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Abstract 

Heat shock protein (Hsp) 90 is an ATP-dependent chaperone and its expression has 

been reported to be associated with poor prognosis of breast cancer. Cancer stem cells 

(CSCs) are particular subtypes of cells in cancer which have been demonstrated to be 

important to tumor initiation, drug resistance and metastasis. In breast cancer, breast 

CSCs (BCSCs) are identified as CD24-CD44+ cells or cells with high intracellular 

aldehyde dehydrogenase activity (ALDH+). Although the clinical trials of Hsp90 

inhibitors in breast cancer therapy are ongoing, the BCSC targeting effect of them 

remains unclear. In the present study, we discovered that the expression of Hsp90 

was increased in ALDH+ human breast cancer cells. Geldanamycin (GA), a Hsp90 

inhibitor, could suppress ALDH+ breast cancer cells in a dose dependent manner. We 

are interesting in the insufficiently inhibitory effect of low dose GA treatment. It was 

correlated with the upregulation of Hsp27 and Hsp70. By co-treatment with HSP 

inhibitors, quercetin or KNK437 potentiated ALDH+ cells toward GA inhibition, as 

well as anti-proliferation and anti-migration effects of GA. With siRNA mediated 

gene silencing, we found that knockdown of Hsp27 could mimic the effect of HSP 

inhibitors to potentiate the BCSC targeting effect of GA. In conclusion, combination 

of HSP inhibitors with Hsp90 inhibitors could serve as a potential solution to prevent 

the drug resistance and avoid the toxicity of high dose of Hsp90 inhibitors in clinical 

application. Furthermore, Hsp27 may play a role in chemoresistant character of 

BCSCs. 

*Abstract



Highlight 

1. Hsp90 overexpressed in ALDH+ breast cancer stem-like cells (BCSCs). 

2. Hsp90 inhibitors induced Hsp27 expression in breast cancer cells. 

3. HSP inhibitors sensitized ALDH+ BCSCs toward the suppression of geldanamycin. 

4. Knockdown of Hsp27 sensitized ALDH+ BCSCs toward the suppression of  

geldanamycin. 

5. Combination of Hsp90 and HSP inhibitors is suggested as future breast cancer 

therapy. 
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Abstract 

Heat shock protein (Hsp) 90 is an ATP-dependent chaperone and its expression has 

been reported to be associated with poor prognosis of breast cancer. Cancer stem cells 

(CSCs) are particular subtypes of cells in cancer which have been demonstrated to be 

important to tumor initiation, drug resistance and metastasis. In breast cancer, breast 

CSCs (BCSCs) are identified as CD24-CD44+ cells or cells with high intracellular 

aldehyde dehydrogenase activity (ALDH+). Although the clinical trials of Hsp90 

inhibitors in breast cancer therapy are ongoing, the BCSC targeting effect of them 

remains unclear. In the present study, we discovered that the expression of Hsp90 

was increased in ALDH+ human breast cancer cells. Geldanamycin (GA), a Hsp90 

inhibitor, could suppress ALDH+ breast cancer cells in a dose dependent manner. We 

are interesting in the insufficiently inhibitory effect of low dose GA treatment. It was 

correlated with the upregulation of Hsp27 and Hsp70. By co-treatment with HSP 

inhibitors, quercetin or KNK437 potentiated ALDH+ cells toward GA inhibition, as 

well as anti-proliferation and anti-migration effects of GA. With siRNA mediated 

gene silencing, we found that knockdown of Hsp27 could mimic the effect of HSP 

inhibitors to potentiate the BCSC targeting effect of GA. In conclusion, combination 

of HSP inhibitors with Hsp90 inhibitors could serve as a potential solution to prevent 

the drug resistance and avoid the toxicity of high dose of Hsp90 inhibitors in clinical 

application. Furthermore, Hsp27 may play a role in chemoresistant character of 

BCSCs. 
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1. Introduction 

Heat shock proteins (Hsp) are a group of proteins that were first discovered under 

heat shock or other chemical stimulus in a wide range of species and function as 

molecular chaperones that could interact with their substrates to shift the balance from 

denatured protein conformation toward functional conformation [1]. In addition to the 

molecular chaperone function, several Hsps have been reported to be overexpressed in 

various of cancers and display a correlation with patients’ survival or response to 

therapy in specific cancer types and may serve as novel therapeutic targets [2]. The 

Hsp90 family is consisted of multiple isoforms including cytoplasmic Hsp90 and 

Hsp90, endoplastic reticulum Grp74 and mitochondria Trap1 [3]. Hsp90 is known to 

function as protein stabilizer and its client proteins includes growth receptors, Akt, 

hormone receptors, and hypoxia-inducible factor, etc. [4]. Many of Hsp90 client 

proteins are contributed to carcinogenesis and Hsp90 becomes a potential target for 

cancer therapy[4]. In breast cancer, the overexpression of Hsp90 is correlated with 

lymph node involvement [5] and decreased overall survival [5]. 

17-(Allylamino)-17-demethoxygeldanamycin (17-AAG), a geldanamycin (GA)-based 

Hsp90 inhibitor, could eradicate ErBB2-derived xenograft [6]. 17-AAG and 

17-desmethoxy-17-N,N-dimethylaminoethylaminogeldanamycin (17-DMAG) have 

also shown the clinical responses when combined with Herceptin in patients with 

progressive diseases after receiving Herceptin therapy [7]. 

