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Abstract 

Heat shock protein 90 (Hsp90) is a molecular chaperone 

involved in folding, assembly, maturation, and stabilization 

of the client proteins that regulate survival of malignant 

cells. As previous reports correlate high Hsp90 expression 

with decreased survival in breast cancer, Hsp90 may be 

a favorable target for investigational therapy in breast 

cancer. In our study, we have examined the response 

of a panel of both BRCA1-null (UACC 3199, HCC 1937, 

and MBA-MD-436) and BRCA1-wt breast cancer cell 

lines (MCF-7, MBA-MD-157, and Hs578T) to determine 

the proteins governing response to Hsp90 inhibitor 

17-allyloamino-17-demethoxy-geldanamycin. On treat- 

ment with the drug, cells arrested at G2-M phase and 

entered aberrant mitosis in a BRCA1-dependent manner. 

Failure to arrest the cells at or before mitosis resulted 

in formation of micronucleated cells, aberrant segregation 

of chromosomes, microtubule misalignment, and multi- 

centrosomes, leading in eventual mitotic catastrophe 

cell death. Our observations show that BRCA1 mediates 

G2-M transition mainly through chek1 on 17-allyloamino- 

17-demethoxy-geldanamycin treatment. [Mol Cancer Ther 

2008;7(8):2358 – 66] 

Introduction 

The heat shock protein 90 (Hsp90) inhibitor, 17-allyloa- 
mino-17-demethoxy-geldanamycin (17-AAG), a geldana- 
mycin analogue, is currently in phase II clinical trials4 (1), 
in several cancers (2 – 5), as one of so-called pleiotropic 
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effect drugs, affecting numerous cellular signaling path- 
ways simultaneously. Hsp90 is a chaperone for several 
oncogenic client proteins (Erbb2, c-Raf, Cdk4, Akt, steroid 
hormone receptors, mutant p53, hypoxia-inducible 

factor-1a, survivin, and telomerase hTERT) involved in 
transcriptional regulation, signal transduction, and cell 
cycle control as well as in other crucial steps leading to 
malignant phenotype, invasion, angiogenesis, and metas- 
tasis (6, 7). Hsp90 inhibition leads to proteosomal 
degradation of its client proteins. In cancer cells, Hsp90 
is reported to have a constitutive expression and most 
importantly 100-fold higher binding affinity for 17-AAG 
than does Hsp90 from normal cells (1). The downstream 
effects of the Hsp90 inhibition are very complex and 
depend on the biochemical features and molecular 
background of the cell type. The reported cell cycle effects 
are predominantly G1 (8, 9) and G2-M block (3, 4, 10). The 
G2-M arrest has been observed independently of p53 and 
Rb status, yet several key regulatory proteins of G2-M 
transition (Chek1, Cdk1, Wee1, Myt1, and Polo-1 kinase) 
have been identified as Hsp90 client proteins,5 degrada- 
tion of which may explain the substantial G2-M peak in 
cell cycle on treatment. When damage to the mitotic 
apparatus is excessive, the G2-M checkpoint will finally 
adapt. Failure to arrest the cells at or before mitosis 
results in formation of micronucleated cells, aberrant 
segregation of chromosomes, microtubule misalignment, 
multicentrosomes, multipolar mitoses, and aneuploidy, 
leading to eventual cell death (11). Mitotic catastrophe is a 
term used to describe these failures in mitosis, reported 
previously in literature (3, 12 – 15). Accumulating evidence 
has implicated Brca1 as a key regulator of the DNA 
damage checkpoint response, the S and G2-M checkpoint 
(16). Studies by Yarden et al. (17) show that Brca1 is 
necessary to activate chek1-induced DNA damage G2-M 
arrest. On top of that, neat investigation by Bae et al. (18) 
show that Brca1 knockdown cells cause down-regulation 
in expression of several cell cycle regulatory proteins 
taking part in mitosis/anaphase progression, cytokinesis, 
centrosome function, chromosome progression, and 
spindle checkpoint. 

In our work, we have examined the response of a panel 
of breast cancer cell lines to Hsp90 inhibitor, 17-AAG. We 
found that this drug induces mitotic catastrophe more 
significantly in hereditary breast cancer cell lines and 
showed that Brca1 mediates this response probably 
through the regulation of chek1 protein. 

