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Abstract

As widely believed treating cells with trichostatin A (TSA), an inhibitor of histone deacetylase,

results in histone H4 hyperacetylation and cell cycle arrest. This compound is often compared with

other potential anticancer drugs in cell cycle, proliferation and differentiation research. Furthermore,

geldanamycin (GA), a 90-kDa heat shock protein (HSP90) specific inhibitor, is a well-known potential

anticancer agent. This study examines whether GA can affect the cellular functions induced by TSA.

When using TSA treatment, although caused COS-7 cell death, pretreatment of 0.5 mg/ml GA for

30 min and an addition of 50 ng/ml TSA (GA+TSA) apparently averted cell death. Our results

indicated that the cell survival rate was only approximately 20% when prolonged treatment was

undertaken with 50 ng/ml TSA (TSA) alone for 24 h. In contrast, the cell survival rate was enhanced

by two folds when treating with GA+TSA. Furthermore, DNA fragmentation assay revealed that

fragmented DNA was produced 8 h after prolonged treatment with TSA alone. Within 16 h, the

apoptotic percentages of TSA-treated cells were between 15-25%. In contrast, the other treatments did

not exceed 6%. Furthermore, GA inhibited TSA-induced histone H4 hyperacetylation. Western

blotting analysis further demonstrated that the HSP70 levels did not significantly increase in TSA-

treated cells. However, the accumulated 70-kDa heat shock protein (HSP70) markedly increased up to

2 to 3 folds at 8 h in GA- and GA+TSA-treated cells, and the maximum amount up to 5 to 7 folds at

20 h. Conversely, HSP90 did not markedly increase in all treatments. Based on the results in this study,
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we suggest that apoptosis induced by TSA can be prevented by GA-induced increment of heat shock

proteins, particularly HSP70. D 2002 Elsevier Science Inc. All rights reserved.
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Introduction

Tsuji et al. [1] first isolated trichostatin A (TSA) from Streptomyces hygroscopicus, as

antifungal antibiotics active against Trichophyton. According to their results, TSA inhibits the

proliferation of various cell lines. Yoshida et al. [2] identified TSA as a potent and specific

inhibitor of the histone deacetylase, thus inducing hyperacetylation of core histones at ex-

tremely low concentrations and increasing the level of gene transcription. Synchronous cul-

tures of normal rat fibroblasts revealed that TSA causes a specific arrest of the cell cycle in

both G1 and G2 phases [3]. Recent investigations have demonstrated that TSA causes rat

thymocytes, tumor cells and human immune cell apoptosis [4–6].

Other investigators have confirmed that geldanamycin (GA), a benzoquinone ansamycin

antibiotic, binds specifically to HSP90 [7,8]. In addition, GA also disrupts signaling

pathways mediated by steroids [8] and epidermal growth factors [9]. Administration of

GA to cells can rapidly and selectively inhibit the activities to HSP90 and of its substrates

[8,9], thereby destabilizing client proteins. Its ability to simultaneously stimulate depletion of

multiple oncogenic proteins suggests that GA may contribute to cancer therapy [10]. In

addition to inducing the activation of heat shock factor 1 (HSF1), GA increases the synthesis

and cellular levels of heat shock proteins [11,12], particularly 70-kDa heat shock protein

(HSP70). Conde et al. [13] demonstrated that exposed both rat neonatal cardiomyocytes and

H9c2 cells to GA induce heat shock proteins, thus providing protection ischemic stress.

Above results suggest that GA may offer a pharmacological means of increasing the level of

heat shock proteins in cardiac tissue and, in doing so, protecting the heart against ischemic/

reperfusion injury.