Cancer stem cells (CSCs) have been discovered in varieties of malignancies, 

including leukemia [8] and solid tumors including breast cancer[9]. In breast cancers, 

the breast CSCs (BCSCs) are first defined as CD24
-/low

CD44
+
 and only these cells 

could form tumors when xenotransplantation into NOD/SCID mice [10]. Addition to 

CD24 and CD44, the activity of aldehyde dehydrogenase I (ALDH1) has also been 

proven to be a functional marker for both breast stem cells and BCSCs [11]. Using 
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ALDH1 specific fluorescence substrate, ALDH1 activity positive breast cancer cells 

could be further sorted out and be demonstrated as BCSC population by xenograft 

assay in NOD/SCID mouse model [11]. In addition to the tumor origin property of 

CSCs, BCSCs have also been suggested as metastatic origin and chemotherapy 

resistance of breast cancer. CD24
-
CD44

+
 BCSCs were noted to be more resistant to 

radiation than non-BCSCs [12].The majority of early disseminated cancer cells in the 

bone marrow of breast cancer patients displayed the phenotype of CD24
-
CD44

+ 
[13]. 

Furthermore, CD24-CD44+ BCSCs isolated from primary human breast cancer 

specimens also expressed markers associated with epithelial-mesenchymal transition 

[14]. Based on their capability of growth, differentiation, and metastasis, and 

resistance to radiation, BCSCs have now become the hotly pursued target for therapy 

of breast cancer [9].  

Although the clinical trials of Hsp90 inhibitors as a single agent or combination 

with other drugs in breast cancer therapy are ongoing [15], the direct effect of Hsp90 

inhibitors in targeting BCSCs remains unclear. In the present study, we found that the 

expression of Hsp90 was increased in ALDH+ BCSCs and Hsp90 inhibitors could 

have suppressive effect in targeting BCSCs at high dose but not sufficient at low dose. 

The insufficient inhibitory effect of low dose Hsp90 inhibitor treatment was possible 

linked with the induction of Hsp27 and could be reversed by combination with HSP 

inhibitors or silencing of Hsp27 by siRNA. Our data suggest that silencing of Hsp27 

by siRNA or HSP inhibitors may serve as a potential strategy to offer a way to 

increase clinical efficacy of Hsp90 inhibitors in targeting BCSCs. 
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2. Materials and Methods 

2.1 Cell culture and reagents 

AS-B145 and AS-B244 breast cancer cells which derived from BC0145 or BC0244 

xenograft human breast cancer cells [16] were provided by Dr. Alice L. Yu (Genomic 

Research Center, Academia Sinica, Taipei, Taiwan) and were cultured according our 

previous report [17]. Geldanamycin (GA) was purchase from Stressgen (Ann Arbor, 

MI, USA) and 17-desmethoxy-17-N,N-dimethylaminoethylaminogeldanamycin 

(17-DMAG) was purchase from LC Laboratories (Woburn, MA, USA). GA and 

17-DMAG were dissolved in DMSO and stock at -20C as 50mM. 

 

2.2 Western blot 

For western blot, cells were lysed with NP-40 lysis buffer and 25g of total protein 

were separated by SDS-PAGE and transferred to PVDF membrane (Millipore, 

Billerca, MA, USA). Protein detection was conducted by SignalBoost
TM

 

Immunodetection Enhancer kit (Calbiochem, San Diego, CA, USA) according to 

manufacturer’s recommendation. Briefly, primary antibody was diluted with primary 

antibody solution and incubated with PVDF membrane at 4C overnight. After 

washing with 0.1% Tween-20/tris buffer solution, membrane was incubated with 

secondary antibody which diluted with secondary antibody buffer at room 

temperature for 1 hour. The signals were developed by ECL-plus chemoluminescence 

substrate (Perkin-Elmer) and captured with LAS-1000plus Luminescent Image 

Analyzer (GE Healthcare Biosciences, Piscataway, NJ, USA). The intensity of bands 

was quantified by ImageJ software (National Institute of Health, Pethesda, MA, USA). 

Anit-Hsp27, anti-Hsp70, anti-Hsp90 and anti-HSF-1 antibodies were purchased 

from Stressgen. Anti-GAPDH antibody was purchased from MDBio, Inc. (Taipei, 

Taiwan). Anti--actin antibody was purchased from Novus Biologicals (Littleton, CO, 
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USA). 

 

2.3 ALDEFLUOR assay 

ALDEFLUOR assay kit was purchased from StemCell Technologies, Inc. (Vancouver, 

BC, Canada) and used following manufacture’s recommendation. Briefly, 110
5
 cells 

were suspended in 50l of assay buffer and added BODIPY-aminoacetaldehyde 

substrate to final concentration of 1M. For ALDH1 inhibitor control, 

diethylaminobenzaldehyde (DEAB) was added to final concentration of 150M. Cells 

were then incubated at 37C for 45min and stained with 7-AAD on ice for further 

5min. After washed with PBS, green fluorescence positive cells in live cells (7AAD-) 

were analyzed by flow cytometry (Epics XL, Beckman Coulter) by comparing the 

fluorescence intensity of DEAB treated sample and these cells will be represented as 

cells with high ALDH activity (ALDH+ cells). 

 

2.4 Cell titer analysis 

For the cell titer experiment, 110
4
 (for AS-B145) or 210

4
 (for AS-B244) cells/well 

were seeded in 96-well plates and cultured for 48 h with or without compounds or 

DMSO. Cell titers were determined by WST-1 cell viability assay reagent (BioVision, 

Mountain View, CA, USA) using a microplate reader (Molecular Devices, Sunnyvale, 

CA, USA) according to the manufacturer’s recommendations. The absorbance values 

at 440nm of DMSO control were set as 100% of cell titer. 