  

 
4 See http://www.clinicals.gov. 
5 Summarized on the Picard laboratory homepage: http://www.picard.ch/ 
DP/DPhome.html. 
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Materials and Methods 

Breast Cancer Cell Lines 

Six breast cancer cell lines were included in this study. 
Three of them corresponded to sporadic breast cancer 
tumors (MCF-7, MBA-MD-157, and Hs578T), which are 
BRCA1-wt. The other three corresponded to BRCA1-null 
cell lines: two of them derived from hereditary Brca1 
mutated breast tumors (HCC 1937 and MBA-MD-436) and 
another one (UACC 3199) presents somatic inactivation 
of BRCA1. Breast cancer cell lines, MCF-7, UACC 3199, 
and Hs578T, were obtained from Cancer Epigenetic Group 
at Spanish National Cancer Centre. HCC 1937 and 
MBA-MD-157 was kindly provided by Dr. P. Edwards 
(Department of Pathology, University of Cambridge) and 
MBA-MD-436 was provided by Dr. K.S Massey-Brown 
(Department of Pharmacology and Toxicology, University 
of Arizona). Biological and molecular characteristics of the 
breast cancer cell lines are presented in Table 1. Normal 
breast tissue was obtained from breast reduction surgery 
of healthy women. 

Drugs 

17-AAG (Sigma-Aldrich) was prepared as a 1 mmol/L 
stock in DMSO and stored at -20jC and freshly dissolved 
immediately before use. 

Cytotoxicity Assay 

To evaluate the antiproliferative effects of inhibitor 
Hsp90, cells were incubated for 96 h with serial dilutions 
of the drug from initial 50 Amol/L. Each concentration was 
assayed in triplicate and then incubated with MTT 
substrate. The resulting absorbance was measured by 
means of a microplate reader (Bio-Rad), and the cytotoxic 
effect of each treatment was assessed by IC50 value 
(concentration of the drug leading to 50% cell survival). 

Cell Cycle and Apoptosis Analysis 

Cells were seeded in 10 cm dishes at a moderate density 
in 20 mL complete medium. At 24 h after plating, cells were 
treated with 500 nmol/L 17-AAG or DMSO (0.1%) as a 
control. At appropriate intervals (24 and 48 h on treatment 
with the drug), cells were harvested, fixed with 70% 
methanol, and washed twice with PBS. After incubation in 
PBS supplemented with RNase (10 mg/mL; Qiagen) and 
propidium iodide (PI; 5 mg/mL; Sigma-Aldrich) for 30 min 
the DNA content was analyzed by FACScan flow cytometer 
(Becton Dickinson) and CellQuest software. 

For apoptosis analysis, cells were harvested and analyzed 
by flow cytometry using simultaneous staining with 
Annexin V/APC (BD PharMingen) and PI. 

Mitotic Index 

The cells on treatment with 500 nmol/L 17-AAG or 
DMSO (0.1%) for 48 h were harvested and costained 
according to the manufacturer’s instructions with phospho- 
histone H3 (Ser10) antibody, Alexa Fluor 488 – conjugated 
antibody (Cell Signaling Technology), and PI. In this assay, 
the fraction of cells that incorporates PI and costains with 
anti-phospho-histone H3 antibody is considered as to be at 
the onset of mitosis. The percentage of mitotic cells was 
determined by fluorescence-activated cell sorting analysis. 

Western Blot Analysis 

Western blot analysis was done using standard proce- 
dures for whole-cell extracts from cell lines. Lysates were 
prepared using radioimmunoprecipitation assay buffer 
(Sigma-Aldrich). Equal amounts of protein lysates (50- 
100 Ag) were separated by SDS-PAGE on 10% gels and 
electrotransferred to Immobilon-P membranes (Millipore) 
and probed with indicated primary antibody. Antibodies 
used include Cdc25C (Abcam), phospho-Cdc2 (Tyr15; Cell 

 
Table 1.  Molecular and biochemical features of breast cancer cell lines used in the study 

 

MCF-7 MBA-MD-157 Hs578T MBA-MD-436 HCC 1937 UACC 3199 (*) 
 

 