Nevertheless, the protective role of HSPs in cell death remains contentious [14,15]. First,

HSPs do not have the same protective ability in all apoptosis models. Second, some studies

reveal no protective effects of HSPs in apoptosis at all, although these molecules are

induced during apoptosis. Third, in some models, HSPs have been considered as apopto-

sis enhancers: overexpression of HSP70 enhances T-cell receptor/CD3- and Fas/Apo-1/

CD95-mediated apoptosis in Jurkat T cells, and overexpression of HSP90 increases the

tumor necrosis factor (TNF)-a- -and cycloheximide-induced apoptosis of the human U-937

cell line [16,17]. Such conflicting data on HSP functions in apoptosis have been tenta-

tively explained by the differential mechanisms used by distinct cells to respond to different

apoptosis-inducing stimuli.

GA may counteract with TSA in cell death because GA increases induction of HSPs

[11,12], a group of potential factors to protect cells from damage, while TSA induces cell

death. To our knowledge, this study addresses for the first time the interactions between TSA
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and GA, as well as in the roles of mediations, HSPs. In this study, used COS-7 cells as an

experimental system to determine whether GA affects the cellular functions induced by TSA.

Also examined herein is the expression of HSPs to explore whether HSPs are involved in the

rescue of TSA-induced DNA fragmentation, an index of apoptosis.

Materials and methods

Reagents

Trichostatin A was obtained from Sigma (St. Louis, MO, USA), while geldanamycin was

purchased from Calbiochem (La Jolla, CA, USA). Both reagents were dissolved in DMSO.

PK buffer: 100 mM Tris-Cl pH 7.5; 12.5 mM EDTA; 150 mMNaCl; and 200 mg/ml proteinase

K. Sample buffer: 62.5 mM Tris-HCl, pH 6.8; 2% SDS; 5% b-mercaptoethanol; 10% glycerol;

and 0.002% bromophenol blue. TTBS: 20 mM Tris-HCL, pH 7.4; 500 mM NaCl; 0.05%

Tween 20. Developing buffer: 15 mg of nitro blue tetrazolium; 0.7% N,N-dimethylformamide;

30 mg of 5-bromo-4-chloro-3-indolyl phosphate per 100 ml; 1 mM MgCl2; and 100 mM

NaHCO3, pH 9.8. All other reagents used herein were of analytical grade.

Cell line

COS-7 cells [18] were maintained in Dulbecco’s modified eagle’s medium supplemented

with 10% FBS at a 5% CO2 and 37�C incubator. In this study, the cells were cultured in

75 cm2 flasks or 6-well plates with or without coverslips.

Analysis of cell viability

The cells were seeded on 6-well plates at 1.0 � 105 cells/well. After culturing for 24 h, the

cells were treated with 0.2% DMSO (control), 0.5 mg/ml GA (GA), 50 ng/ml TSA (TSA), or

pretreatment with 0.5 mg/ml GA for 30 min and then adding 50 ng/ml TSA for 24 h

(GA+TSA). The cells were harvest by washed twice with phosphate buffered saline (PBS)

and incubated with trypsin-EDTA, then suspended in isotonic buffer and counted by Coulter

Counter (Coulter Electronic Inc., Luton, England).

Analysis of DNA fragmentation

The method was modified according to the method of Compton [19]. The cells were

collected after treatment with GA, TSA, or GA+TSA at 8 h. The cell pellets were suspended

in 400 ml of PK buffer at 50�C for 3 h and extracted by phenol/chloroform. RNA was then

degraded with 5 ml RNase at 37�C for 30 min and extracted by phenol/chloroform again.

Finally, the samples were precipitated with alcohol at -70�C for 30 min, centrifuged, air

dried and resuspended in water. The DNAs were performed on 1% gel electrophoresis in 1x

TBE buffer.
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Identification of apoptotic cells