 

2.5 Cell migration 

Cell migration assay was conducted by Oris Universal Cell Migration Assembly kit 

(Platypus Technologies, LCC, Madison, WI, USA) following manufacture’s protocol. 

Briefly, 510
4
 cells/well/100l were loaded into stopper loaded wells and incubated 
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overnight to permit cell attachment. To start cell migration, the stoppers was removed, 

wash wells gently with PBS, added complete cell culture medium and incubate for 

16-18h. Pictures of wells were captured with inverted microscopy after fixation and 

stain with 0.5% crystal violet/50% EtOH. Data were analyzed with ImageJ software. 

 

2.6 RNA interference 

The Hsp27 specific siRNA oligos or negative control siRNA oligos was purchased 

from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA, USA). MetafecteneSI 

transfection reagent (Biontex, Martinsired, Germany) was used for siRNA 

transfection following manufacture’s protocol. ALDH+ population or protein 

expression (Hsp27, Hsp70, HSF-1, and GADPH) of cells was determined at 48h 

post-transfection. 

 

2.7 Statistical analysis 

Statistical comparison between groups was calculated with unpaired t-test and p value 

less than 0.05 was considered to be statistically significant which was indicated in 

figures, separately. 
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3. Results 

3.1 The effect of Hsp90 inhibitors in ALDH+ BCSC population of breast cancer 

cells 

Upregulation of Hsp90 in breast cancer tissues has been reported and we first 

examined the expression of Hsp90 in ALDH- (non-BCSCs) or ALDH+ (BCSCs) 

cells of AS-B244 human breast cancer cells. By western blot analysis, the expression 

of Hsp90 was increased to 1.43 fold in ALDH+ AS-B244 cells in comparison with 

ALDH- cells (Fig. 1A). We next examined the effect of Hsp90 inhibitors, GA and 

17-DMAG, in targeting ALDH+ BCSCs. With ALDEFLUOR assay, the ALDH+ 

population of both AS-B145 and AS-B244 human breast cancer cells could be 

suppressed by GA treatment in a dose dependent manner (Fig. 1B and 1C). Akt is a 

well-known client of Hsp90 [18] and it also plays an important role in regulation of 

the maintenance of BCSCs [19]. We next checked the Akt activation in AS-B145 or 

AS-B244 cells under GA or 17-DMAG treatment. From Figure 1D and 1E, the Akt 

protein and its phosphorylation was suppressed by GA or 17-DMAG treatment in a 

dose dependent manner. From these results, Hsp90 inhibitors could target ALDH+ 

BCSCs through their suppressive effect of Akt activation. 

 

3.2 Treatment of Hsp90 inhibitors induced Hsp27 and Hsp70 expression in 

human breast cancer cells 

It has been demonstrated that treatment of Hsp90 inhibitors in cells would cause the 

release of heat shock factor-1 (HSF-1) and leading to the upregulation of other HSPs, 

such as Hsp27 and Hsp70 [20], which may cause resistance of Hsp90 inhibitor 

treatment [21, 22]. We next examined if treatment of Hsp90 inhibitors also induces 

Hsp27 or Hsp70 expression in AS-B145 or AS-B244 breast cancer cells. Consistence 

with previous reports, GA or 17-DMAG could induce Hsp27 or Hsp70 expression in 
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AS-B145 breast cancer cells (Fig.1D). GA also caused upregulation of Hsp27 or 

Hsp70 expression in AS-B244 cells (Fig. 1E). It suggested that the induction of Hsp27 

or Hsp70 may cause resistance of low dose treatment of Hsp90 inhibitors in ALDH+ 

BCSCs. We next examined if there is a synergistic effect of HSP inhibitors in 

targeting ALDH+ BCSCs when combination with Hsp90 inhibitors. In addition to 

Hsp90, Hsp27 has also been reported to maintain the protein stability of Akt[23]. We 

next investigated if knockdown of Hsp27 in breast cancer cells could influence Akt 

activation. After transfection with Hsp27 specific siRNA, the Akt protein, as well as it 

phosphorylation, was not changed in comparison with negative control siRNA 

transfected cells (Fig. 1F). It suggests that Hsp27 is not responsible for Akt stability or 

activation in AS-B145 or AS-B244 cells. 

 

3.3 HSP inhibitors sensitized ALDH+ BCSCs toward Hsp90 inhibitors  

Because the Hsp27 and Hsp70 expression was induced in low dose treatment of 

Hsp90 inhibitors, we next investigated if the combination of HSP inhibitors could 

sensitize breast cancer cells toward Hsp90 inhibitors. Quercetin, which is a plant 

flavonoid compound found in vegetables and fruits, has been reported to inhibit the 

expression of Hsp27 and Hsp70 [24]. KNK437 is an inhibitor of HSF-1 and has been 

shown to suppress the expression of heat induced HSPs expression [25]. The ALDH+ 

population of cells was only minor decreased when breast cancer cells were treated 

with low dose of GA (0.5M for AS-B145 and 40nM for AS-B244) but there was a 

synergistic effect in combination with 20M of quercetin. Similar results were also 

observed when combination with 20M (for AS-B145) or 10M (for AS-B244) of 

KNK437 (Fig. 2). By western blot analysis, combination with HSP inhibitors 

inhibited the GA-induced Hsp27 or Hsp70 expression in both AS-B145 and AS-B244 

breast cancer cells (Fig. 3). Furthermore, HSP inhibitors also suppressed the 
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expression of Hsp90 in both AS-B145 and AS-B244 breast cancer cells (Fig. 3). In 

addition to ALDH+ population, we also examined the anti-proliferative effect of GA 

or 17-DMAG in breast cancer cells. We first investigated the cytotoxic effects of GA 

or 17-DMAG in AS-B244 or AS-B145 cells. GA or 17-DMAG suppressed cell 

proliferation of AS-B244 or AS-B145 in a dose-dependent manner (Fig.4A and4B). 