Tumor type* Human breast 
adenocarcinoma 

Medullary 
carcinoma 

Invasive 
ductal carcinoma 

Human 
breast adenocarcinoma 

Human 
breast carcinoma 

Ductal 
carcinoma 

Molecular 
subtypesc 

Luminal Mesenchymal Mesenchymal Basal Basal 

TP53 statusb Wild-type Mutant Mutant Mutant Mutant 

ERb + - - - - - 
Brca1 (allelic lost/ 

mutation status)x 

Effects after 17-AAG 

Loss/wt Loss/ wt Loss/wt Loss/mutated Loss/mutated Loss/methylated 

treatment 
IC50 (Amol/L) 0.032 F 0.0092 0.00148 0.057 F 0.021 0.059 F 0.017 0.014 F 0.006 0.013 F 0.006 

Cell cycle effect G2-M arrest G2-M arrest G2-M arrest G2-M arrest G2-M arrest G2-M arrest 
SA-h-galactosidase None None None None None None 
staining       

Mitotic entrance Low None Low High High High 
Predominant Apoptosis Apoptosis Apoptosis Mitotic Mitotic Mitotic 
cell death    catastrophe catastrophe catastrophe 

*Data derived from the American Type Culture Collection. 
cFrom ref. 29. 
bFrom ref. 30. 
xFrom ref. 31. 
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Figure 1. Overexpression of Hsp90 in a panel of hereditary and sporadic 

cell lines. No expression of Hsp90 detected in normal breast tissue samples 

(NB ). Hsp70 was equally highly expressed in both normal samples and 

tumor cells. Levels of protein were evaluated by Western blot. 

 

Signaling), cyclin B1 (Santa Cruz Biotechnology), phospho- 
Cdc25C (Ser216; Cell Signaling), Akt (Cell Signaling), 
Chek1 (Santa Cruz Biotechnology), Cdc2 p34 (Santa Cruz 
Biotechnology), Aurora B (Abcam), Plk1 (Abcam), survivin 
(R&D Systems), Hsp90 (Novocastra), Hsp70 (Santa Cruz 

Biotechnology), and h-actin (Sigma-Aldrich). Alexa Fluor 
680 – labeled secondary antibodies (1:3,000 dilution; 
Invitrogen) were used subsequently and Odyssey Infrared 
detection system (LI-COR Biosciences) applied to visualize 
blots. 

Live Cell Imaging 

A fluorescence microscope (Leica AF6000; Leica Systems) 
equipped with CCD camera was used for live cell imaging. 

Briefly, 1 x 106 cells were seeded at six-well plates in 1 mL 
culture medium, and after 24 h after plating, 17-AAG or 
DMSO was added to a final concentration of 500 nmol/L or 
0.1%, respectively. The plate was placed onto a prewarmed 
microscope stage. The samples were maintained at 37jC 
and 5% CO2. Changes in cell morphology were observed 
for up to 72 h. Images were captures at a rate 1 frame every 
10 min using Leica Application Suite advanced fluores- 
cence software 1.5.1 (Leica Systems). Movie files were 
generated with QuickTime software. 

Confocal Microscopy Analysis 

Cells were grown for 48 h on coverslips at a moderate 
confluency with 500 nmol/L 17-AAG. After this time, cells 

were fixed in cold methanol (-20jC, 5 min). Blocking was 

done in 5% bovine serum albumin-PBS for 30 min at 37jC 
followed by incubation with a-tubulin (Sigma-Aldrich) for 
1 h at 37jC. Alexa Fluor 488 anti-mouse secondary 
antibody (Molecular Probes) was applied subsequently. 

Nuclear morphology was visible with 4,6¶-diaminidino- 
2-phenylindole (Molecular Probes). Images were processed 
with the Leica Confocal software. 

Small Interfering RNA and Transfection 

The Brca1 small interfering RNA (siRNA) were designed 
and synthesized by Ambion. Three siRNA duplexes 
recognizing different sequences were tested. Chek1 siRNA 
sequence was described previously (19). We used a 

72 h post-transfection. Brca1 and Chek1 mRNA levels were 
examined. For the experiment with 17-AAG, we have 
chosen the siRNA decreasing the mRNA levels to 50% of 
control levels. 