The cells were double-staining with Annexin V-FITC (PharMigen) [20] and DNA-

specific fluorochrome Hoechst 33258 dye (8mg/ml) [21]. The Annexin V was used to detect

the translocation of phosphatidylserine (PS) from the inner to the outer leaflet of the

cytoplasmic membrane, an early event in the apoptotic process. In addition, Hoechst 33258

was used to exhibit condensed chromatin, a feature of the apoptotic cells. In the ex-

periment, the cells (1.0 x 105 cells) were cultured in 6-well plates with coverslips. After

treatment with vehicle, GA, TSA, or GA+TSA for 8, 12, and 16 h, the cells were washed

with PBS for twice and fixed with 95% alcohol. Following PBS washed, stained

with Annexin V-FITC for 15 min, and washed with PBS for three times, then stained

with Hoechst 33258 for 5 min and washed with PBS again, finally mounting the slides

with 70% glycerol. Apoptotic cells exhibiting characteristic chromatin condensation and

FITC positive were counted by fluorescence microscopy (Zesis, Axiovert 135). In each

sample, a minimum of 500 cells was counted and apoptotic nuclei were expressed as a

percentage of total nuclei.

Western blotting analysis

Equal amounts of cell lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) [22] and transferred onto a nitrocellulose membrane (Hybond-C

extra, Amersham) by a semi-dry method (OWL Scientific Plastics, Cambridge, UK). Protein

concentration was determined by adopting the Lowry method [23] in which bovine serum

albumin was used as the standard. For Western blotting analysis, the membrane was in-

cubated for 1 hr with 3% gelatin in TTBS and then rinsed with TTBS. Subsequently, a

polyclonal antibody against acetylated histone H4 (Serotec; diluted 1:500), porcine HSP90

[24] (diluted 1:500), human HSP70 (Sigma; diluted 1:500) or actin (Sigma; diluted 1:2000)

was added and incubated for 1 hr at room temperature. After three washes with TTBS, the

membrane was incubated with goat anti-rabbit IgG conjugated with alkaline phosphatase

(Sigma; diluted 1:2000 in TTBS containing 1% gelatin) at room temperature for 30 min. The

membrane was then rinsed three times with TTBS and developed at room temperature in a

developing buffer. Next, bands of HSPs and actin (internal control) were quantified by

densitometric scanning (PD 486-010, Molecular Dynamics, CA, USA), and the relative

synthesis rate of HSPs were presented as sum of pixel values of each band divided by that of

actin in the same lane.

Results

Effect of TSA and GA on cell viability

The growth response of the cells to TSA was studied by growing cells for 24 h in

medium containing 50 ng/ml TSA. Rounded cells were barely detected at 16 h but were
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abundantly found at 24 h after TSA treatment. As the result, the cell viability was reduced

to 20% of the control (Fig. 1). However, this viability could be increased by up to 2 folds if

cells pretreated with GA for 30 min before TSA treatment. Treatment of GA alone did not

cause as much cell death as TSA, resulting about 60% viable cells if GA concentration was

in the range of 0.25-2.0 mg/ml (data not shown). In the preliminary experiment, pretreatment

of higher doses of GA could not more effectively inhibit the cell death induced by TSA. In

addition, treatment of 50 ng/ml and 500 ng/ml TSA to cells had no significantly different

viability at 24 h (data not shown). The above results indicated that GA prevented the cell

death induced by TSA.

Characterization of cell death

To evaluate whether the cell death was caused by apoptosis, DNA fragmentation assay was

performed with the DNA samples extracted from the GA-, TSA-, or GA+TSA-treated cells

at 8 h. Exposure to 50 ng/ml TSA resulted in DNA ladder formation within 8 h, whereas

fragmentation in GA and GA+TSA were absent (Fig. 2).

Fig. 1. Survival rate of GA-, TSA-, and GA+TSA-treated cells. The COS-7 cells were treated with 0.2% DMSO

(control), 50 ng/ml TSA or pretreated 0.25 mg/ml or 0.5 mg/ml GA for 30 min, and then added 50 ng/ml TSA.

After treatment for 24 h, the cell numbers were counted by Coulter Counter (Coulter Electronic Corp., England).

The data are the mean ± S.E.M. from three independent experiments.
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Further identification of apoptotic cells was performed by staining cells with Hoechst

33258 and Annexin V-FITC. The Hoechst 33258 staining would reveal the condensation of

chromatin of apoptotic cells. Meanwhile, the Annexin V-FITC would stain the PS, which

translocated from the inner to the outer leaflet of the plasma membrane in the apoptotic cells.