The IC50 value of GA to AS-B244 or 17-DMAG to AS-B145 was (59.4  8.4) nM or 

(7.9  0.9) M, respectively (Fig. 4A and 4B). We next examined if there is a 

synergistic effect of HSP inhibitors and Hsp90 inhibitors in cytotoxic effect to breast 

cancer cells. Cells treated with GA only caused 11.5% reduction in cell proliferation 

of AS-B244 cells at 40nM but caused 62.1% or 66.6% reduction when combination 

with 25M of quercetin or 20M of KNK437, respectively (Fig. 4A). The synergistic 

effect in cell proliferation was also observed in treatment of 17-DMAG. Cells treated 

17-DMAG caused 32% reduction in cell proliferation of AS-B145 cells at 5M and 

caused 82.6% or 97.5% reduction when combination with 40M of quercetin or 

12.5M of KNK437, respectively (Fig. 4B). We next tested the effect of combination 

treatment of GA and quercetin or KNK437 in cells migration of breast cancer cells. 

Single treatment of GA (0.5M for AS-B145 or 40nM for AS-B244), quercetin 

(20M for both cell lines) or KNK437 (20M for AS-B145 or 10M for AS-B244) 

did not significantly inhibit cell migration of breast cancer cells. In contrast, 

co-treatment of GA with quercetin or with KNK437 could cause significant inhibition 

of cell migration in both AS-B145 and AS-B244 cells (Fig. 5). These results indicate 

that HSP inhibitors could sensitize BCSCs toward the inhibitory effects of Hsp90 

inhibitors on ALDH+ population, cell proliferation and cell migration. 

 

3.4 Silencing of Hsp27 potentiated the suppression effect of GA in targeting 

ALDH+ BCSCs 
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It has been demonstrated that forced Hsp27 expression caused resistance of 17-AAG 

treatment in PC3 prostate cancer cells [22].We next examined if knockdown of Hsp27 

expression could potentiate ALDH+ BCSCs to the suppressive effect of GA. 

Knockdown of Hsp27 expression in AS-B244 cells with specific siRNA caused 20.3% 

reduction in ALDH+ population and 63.7% reduction when combination with 40nM 

of GA (Fig. 6A). By western blot analysis, knockdown of Hsp27 caused 

down-regulation of Hsp70 and HSF-1 protein expression, which was consistent with a 

previous report showing that silencing of Hsp25 (Hsp27 homolog in mice) expression 

caused reduction of Hsp70 and HSF-1 [26]. When Hsp27 knockdown AS-B244 cells 

were treated with GA, the protein expression of Hsp70 and HSF-1 were reversed to 

the level of negative control siRNA transfected and DMSO treated cells (Fig. 6B). It 

also suggests that Hsp27, but not Hsp70, plays the protection role of ALDH+ BCSCs 

in resistant to low dose of GA treatment. 
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4. Discussion 

Ansamycin-related Hsp90 inhibitors, such as GA, 17-AAG or 17-DMAG, not only 

inhibit Hsp90 function through binding the ATP packet of Hsp90 [27], but also induce 

heat shock response which is mediated by HSFs [28]. Under unstress condition, HSF1 

states as an inactive monomer within a complex which consists of Hsp90, Hsp70, 

FK506 binding protein 52 and p23 [29]. Cell stresses, such as heat shock or oxidative 

stress, or Hsp90 inhibition disrupt this complex and promote the homotrimer of HSF1 

which leads to upregulation of many HSPs [20, 29]. The inadvertent induction of 

HSPs may be responsible for resistance of Hsp90 inhibitors. Within the proteins 

induced by Hsp90 inhibitors, Hsp70 and Hsp27 are the most frequently observed. 

Combination with HSP inhibitors [21] or knockdown of Hsp70 [30] abolished 

17-AAG induced Hsp72 expression in malignant cells and leaded to additive or 

synergistic anti-proliferative effect. In GA or 17-AAG resistant A549 lung cancer 

cells, downregulation of Hsp27 by siRNA dramatically diminished the resistance [22]. 

In our study, we also demonstrated that combination with HSP inhibitors and Hsp90 

inhibitors induced obvious effect on the inhibition of ALDH+ cells (Fig. 2), cell 

proliferation (Fig. 4) and cell migration (Fig. 5) of breast cancer cells. Although 

re-expression of Hsp70 and HSF1 was observed in Hsp27 knockdown AS-B244 cells 

after treated with GA, but the ALDH+ cells were even much more diminished than 

cells which treated with GA only (Fig.6). In addition, knockdown of Hsp27 in 

AS-B145 or AS-B244 did not change the activation status of Akt. Although Hsp27 

has been reported to regulate the protein stability and the activation of Akt [31, 32], its 

role in BCSCs seems to be Akt-independent. We have recently found that Hsp27 

could regulate the maintenance and tumorigenicity of BCSCs through 

epithelial-mesenchymal transition and NF-B [17]. It is interesting to search for other 

clients of Hsp27 in BCSCs to understand their role in maintenance of BCSCs. These 
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results suggest that the effects of combination treatment in targeting BCSCs were due 

to downregulation of Hsp27 expression. It also suggests that Hsp27 may play a role in 

the drug-resistant character of BCSCs. 