Quantitative ReverseTranscription-PCR Analysis 

Total RNA (1 Ag) was reverse transcribed using MMLV 
reverse transcriptase (Invitrogen) and random primers. The 
cDNAs were subjected to quantitative real-time PCR assay 
with the use of labeled probes for Brca1 and Chek1 (Roche 
Universal Probe Library) and the TaqMan Universal PCR 
Mix in an ABI Prism 7900 System (Applied Biosystems) 
under the manufacturer’s recommendations. The PCR 
amplification was carried out with 10 min at 95jC, followed 
by 50 cycles of 15 s at 95jC and 1 min at 60jC, using 
the oligonucleotides shown in Supplementary Table S1.6 
h-Actin was used as internal control and allowed normal- 
ization of the samples. All experiments were analyzed in 
triplicate. 

Statistical Analysis 

Student’s t test was used to estimate differences in the 
mitotic indexes between sporadic and hereditary cell lines. 

 

Results 

Overexpression of Hsp90 Protein in Breast Cancer 

Cell Lines 

Initially, we evaluated the expression of Hsp90 in a panel 
of six breast cancer cell lines and compared the protein 
expression levels with normal breast tissue. Western blot 
analysis has displayed Hsp90 expression in the entire set of 
cell lines examined (Fig. 1). Although the level of Hsp90 
expression varied among the different cell lines, these 
variations were not associated with the Brca1 status of the 
cells. As for normal breast tissue samples, no positive 
staining for Hsp90 was detected. Hsp70 was equally highly 
expressed in both normal samples and tumorigenic cells. 

17-AAG Inhibited Cell Growth of Breast Cancer Cell 

Lines 

We have analyzed the effect of 17-AAG on breast cancer 
cell growth. Sensitivity to 17-AAG was assessed by MTT 
test and showed both cytotoxic and cytostatic effects. The 
Hsp90 inhibitor showed cell growth inhibition in a dose- 
dependent manner for 96 h after treatment. The IC50 values 
are represented in Table 1. The results indicate that 
sensitivity to the drug was not related to the level of 
Hsp90 expression of a particular cell line. No significant 
difference in the sensitivity to 17-AAG was found between 
BRCA1-wt and BRCA1-null cell lines. IC50 values varied 
between 0.014 F 0.006 and 0.059 F 0.017 Amol/L (Table 1). 
It is known that Hsp90 in normal cells exists in an 
uncomplexed form that has low affinity for Hsp90 
inhibitor. Taking that into account, we have done series 
of experiments on normal lymphocytes. As expected, the 
cytotoxicity tests showed weaker effect of the drug on 

scramble siRNA (Qiagen) as a control. Transfection was   

carried out using Oligofectamine (Invitrogen) following the 
manufacturer’s instructions and analyzed 24, 36, 48, and 

6 Supplementary material for this article is available at Molecular Cancer 
Therapeutics Online (http://mct.aacrjournals.org/). 

http://mct.aacrjournals.org/)
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normal lymphocytes compared with tumor cells, with an 
IC50 value f30-fold higher (1.96 Amol/L). Moreover, it has 
been described previously that normal mammary epithelial 
cells (HMEC) are less sensitive to Hsp90 inhibition than 
tumor cells with IC50 values of 0.943 F 0.290 Amol/L. 
Similar results were obtained when analyzing normal and 
malignant human breast tissue samples; the IC50 was 
reported to be 6.17 F 1.06 for normal breast versus 0.029 F 

0.004 Amol/L for breast carcinomas (1). Importantly, breast 
tumors are more sensitive to Hsp90 inhibitor than normal 
cells. 

17-AAG Arrested Cells in G2-M 

We have further explored the effect of 17-AAG on cell 
cycle arrest (Fig. 2). Control cells showed a typical pattern 
of cell cycle with f20% of cells in the G2-M phase. 
Irrespectively of Brca1 status, a significant increase in G2-M 
fraction of the cell cycle was observed at 24 and 48 h after 
treatment. The G2-M fraction at 24 h increased in 
comparison with control cells in both treated BRCA1-wt 
and BRCA1-null cell lines. Additionally, an increasing 
population of polyploid cells was observed in treated 

