resistant breast can-
cer cells [23]. In this study, combination treatment with 17-AAG
significantly decreased the expression of MSH2 through enhancing
mRNA and protein instability in tamoxifen-exposed A549 and
H1703 cells. However, the detail mechanisms of estrogen and
Hsp90 involve in MSH2 transcription need to further be examined.
Together, this study contributes to a proposed rationale to combine

Hsp90 inhibition with anti-estrogen therapy for lung cancer
treatment.

Conflict of interest statement
None declared.
Acknowledgments

This study was funded by grants from the National Science
Council Taiwan, Grants NSC 102-2320-B-415-006 and NSC
102-2314-B-002-095 (Y.-W. Lin), and National Taiwan University
Hospital, Hsin-Chu Branch, Taiwan (Grants HCH102-02 and
HCH103-013).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.11.116.

References

[1] LN. White, Tamoxifen: is it safe? Comparison of activation and detoxication
mechanisms in rodents and in humans, Curr. Drug Metab. 4 (2003) 223-239.
[2] S.E. Olivo-Marston, L.E. Mechanic, S. Mollerup, E.D. Bowman, A.T. Remaley,
M.R. Forman, V. Skaug, Y.L. Zheng, A. Haugen, C.C. Harris, Serum estrogen and
tumor-positive estrogen receptor-alpha are strong prognostic classifiers of


http://dx.doi.org/10.1016/j.bbrc.2014.11.116
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0005
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0005
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0010
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0010
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0010

512 J.-C. Ko et al./Biochemical and Biophysical Research Communications 456 (2015) 506-512

non-small-cell lung cancer survival in both men and women, Carcinogenesis
31 (2010) 1778-1786.

[3] LV. Mauro, M. Dalurzo, MJ. Carlini, D. Smith, M. Nunez, M. Simian, J.
Lastiri, B. Vasallo, E. Bal de Kier Joffe, M.G. Pallotta, L. Puricelli, Estrogen
receptor beta and epidermal growth factor receptor as early-stage
prognostic biomarkers of non-small cell lung cancer, Oncol. Rep. 24
(2010) 1331-1338.

[4] J.K. Paulus, W. Zhou, P. Kraft, B.E. Johnson, X. Lin, D.C. Christiani, Haplotypes of
estrogen receptor-beta and risk of non-small cell lung cancer in women, Lung
cancer 71 (2011) 258-263.

[5] P.A. Hershberger, L.P. Stabile, B. Kanterewicz, M.E. Rothstein, C.T. Gubish, S.
Land, Y. Shuai, .M. Siegfried, M. Nichols, Estrogen receptor beta (ERbeta)
subtype-specific ligands increase transcription, p44/p42 mitogen activated
protein kinase (MAPK) activation and growth in human non-small cell lung
cancer cells, J. Steroid Biochem. Mol. Biol. 116 (2009) 102-109.

[6] T.A. Bogush, E.A. Dudko, A.A. Beme, E.A. Bogush, A.l. Kim, B.E. Polotsky, S.A.
Tjuljandin, M.I. Davydov, Estrogen receptors, antiestrogens, and non-small cell
lung cancer, Biochem. Biokhim. 75 (2010) 1421-1427.

[7] G. Zhao, S. Zhao, T. Wang, S. Zhang, K. Lu, L. Yu, Y. Hou, Estrogen receptor beta
signaling regulates the progression of Chinese non-small cell lung cancer, J.
Steroid Biochem. Mol. Biol. 124 (2011) 47-57.

[8] J. Jiricny, The multifaceted mismatch-repair system, Nat. Rev. Mol. Cell Biol. 7
(2006) 335-346.

[9] N.S. Kamal, ].C. Soria, J. Mendiboure, D. Planchard, K.A. Olaussen, V. Rousseau,
H. Popper, R. Pirker, P. Bertrand, A. Dunant, T. Le Chevalier, M. Filipits, P. Fouret,
MutS homologue 2 and the long-term benefit of adjuvant chemotherapy in
lung cancer, Clin. Cancer Res. 16 (2010) 1206-1215.

[10] L. Neckers, Heat shock protein 90: the cancer chaperone, J. Biosci. 32 (2007)
517-530.

[11] L. Neckers, K. Neckers, Heat-shock protein 90 inhibitors as novel cancer
chemotherapeutics - an update, Expert Opin. Emerg. Drugs 10 (2005) 137-
149.

[12] T.W. Schulte, L.M. Neckers, The benzoquinone ansamycin 17-allylamino-17-
demethoxygeldanamycin binds to Hsp90 and shares important biologic
activities with geldanamycin, Cancer Chemother. Pharmacol. 42 (1998) 273-
279.

[13] J.S. Isaacs, W. Xu, L. Neckers, Heat shock protein 90 as a molecular target for
cancer therapeutics, Cancer Cell 3 (2003) 213-217.

[14] M.V. Blagosklonny, Hsp-90-associated oncoproteins: multiple targets of
geldanamycin and its analogs, Leukemia 16 (2002) 455-462.