Although ansamycin-related Hsp90 inhibitors displayed tumoricidal effects, the 

toxicity limited the progress of their clinical evaluation in cancer therapy. GA was 

proved to be effective against cancer in vitro but induced server hepatotoxicity which 

limited its clinical potential [33]. 17-AAG and 17-DMAG are two analogues of GA 

which are designed to reduce the toxicity. Although acceptable toxicity was observed 

in weekly injection schedule of 17-AAG, the relative short half-life and recovery of 

client proteins were noticed [34]. The maximally tolerated dose of 17-AAG on a 

twice-weekly schedule was 220mg/m
2
 with side effects including diarrhea, fatigue, 

nausea, etc [35]. In refractory acute myelogenous leukemia patients, combination of 

17-DMAG and chemotherapy displayed complete responses in 3 out of 17 patients 

but the trial was terminated because of the unfavorable toxicity [36]. Our data 

indicated that treatment of HSP inhibitors could sensitize breaswt cancer cells toward 

the inhibitory effect of low dose GA or 17-DMAG in targeting ALDH+ BCSCs. 

KNK437 is a weak toxic drug. At the dose of 200 mg/kg, the KNK437 concentration 

in mice sera and in tumor was 83.26 g/ml (339.5 M) and 21.46 g/g, respectively, 

without obvious side effect [25]. Quercetin has been suggested to administrate as 

1400 mg/m
2
 in human with limited renal toxicity [37]. When quercetin was 

encapsulated with polyethylene glycol 4000 liposome, above 30M of free quercetin 

was maintained up to 8h in mice sera at the injection dose of 50mg/kg [38]. The 

concentration of quercetin or KNK437 for combination treatment in targeting ALDH+ 

BCSCs in this study (up to 20 M for quercetin or KNK437, Fig. 2) could be reached 

at least in mice sera under maximal injection dose in vivo. Combination therapy of 

low dose Hsp90 inhibitors and HSP inhibitors may provide a solution in reduction of 
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the toxicity of Hsp90 inhibitors when apply into clinical cancer therapy.   
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5. Conclusions 

In the present study, we first discovered that Hsp90 overexpressed in ALDH+ 

BCSCs. The Hsp90 inhibitor, GA, could decrease ALDH+ cells in two human breast 

cancer cells in a dose dependent manner. In consideration of hepatic toxicity of high 

concentration of GA, we further tested the combination therapy of HSP inhibitors 

with suboptimal dosage of GA and discovered that HSP inhibitors could sensitize 

ALDH+ BCSCs toward GA inhibition. We also demonstrated that suppression of 

GA-induced Hsp27 upregulation could increase the sensitivity of ALDH+ cells 

toward GA treatment. Combination therapy of Hsp90 inhibitors and HSP inhibitors, 

especially Hsp7 inhibitors, may be considered in future breast cancer therapy. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Acknowledgements 

The authors thank Dr. Alice L. Yu (Genomic Research Center, Academia Sinica, 

Taipei, Taiwan) for providing human breast cancer cell lines. This work was 

supported by National Science Council of Taiwan (NSC-98-2341-B-040-023 , 

NSC-99-2815-C-040-001-B and NSC 100-2314-B-040-013). 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Disclosure Statement 

The authors have no conflicts of interest. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

References 

[1] C. Georgopoulos, W.J. Welch, Role of the major heat shock proteins as 

molecular chaperones, Annu Rev Cell Biol 9 (1993) 601-634. 

[2] E.T. Soo, G.W. Yip, Z.M. Lwin, S.D. Kumar, B.H. Bay, Heat shock proteins as 

novel therapeutic targets in cancer, In Vivo 22 (2008) 311-315. 

[3] A.S. Sreedhar, E. Kalmar, P. Csermely, Y.F. Shen, Hsp90 isoforms: functions, 

expression and clinical importance, FEBS Lett 562 (2004) 11-15. 

[4] M.A. Brown, L. Zhu, C. Schmidt, P.W. Tucker, Hsp90--from signal transduction 

to cell transformation, Biochemical and biophysical research communications 363 

(2007) 241-246. 

[5] A. Jameel, R.A. Skilton, T.A. Campbell, S.K. Chander, R.C. Coombes, Y.A. 

Luqmani, Clinical and biological significance of HSP89 alpha in human breast cancer, 

Int J Cancer 50 (1992) 409-415. 

[6] P.N. Munster, M. Srethapakdi, M.M. Moasser, N. Rosen, Inhibition of heat shock 

protein 90 function by ansamycins causes the morphological and functional 

differentiation of breast cancer cells, Cancer research 61 (2001) 2945-2952. 

[7] S. Modi, A.T. Stopeck, M.S. Gordon, D. Mendelson, D.B. Solit, R. Bagatell, W. 

Ma, J. Wheler, N. Rosen, L. Norton, G.F. Cropp, R.G. Johnson, A.L. Hannah, C.A. 

Hudis, Combination of trastuzumab and tanespimycin (17-AAG, KOS-953) is safe 

and active in trastuzumab-refractory HER-2 overexpressing breast cancer: a phase I 

dose-escalation study, J Clin Oncol 25 (2007) 5410-5417. 