MBA-MD-436 and UACC 3199 cells. It seems that the 
17-AAG-treated BRCA1-null cells adapted to Hsp90 inhi- 
bition and reentered the cell cycle. Hs578T cell type has a 
mixed diploid and polyploid cell population. 17-AAG- 
induced growth inhibition was associated with cell cycle 
arrest in G2-M phase reported in polyploid cells. Notably, 
the sub-G0 fraction has doubled compared with the control 
in most of the cell lines after 48 h of treatment. No 
symptoms of cell senescence were observed in the 
cells halted at G2-M, as they were negative to lysosomal 

SA-h-galactosidase staining at low pH (data not shown). 
G2-M Checkpoint Proteins Affected after Hsp90 

Inhibition 

It was expected that the 17-AAG treatment would 
degrade Hsp90 client proteins. Because a stop in G2-M 
was observed in the breast cancer cell lines, we studied by 
Western blot known Hsp90 client proteins and other 
important regulators of the G2-M checkpoint and compared 
them between the BRCA1-null and BRCA1-wt cell lines. In 
accordance to former studies (20), an increase in expression 
of Hsp90 and the cochaperone Hsp70 was observed in all 

 

 

 
 

Figure 2. 17-AAG arrests cells in G2-M phase. DNA content was assessed with PI staining in control and treated cells with 500 nmol/L 17-AAG at 24 

and 48 h. Typical histograms showing cell cycle distributions along with percentage of cells in each cell phase are represented. 
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cell lines after 17-AAG treatment. As consequence, several 
client proteins were degraded (Fig. 3). Chek1 is a well- 
documented Hsp90 client protein and regulates mitosis 
progression (21). A consistent depletion with time in 
BRCA1-wt cell lines was notified. Interestingly, a more 
significant reduction of the level of Chek1 was observed in 
all three BRCA1-null cell lines studied (Fig. 3). However, 
Chek2, another regulator of the G2-M transition, was not 
affected by the 17-AAG treatment. It was shown previously 
that Chek1 but not Chek2 activation requires the function 
of Brca1 (17, 22), which may explain the differences in level 
of destabilization of the protein on treatment between 
BRCA1-null and BRCA1-wt cell lines. For G2-M transition, 
the crucial complex is Cdc2/cyclin B. Cdc2 is a major 
mitotic kinase promoting chromosome condensation and 
nuclear breakdown for G2-M transition. Although Cdc2 has 
not been described as a Hsp90 client, a significant decrease 
of total Cdc2 was observed only in BRCA1-null cell lines 

after 17-AAG but was not affected in BRCA1-wt cell lines, 
suggesting a regulation of Cdc2 by Brca1. After treatment, 
the inhibitory phosphorylation at Tyr15 of Cdc2 was, 
however, greater in cells that express Brca1. Cyclin B1 is 
a necessary cofactor of kinase activity. We found in all cell 
lines that cyclin B1 accumulated on treatment. In addition, 
Cdc25C, the phosphatase that dephosphorylates Cdc2, was 
also found increased on 17-AAG probably due to the 
degradation of Chek1. All these changes in the proteins that 
regulate G2-M may explain that the cells finally are arrested 
before metaphase/anaphase transition. 

Other already described Hsp90 client proteins involved 
in mitosis, such as survivin, Plk1, and Aurora B (23, 24), did 
not show any effect in their expression on treatment. 

Brca1 Deficiency Induces Bypass of the G2-M Check- 

point and Premature Mitosis after 17-AAG Treatment 

We hypothesized that, on treatment with the drug, the 
majority of cell lines at first arrest in G2 stage, with a 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 17-AAG effects on cell cycle regula- 

tory proteins in MCF-7 and MBA-MD-436 cell lines. 

Levels of Chek1, Chek2, Cdk2, Cdk2 phospho- 

Tyr15, cyclin B1, Plk1, Aurora B, survivin, Akt, 

Hsp70, and Hsp90 were estimated in representa- 

tive BRCA1-wt and BRCA1-null breast cancer cell 

lines by Western blot. h-Actin was used as a 

loading control. 
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Figure 4. Significant increase in mitotic entry on treatment with 17- 

AAG in Brca1 mutated cell lines. Mean F SD of three independent 

experiments. Mitotic index in control untreated cells (white ) and cells after 

48 h of incubation with Hsp90 inhibitor (black ) is represented. 