[15] K.Y. Lee, J.W. Lee, HJ. Nam, J.H. Shim, Y. Song, KW. Kang, PI3-kinase/p38
kinase-dependent E2F1 activation is critical for Pin1 induction in tamoxifen-
resistant breast cancer cells, Mol. Cells 32 (2011) 107-111.

[16] J.C. Ko, S.C. Ciou, C.M. Cheng, LH. Wang, ].H. Hong, M.Y. Jheng, S.T. Ling, Y.W.
Lin, Involvement of Rad51 in cytotoxicity induced by epidermal growth factor
receptor inhibitor (gefitinib, IressaR) and chemotherapeutic agents in human
lung cancer cells, Carcinogenesis 29 (2008) 1448-1458.

[17] Y. Feng, ]. Huang, Y. Ding, F. Xie, X. Shen, Tamoxifen-induced apoptosis of rat
C6 glioma cells via PI3K/Akt JNK and ERK activation, Oncol. Rep. 24 (2010)
1561-1567.

[18] J.C. Ko, H.C. Chiuy, ].J. Syu, Y.J. Jian, C.Y. Chen, Y.T. Jian, Y.J. Huang, T.Y. Wo, Y.W.
Lin, Tamoxifen enhances erlotinib-induced cytotoxicity through down-
regulating AKT-mediated thymidine phosphorylase expression in human
non-small-cell lung cancer cells, Biochem. Pharmacol. 88 (2014) 119-127.

[19] L.P. Stabile, A.L. Davis, C.T. Gubish, T.M. Hopkins, J.D. Luketich, N. Christie, S.
Finkelstein, .M. Siegfried, Human non-small cell lung tumors and cells derived
from normal lung express both estrogen receptor alpha and beta and show
biological responses to estrogen, Cancer Res. 62 (2002) 2141-2150.

[20] D.C. Marquez-Garban, HW. Chen, M.C. Fishbein, L. Goodglick, R]. Pietras,
Estrogen receptor signaling pathways in human non-small cell lung cancer,
Steroids 72 (2007) 135-143.

[21] L.P. Stabile, J.S. Lyker, C.T. Gubish, W. Zhang, J.R. Grandis, J.M. Siegfried,
Combined targeting of the estrogen receptor and the epidermal growth factor
receptor in non-small cell lung cancer shows enhanced antiproliferative
effects, Cancer Res. 65 (2005) 1459-1470.

[22] S. Ohba, Y. Hirose, K. Yoshida, T. Yazaki, T. Kawase, Inhibition of 90-kD heat
shock protein potentiates the cytotoxicity of chemotherapeutic agents in
human glioma cells, J. Neurosurg. 112 (2010) 33-42.

[23] J. Beliakoff, R. Bagatell, G. Paine-Murrieta, C.W. Taylor, A.E. Lykkesfeldt, L.
Whitesell, Hormone-refractory breast cancer remains sensitive to the
antitumor activity of heat shock protein 90 inhibitors, Clin. Cancer Res. 9
(2003) 4961-4971.


http://refhub.elsevier.com/S0006-291X(14)02158-5/h0010
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0010
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0015
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0015
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0015
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0015
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0015
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0020
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0020
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0020
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0025
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0025
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0025
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0025
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0025
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0030
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0030
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0030
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0035
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0035
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0035
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0040
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0040
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0045
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0045
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0045
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0045
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0050
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0050
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0055
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0055
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0055
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0060
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0060
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0060
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0060
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0065
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0065
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0070
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0070
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0075
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0075
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0075
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0080
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0080
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0080
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0080
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0085
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0085
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0085
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0090
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0090
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0090
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0090
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0095
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0095
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0095
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0095
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0100
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0100
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0100
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0105
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0105
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0105
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0105
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0110
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0110
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0110
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0115
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0115
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0115
http://refhub.elsevier.com/S0006-291X(14)02158-5/h0115

	Down-regulation of MSH2 expression by Hsp90 inhibition enhances cytotoxicity affected by tamoxifen in human lung cancer cells
	1 Introduction
	2 Materials and methods
	2.1 Chemicals, cells, and cell culture
	2.2 Western blot analysis
	2.3 Transfection with AKT-CA vector or small interfering RNA
	2.4 Quantitative real-time polymerase chain reaction (PCR)
	2.5 MTS assay
	2.6 Combination index analysis
	2.7 Trypan blue dye exclusion assay
	2.8 Statistical analyses

	3 Results
	3.1 Tamoxifen increased MSH2 protein and mRNA expression in an AKT activation-dependent manner
	3.2 Knockdown of MSH2 enhanced the cytotoxicity and growth inhibition in tamoxifen-exposed NSCLC cells
	3.3 Blocking AKT activation enhanced tamoxifen-induced cytotoxicity and growth inhibition
	3.4 Combination treatment with 17-AAG enhanced the cytotoxic effect and growth inhibition of tamoxifen
	3.5 17-AAG enhanced down-regulation of MSH2 protein and the mRNA level in tamoxifen-treated human lung cancer cells
	3.6 Transfection with AKT-CA or MSH2 vectors enhanced the MSH2 protein level as well as the cell survival suppressed by 17-AAG and tamoxifen

	4 Discussion
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary data
	References