[8] T. Lapidot, C. Sirard, J. Vormoor, B. Murdoch, T. Hoang, J. Caceres-Cortes, M. 

Minden, B. Paterson, M.A. Caligiuri, J.E. Dick, A cell initiating human acute myeloid 

leukaemia after transplantation into SCID mice, Nature 367 (1994) 645-648. 

[9] P. Dalerba, R.W. Cho, M.F. Clarke, Cancer stem cells: models and concepts, 

Annu Rev Med 58 (2007) 267-284. 

[10] M. Al-Hajj, M.S. Wicha, A. Benito-Hernandez, S.J. Morrison, M.F. Clarke, 

Prospective identification of tumorigenic breast cancer cells, Proc Natl Acad Sci U S 

A 100 (2003) 3983-3988. 

[11] C. Ginestier, M.H. Hur, E. Charafe-Jauffret, F. Monville, J. Dutcher, M. Brown, J. 

Jacquemier, P. Viens, C.G. Kleer, S. Liu, A. Schott, D. Hayes, D. Birnbaum, M.S. 

Wicha, G. Dontu, ALDH1 is a marker of normal and malignant human mammary 

stem cells and a predictor of poor clinical outcome, Cell Stem Cell 1 (2007) 555-567. 

[12] T.M. Phillips, W.H. McBride, F. Pajonk, The response of CD24(-/low)/CD44+ 

breast cancer-initiating cells to radiation, Journal of the National Cancer Institute 98 

(2006) 1777-1785. 

[13] M. Balic, H. Lin, L. Young, D. Hawes, A. Giuliano, G. McNamara, R.H. Datar, 

R.J. Cote, Most early disseminated cancer cells detected in bone marrow of breast 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

cancer patients have a putative breast cancer stem cell phenotype, Clinical cancer 

research : an official journal of the American Association for Cancer Research 12 

(2006) 5615-5621. 

[14] S.A. Mani, W. Guo, M.J. Liao, E.N. Eaton, A. Ayyanan, A.Y. Zhou, M. Brooks, F. 

Reinhard, C.C. Zhang, M. Shipitsin, L.L. Campbell, K. Polyak, C. Brisken, J. Yang, 

R.A. Weinberg, The epithelial-mesenchymal transition generates cells with properties 

of stem cells, Cell 133 (2008) 704-715. 

[15] R.K. Ramanathan, M.J. Egorin, C. Erlichman, S.C. Remick, S.S. Ramalingam, C. 

Naret, J.L. Holleran, C.J. TenEyck, S.P. Ivy, C.P. Belani, Phase I pharmacokinetic and 

pharmacodynamic study of 

17-dimethylaminoethylamino-17-demethoxygeldanamycin, an inhibitor of heat-shock 

protein 90, in patients with advanced solid tumors, J Clin Oncol 28 (2010) 1520-1526. 

[16] W.W. Chang, C.H. Lee, P. Lee, J. Lin, C.W. Hsu, J.T. Hung, J.J. Lin, J.C. Yu, L.E. 

Shao, J. Yu, C.H. Wong, A.L. Yu, Expression of Globo H and SSEA3 in breast cancer 

stem cells and the involvement of fucosyl transferases 1 and 2 in Globo H synthesis, 

Proc Natl Acad Sci U S A 105 (2008) 11667-11672. 

[17] L. Wei, T.T. Liu, H.H. Wang, H.M. Hong, A.L. Yu, H.P. Feng, W.W. Chang, 

Hsp27 participates in the maintenance of breast cancer stem cells through regulation 

of epithelial-mesenchymal transition and nuclear factor-kappa B, Breast cancer 

research : BCR 13 (2011) R101. 

[18] M.V. Powers, P. Workman, Targeting of multiple signalling pathways by heat 

shock protein 90 molecular chaperone inhibitors, Endocr Relat Cancer 13 Suppl 1 

(2006) S125-135. 

[19] J. Zhou, J. Wulfkuhle, H. Zhang, P. Gu, Y. Yang, J. Deng, J.B. Margolick, L.A. 

Liotta, E. Petricoin, 3rd, Y. Zhang, Activation of the PTEN/mTOR/STAT3 pathway in 

breast cancer stem-like cells is required for viability and maintenance, Proc Natl Acad 

Sci U S A 104 (2007) 16158-16163. 

[20] D. Mahalingam, R. Swords, J.S. Carew, S.T. Nawrocki, K. Bhalla, F.J. Giles, 

Targeting HSP90 for cancer therapy, British journal of cancer 100 (2009) 1523-1529. 

[21] E.L. Davenport, A. Zeisig, L.I. Aronson, H.E. Moore, S. Hockley, D. Gonzalez, 

E.M. Smith, M.V. Powers, S.Y. Sharp, P. Workman, G.J. Morgan, F.E. Davies, 

Targeting heat shock protein 72 enhances Hsp90 inhibitor-induced apoptosis in 

myeloma, Leukemia 24 (2010) 1804-1807. 

[22] A.K. McCollum, C.J. Teneyck, B.M. Sauer, D.O. Toft, C. Erlichman, 

Up-regulation of heat shock protein 27 induces resistance to 

17-allylamino-demethoxygeldanamycin through a glutathione-mediated mechanism, 

Cancer research 66 (2006) 10967-10975. 

[23] C. Garrido, M. Brunet, C. Didelot, Y. Zermati, E. Schmitt, G. Kroemer, Heat 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

shock proteins 27 and 70: anti-apoptotic proteins with tumorigenic properties, Cell 

Cycle 5 (2006) 2592-2601. 