 

differential percentage of cells that overcome G2-M 
transition checkpoint and enter aberrant mitosis, leading 
to mitotic catastrophe cell death. If Brca1 is involved in the 
checkpoint control, Brca1-deficient cells will present a 
higher number of cells in M phase after 17-AAG treatment. 
Expression of phospho-H3 varied from 1% to 3% in control 
cells of both BRCA1-wt and BRCA1-null cell lines. After 
treatment, all cell lines, except of MBA-MD-157, responded 
with an increase of phospho-H3 (Fig. 4). MCF-7 and 
Hs578T showed 2.6% and 2.5% of cells in mitosis, 
respectively, after treatment with 17-AAG. Surprisingly, 

premature mitotic entry in BRCA1-null cells after treatment 
increased drastically to 11.4%, 10.3%, and 4.2% in MBA 436, 
HCC 1937, and UACC 3199, respectively. Then, statistically 
significant differences in the entrance in mitosis were found 
between BRCA1-null and BRCA1-wt cells (P = 0.04). The 
data suggested that 17-AAG activates G2-M checkpoint 
in BRCA-wt cells, delaying the movement of G2 cells 
into mitosis phase. In contrast, 17-AAG treatment of 
BRCA1 mutant cells did not activate G2-M checkpoint 
after 17-AAG treatment as those cells largely progressed 
into mitosis. Alternatively, it also could be that 17-AAG 
activates a mitotic specific blockage such as spindle 
checkpoint or chromosome separation. 

Mitotic Catastrophe Cell Death in 17-AAG-Treated 

Cells 

Typically, 17-AAG-treated cells show aberrant segrega- 
tion of chromosomes, microtubule misalignment, multi- 
centrosomes, or multipolar mitoses. Mitotic perturbances 
are correlated with mitotic entry frequencies. Predomi- 
nantly BRCA1-null cell lines exhibited highest number of 
mitotic aberrations (Fig. 5). Clearly, cells with dysfunctional 
G2-M checkpoint (MBA-MD-436, HCC 1937, and UACC 
3199) enter more frequently into mitosis on 17-AAG 
treatment. Multiple centrosomes are characteristic feature 
of MBA-MD-436 cell line. Chromosome misalignments 
along the spindle and micronucleated cells were typically 
encountered in HCC 1937. Because low mitotic entrance 
was reported for BRCA1-wt cell lines, only few aberrant 
mitotic figures were present, with a predominance of 

 

 
 

Figure 5. Mitotic catastrophe cell death on 17-AAG treatment. Forty-eight hours after treatment with 500 nmol/L 17-AAG, cells were collected and 

immunoassayed with anti-a-tubulin antibody counterstained with 4,6¶-diaminidino-2-phenylindole. A, mitotic catastrophe figures showing multiple 

centrosomes, predominant in MBA-MD-436 cell line. B, metaphase spreads showing missegregation of chromosomes in HCC 1937 cell line and UACC 
3199 cell line. 
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Figure 6. Brca1-mediated increase in 
mitotic entrance after 17-AAG. mRNA 
expression levels in MCF-7 treated with 

siRNA control and Brca1 siRNA (A) or 

Chek1 siRNA (B). siRNA-treated cells 

24 h after silencing were incubated 

36 h with Hsp90 inhibitor and harvested, 

and percentages of phospho-histone 

H3 – positive mitotic cells were deter- 

mined by fluorescence-activated cell 

sorting analysis by using double staining 

with PI and anti-phospho-histone H3. 

Increment in percentage of cells entering 

into mitosis is shown in Brca1-silenced 

cells and Chek1-silenced cells in MCF-7 

cell line compared with wild-type MCF-7 

on treatment with 17-AAG (C). Bars, 

SD. 

 
 
 
 
 
 
 
 
 
 
 
 

 

apoptotic bodies (MBA-MD-157), and cells at prometa- 
phase stage (MCF-7 and Hs578T). Dynamics of in vivo 
division are accessible in Supplementary Movie S1.6 These 
data confirm that mitotic catastrophe was the primary 
mediator of cell death induced by 17-AAG. 

Mitotic Catastrophe Cell Death Is followed by 

Apoptotic DNA Fragmentation 

According to the cell cycle profile, a sub-G0 increase was 
detected in all of the cell lines on treatment at 24 and 48 h. It 
is noteworthy that the sub-G0 population increment 
followed decrease in G2-M block. To further study cells in 
sub-G0, the earliest apoptotic marker, Annexin V, was 
studied. An increment in early apoptosis was found 
(Annexin V– positive/PI-negative cells) followed by necro- 
sis (Annexin V– positive/PI-positive) in all of the cell lines 
(Supplementary Fig. S1).6 Exposure to 500 nmol/L 17-AAG 
after 48 h of treatment resulted in 5-fold increment in 
MCF-7 and 2- to 3-fold increments in apoptosis in MBA- 
MD-157, Hs578T, MBA-MD-436, HCC 1937, and UACC 
3199 cell lines. Similar results were obtained for caspase-3 
assay (data not shown). Our data indicate that, after 48 h of 
treatment, the BRCA1-null cell lines were undergoing 
predominantly mitotic catastrophe followed by apoptosis, 
whereas BRCA1-wt cell lines had a preponderance toward 
apoptotic like death and necrosis. 

Brca1 Is Required for Active G2-M after 17-AAG 

Treatment 

Because the 17-AAG effect on mitotic index and on cell 
cycle regulatory proteins showed differences between 
BRCA1-wt and BRCA1-null cell lines, we have silenced 

the Brca1 expression in MCF-7 cell line to study the role of 
Brca1 in the differential response. MCF-7 transfected with 
control or Brca1 siRNA were exposed to the 500 nmol/L 
Hsp90 inhibitor. Transient silencing of Brca1 in MCF-7 cell 
line reduced Brca1 mRNA levels to 50% at 24 h (P = 0.002; 
Fig. 6A). Cells that lacked Brca1 showed 2-fold gains in 
mitotic index values compared with MCF-7 control cell line 
on treatment (Fig. 6C). It means that Brca1-deficient cell 
lines are more prone to bypass the G2-M checkpoint and 
accumulate at metaphase, whereas Brca1-proficient cell 
types would be more stringently G2-M arrested when 
subjected to 17-AAG. 

Chek1 Deficiency in Brca1-Positive Cells Abrogates 

G2-M Checkpoint 

To determine whether Brca1-mediated activation of 
chek1 is responsible for G2-M block by 17-AAG, we 
analyzed the effect of chek1 silencing on Brca1-positive 
cells. Over 50% depletion of chek1 (P = 0.02) in MCF-7 cell 
line was observed (Fig. 6B). Down-regulation of chek1 and 
subsequent 17-AAG treatment reduced the G2-M check- 
point control in cells expressing Brca1 (P = 0.009) and 
sustained a more effective mitotic entrance as shown by 
mitotic marker phospho-H3 staining (Fig. 6C). 

Discussion 

In our study, we have examined the response of a panel of 
both BRCA1-wt and BRCA1-null breast cancer cell lines to 
Hsp90 inhibitor, 17-AAG. Our data indicate cytotoxic and 
cytostatic effect of the drug. Although we have notified that 
all the breast cancer cell lines analyzed exhibited similar 
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IC50, we could identify differential form of death between 
BRCA1-null and BRCA1-wt cells followed by the treat- 
ment. We found that Hsp90 inhibitor induced G2-M arrest 
in both BRCA1-wt and BRCA1-null cell lines analyzed; 
however, interestingly predominantly BRCA1-null cell 
lines displayed a significant mitotic index increase and 
cellular and nuclear morphology typical for mitotic 
catastrophe cell death. Mitotic arrested cells displayed 
chromosomes missegregation, microtubule misalignment, 
and multiple centrosomes. Furthermore, as a DNA repair 
process is impaired in Brca1-deficient cells, more aberrant 
mitotic figures were reported in HCC 1937, UACC 3199, 
and MBA-MD-436 cell lines after inhibiting Hsp90. The 
mitotic catastrophe cell death was followed by secondary 
apoptosis. On the contrary, MCF-7 and Hs578T cells 
showed a low increase in mitotic entrance, and MBA- 
MD-157 arrested in G2-M phase of the cycle. The cells died 
mostly through apoptosis. 