[24] R.K. Hansen, S. Oesterreich, P. Lemieux, K.D. Sarge, S.A. Fuqua, Quercetin 

inhibits heat shock protein induction but not heat shock factor DNA-binding in human 

breast carcinoma cells, Biochemical and biophysical research communications 239 

(1997) 851-856. 

[25] M. Koishi, S. Yokota, T. Mae, Y. Nishimura, S. Kanamori, N. Horii, K. Shibuya, 

K. Sasai, M. Hiraoka, The effects of KNK437, a novel inhibitor of heat shock protein 

synthesis, on the acquisition of thermotolerance in a murine transplantable tumor in 

vivo, Clinical cancer research : an official journal of the American Association for 

Cancer Research 7 (2001) 215-219. 

[26] H.R. Seo, D.Y. Chung, Y.J. Lee, D.H. Lee, J.I. Kim, S. Bae, H.Y. Chung, S.J. Lee, 

D. Jeoung, Y.S. Lee, Heat shock protein 25 or inducible heat shock protein 70 

activates heat shock factor 1: dephosphorylation on serine 307 through inhibition of 

ERK1/2 phosphorylation, The Journal of biological chemistry 281 (2006) 

17220-17227. 

[27] J.P. Grenert, W.P. Sullivan, P. Fadden, T.A. Haystead, J. Clark, E. Mimnaugh, H. 

Krutzsch, H.J. Ochel, T.W. Schulte, E. Sausville, L.M. Neckers, D.O. Toft, The 

amino-terminal domain of heat shock protein 90 (hsp90) that binds geldanamycin is 

an ATP/ADP switch domain that regulates hsp90 conformation, The Journal of 

biological chemistry 272 (1997) 23843-23850. 

[28] M.V. Powers, P. Workman, Inhibitors of the heat shock response: biology and 

pharmacology, FEBS Lett 581 (2007) 3758-3769. 

[29] R.S. Williams, I.J. Benjamin, Protective responses in the ischemic myocardium, 

The Journal of clinical investigation 106 (2000) 813-818. 

[30] F. Guo, K. Rocha, P. Bali, M. Pranpat, W. Fiskus, S. Boyapalle, S. 

Kumaraswamy, M. Balasis, B. Greedy, E.S. Armitage, N. Lawrence, K. Bhalla, 

Abrogation of heat shock protein 70 induction as a strategy to increase antileukemia 

activity of heat shock protein 90 inhibitor 17-allylamino-demethoxy geldanamycin, 

Cancer research 65 (2005) 10536-10544. 

[31] M.J. Rane, Y. Pan, S. Singh, D.W. Powell, R. Wu, T. Cummins, Q. Chen, K.R. 

McLeish, J.B. Klein, Heat shock protein 27 controls apoptosis by regulating Akt 

activation, The Journal of biological chemistry 278 (2003) 27828-27835. 

[32] R. Wu, H. Kausar, P. Johnson, D.E. Montoya-Durango, M. Merchant, M.J. Rane, 

Hsp27 regulates Akt activation and polymorphonuclear leukocyte apoptosis by 

scaffolding MK2 to Akt signal complex, The Journal of biological chemistry 282 

(2007) 21598-21608. 

[33] J.G. Supko, R.L. Hickman, M.R. Grever, L. Malspeis, Preclinical pharmacologic 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

evaluation of geldanamycin as an antitumor agent, Cancer Chemother Pharmacol 36 

(1995) 305-315. 

[34] M.P. Goetz, D. Toft, J. Reid, M. Ames, B. Stensgard, S. Safgren, A.A. Adjei, J. 

Sloan, P. Atherton, V. Vasile, S. Salazaar, A. Adjei, G. Croghan, C. Erlichman, Phase I 

trial of 17-allylamino-17-demethoxygeldanamycin in patients with advanced cancer, J 

Clin Oncol 23 (2005) 1078-1087. 

[35] G.S. Nowakowski, A.K. McCollum, M.M. Ames, S.J. Mandrekar, J.M. Reid, A.A. 

Adjei, D.O. Toft, S.L. Safgren, C. Erlichman, A phase I trial of twice-weekly 

17-allylamino-demethoxy-geldanamycin in patients with advanced cancer, Clinical 

cancer research : an official journal of the American Association for Cancer Research 

12 (2006) 6087-6093. 

[36] B.M. Lancet J, Gojo I, Burton M, Quinn M, Tighe SM, Bhalla K, Kersey K, 

Wells S, Zhong Z., Phase 1, pharmacokinetic (PK) and pharmacodynamic (PD) study 

of intravenous alvespimycin (KOS-1022) in patients with refractory hematological 

malignancies., Blood (ASH Annual Meeting Abstracts) (2006) 108 (abstract 1961). 

[37] D.R. Ferry, A. Smith, J. Malkhandi, D.W. Fyfe, P.G. deTakats, D. Anderson, J. 

Baker, D.J. Kerr, Phase I clinical trial of the flavonoid quercetin: pharmacokinetics 

and evidence for in vivo tyrosine kinase inhibition, Clinical cancer research : an 

official journal of the American Association for Cancer Research 2 (1996) 659-668. 

[38] Z.P. Yuan, L.J. Chen, L.Y. Fan, M.H. Tang, G.L. Yang, H.S. Yang, X.B. Du, G.Q. 