17-AAG strongly inhibited the cell growth of the breast 
cancer cell lines and affected the G2-M regulatory 
proteins. We have found decreased levels of well-reported 
Hsp90 client protein, chek1, in hereditary cell lines. 
Interestingly, BRCA1-wt cell lines showed moderate 
decrease in the expression of chek1 after treatment, with 
up-regulated levels of Cdc2 phospho-Tyr15, suggesting a 
much stronger halt at G2-M phase compared with Brca1- 
deficient cells. Cyclin B1 levels were consistently high 
along breast cancer cell lines. Up-regulation of cyclin B1 
and prolonged activation of cyclin B1/Cdc2 complex are 
typical features of mitotic catastrophe (25). It has been 
described previously that other cell cycle regulators such 
as Aurora B, survivin, and Plk1 are client proteins of 
Hsp90 (23, 24). According to our data neither Aurora B, 
survivin, nor Plk1 were affected after 17-AAG. This 
discrepancy occurs as those proteins may function as 
Hsp90 clients only in specific cell types. Moreover, we 
cannot discard that mutations in these proteins may affect 
Hsp90 binding. 

Taking all into account, we showed that Brca1 contributes 
to the control of G2-M following the 17-AAG treatment. 
There are also several studies in which Brca1 was reported 
to be engaged in several cell cycle checkpoints (16 – 18). In 
parallel, it is possible that other dissimilarities among the 
cell lines may be responsible for the differential effect, for 
example, in the mitotic index, cell cycle, or protein 
destabilization levels. 

The siRNA experiments were done to directly study the 
role of Brca1 in the control of G2-M after treatment with 
17-AAG. By using Brca1-deficient or Brca1-proficient cells, 
we showed that Brca1-silenced cells were more prone to 
bypass the G2-M checkpoint and accumulate at mitosis, 
whereas Brca1-proficient cell types would be more strin- 
gently G2-M arrested when subjected to 17-AAG. Obser- 
vation confirmed with previous studies using other drugs 
such as paclitaxel, vinorelbine, bleomycin (26), and 
genistein (27) and more recently by Yamane et al. (19) that 
has suggested that Brca1 may influence G2-M checkpoint 
response to 6-thioguanine. 

Loss of chek1 also resulted in weaker G2-M checkpoint 
control. Essential activation of chek1 by Brca1 might 

explain why chek1 was almost completely depleted by 
Hsp90 inhibition in BRCA1-null breast cancer cell lines. 
Further, we proved that chek1-silenced cells highly entered 

mitosis in a BRCA1-wt cell line after treatment with 
17-AAG. Interestingly, as reported (17), Brca1-proficient 
cells under treatment with chek1 inhibitor, UCN01, did not 
show G2-M arrest after ionizing radiation. These data are in 
line with our results. Together, these results suggest that 

Brca1 mediates G2-M arrest through chek1 activation. 
Moreover, Brca1 acts upstream chek1, regulating its 
expression, a data in accordance with previous work (17). 
Taken together, we showed a connection between Brca1- 

dependent chek1 down-regulation and mitotic abnormali- 
ties induced by 17-AAG. To our knowledge, 17-AAG 

effects on breast cancer cell lines being Brca1 dependent yet 
were not suggested. However, we do not exclude that 
there might be other way, not mediated by chek1, by 

which Brca1 enhances G2-M arrest in response to 17-AAG. 
Mitotic catastrophe was a result of abrogated checkpoint 

after 17-AAG treatment. In the BRCA1-null cell lines, we 
have observed significant mitotic arrest, elevated levels of 

cyclin B1, and multiple defects in mitosis (chromosome 
disorganization, multiple centrosomes, multinucleated 

cells, and micronucleus), suggesting mitotic catastrophe 
as the predominant cell death. On the contrary, in BRCA1- 
wt cells, we have observed predominant apoptosis cell 

death followed by the 17-AAG treatment. 
Considering the clinical application of Hsp90 inhibitors, 

the high affinity of 17-AAG to cancer cells is of high 
importance. Using immunohistochemistry and Western 
blot analysis, we and others (28) showed a higher protein 
level of Hsp90 in tumoral cells compared with normal 
tissues, which correlates with higher sensitivity to the drug. 
Finally, because clinical trials on 17-AAG are currently on 
and chemical genetics is in search of synthetic Hsp90 
inhibitors, it may prove helpful to know that the drug effect 
might be differential in BRCA1-wt and BRCA1-null 
patients. 
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