Wang, W.X. Yao, Q.M. Zhao, B. Ye, R. Wang, P. Diao, W. Zhang, H.B. Wu, X. Zhao, 

Y.Q. Wei, Liposomal quercetin efficiently suppresses growth of solid tumors in 

murine models, Clinical cancer research : an official journal of the American 

Association for Cancer Research 12 (2006) 3193-3199. 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Legends of figures  

Figure 1. Hsp90 expression and the effect of Hsp90 inhibitors in breast cancer 

cells. (A) ALDH- or ALDH+ cells of AS-B244 breast cancer cells were sorted by cell 

sorter after stained with ALDEFLOUR assay. Hsp90 expression was determined by 

western blot and the ratio of band intensities between ALDH- and ALDH+ cells were 

calculated with after normalization with GAPDH. (B, C) AS-B145 or AS-B244 cells 

were treated with 0.1% DMSO or indicated concentration of GA for 48h and then 

harvested to analyze ALDH+ population of cells with ALDEFLUOR assay. The 

percentage of ALDH+ cells was calculated in comparison with DEAB-treated cells. 

The quantitative results were calculated from two independent experiments and 

displayed as bar graph. *, p<0.05; #, p<0.01. (D, E) AS-B145 (D) or AS-B244 (E) 

cells were treated with 0.1% DMSO or indicated concentration of GA or 17-DMAG 

for 48h to detect the expression of Akt, phosphor-Akt (p-Akt), Hsp27, Hsp70 and 

Hsp90 by western blot. The ratio of band intensities between DMSO and 

drug-treated cells were calculated after normalization with the intensities of GAPDH 

(AS-B145) or actin (AS-B244). (F) The expression of Akt and p-Akt was determined 

in Hsp27-knockdown AS-B145 or AS-B244 cells at 48h post-transfection. The ratio 

of band intensities between DMSO and drug-treated cells were calculated after 

normalization with the intensities of actin. 

 

Figure 2. HSP inhibitors sensitize breast cancer cells toward the effect of Hsp90 

inhibitors in targeting ALDH+ BCSCs. AS-B145 cells were treated with 0.5M GA 

alone or in combination with 20M quercetin or 20M KNK437 for 48h (A). 

AS-B244 cells were treated with 40nM GA alone or in combination with 20M 

quercetin or 10M KNK437 for 48h (B).The ALDH+ population of cells was 

determined by ALDEFLUOR assay. The quantitative results were calculated from two 
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independent experiments and shown in bar graph. * or † , p<0.05; # or ‡, p<0.01. * or 

# represented the statistical results after comparison with DMSO; † or ‡ represented 

the statistical results after comparison with GA.  

 

Figure 3. HSP inhibitors repress GA induced Hsp27 and Hsp70 expression. Cells 

were treated with GA alone (0.5M for AS-B145 or 40nM for AS-B244) or in 

combination with quercetin (Q, 20M for both cell lines) or KNK437 (K, 20M for 

AS-B145 or 10M for AS-B244) for 48h and the expression of Hsp27, Hsp70 and 

Hsp90 was determined by western blot. The ratio of band intensities between 

DMSO and drug-treated cells were calculated after normalization with actin. 

 

Figure 4. HSP inhibitors sensitize breast cancer cells toward the 

anti-proliferative effect of Hsp90 inhibitors. AS-B244 cells (A, C) or AS-B145 

cells (B, D) were treated with different concentration of GA (A), 17-DMAG (B) or 

indicated drugs (C, D) for 48h. Cell proliferation was determined by WST-1 substrate 

and the IC50 value (indicated with dotted arrow) was calculated by GraFit software. 

The treated concentration of GA, quercetin or KNK437 for AS-B244 cells was 40nM, 

25M or 20M, respectively (C). The concentration of 17-DMAG, quercetin or 

KNK437 for AS-B145 cells was 5M, 40M or 12.5M, respectively (D). Results 

were presented as 440nm absorbance relative to DMSO control. *, p<0.05 when 

comparison with 17-DMAG treated group; †, p<0.05 when comparison with quercetin 

treated group; ‡, p<0.05 when comparison with KNK437 treated group. 

 

Figure 5. HSP inhibitors sensitize breast cancer cells toward the anti-migration 

effect of GA. AS-B244 (A) or AS-B145 (B) cells were seeded into wells of 

96-well-plate in presence of stopper for overnight and then changed drug containing 
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medium as indicated after removal of stopper. The concentration of GA, quercetin or 

KNK437 for AS-B244 (A) was 40nM, 20M or 10M, respectively. The 

concentration of GA, quercetin or KNK437 for AS-B145 (B) was 0.5M, 20M or 

20M, respectively. Migrated cells were stained with 0.5% crystal violet, taken 

pictures and calculated with IamgeJ software. *, p<0.05; #, p<0.01 when comparison 

with DMSO group. 

 

Figure 6. Silencing of Hsp27 potentiates the effect of GA in targeting ALDH+ 

BCSCs. (A) AS-B244 cells were transfected with 100nM negative control siRNA (ctrl 

siRNA) or Hsp27 siRNA (si-Hsp27) for 24h and then treated with 0.1% DMSO or 

40nM GA for another 48h and followed by determining the ALDH+ population by 

ALDEFLUOR assay. The quantitative results were calculated from two independent 

experiments and shown in bar graph. *, p<0.05; #, p<0.01. (B) The expression of 

Hsp27, Hsp70, Hsp90 or HSF-1 (indicated with arrow) in Hsp27 knockdown cells 

with or without GA treatment was determined by western blot. The ratios of band 

intensities were calculated and presence as relative to ctrl siRNA co-treated with 0.1% 

DMSO group. 
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