Condense blue lights and Annexin V-positive green lights were presented in the cells with

chromatin condensation (Fig. 3). Cells showing the two signals were counted as apoptotic

cells. Within 16 h, the apoptotic percentages of TSA-treated cells were between 15-25%

(Fig. 4). In contrast, the other treatments did not exceed 6%.

Effects of TSA or GA+TSA on histone H4 acetylation

The effect of GA on histone H4 modification was assessed by monitoring histone H4

acetylation. TSA treatment caused a significant amount of hyperacetylation of histon H4 after

2 h (Fig. 5, lane 2). The maximum levels of acetylation occurred at 8 to 16 h and then

deacetylated. However, comparing the cells treated with only TSA revealed that GA+TSA

inhibited the acetylation levels of histone H4 in cells from 8 to 16 h.

Fig. 2. DNA fragmentation assay of GA-, TSA-, and GA+TSA- treated cells. The DNAs were extracted at 8 h

after the treatments, and subjected to electrophoretical separation on 1% agarose gel. Lane 1: 100 bp marker;

Lanes 2: the cells were treated with 0.5 mg/ml GA; Lanes 3: the cells were treated with only 50 ng/ml TSA;

Lanes 4: the cells were treated with GA+TSA.
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Induction of heat shock proteins by GA

The effect of GA treatment on the cellular protein induction was examined by analyzing

the synthesis of HSPs by Western blotting analysis. Analysis results indicated that HSP70

Fig. 3. Morphological study of apoptotic cells. After treatment for 8 h, the DMSO-, GA-, TSA-, and GA+TSA-

treated cells were fixed with 95% alcohol and stained with Hoechst 33258 (A, C, E, and G) and Annexin V-FITC

(B, D, F, and H). The condense chromatin of the apoptotic cells were stained bright blue (Fig. 3E indicated by

arrow) and only the membranes of the apoptotic cells were stained green light (Fig. 3F indicated by arrow).
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was significantly induced approximately 2.6 folds more the control after treatment with GA

or GA+TSA for 8 h (Figs. 6a and 6b). The maximum amount was up to 5 to 7 folds for 20 h

of treatment. In contrast, the cells treatment with only TSA did not significantly induce the

Fig. 5. Western blot analysis of acetylated histone H4. Cells were treated with 0.2 % DMSO (lane 1), 50 ng/ml

TSA (lanes 2–7) or pretreated 0.5 mg/ml GA and then adding 50 ng/ml TSA for 2, 4, 8, 16, 20, and 24 h (lane

8–13). The proteins were performed on 14.5 % SDS-PAGE. Actin was an internal control. The position of the

acetylated histone H4 and actin are indicated. The results shown are representative of three separate experiments,

which yielded similar results.

Fig. 4. Percentage of apoptotic cells at various times. After treatment with vehicle, GA, TSA, or GA+TSA for 8,

12, and 16 h, the cells were fixed with 95% alcohol, followed by staining with Hoechst 33258 and Annexin

V-FITC. Apoptotic cells exhibiting characteristic chromatin condensation and FITC positive were counted

by fluorescence microscopy (Zesis, Axiovert 135). In each sample, a minimum of 500 cells was counted and

apoptotic nuclei were expressed as a percentage of total nuclei. The data are the mean ± S.E.M. from three

independent experiments.
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synthesis of HSP70. Furthermore, various treatments did not markedly enhance the

accumulated levels (Fig. 6a) and de novo synthesis of HSP90 (data not shown).

Discussion

This study has demonstrated that TSA induced histone H4 hyperacetylation and DNA

fragmentation. However, treatment with GA+TSA inhibited the hyperacetylation of histone

Fig. 6. Western blot analysis of HSPs expression. Cells were treated with 0.2% DMSO (lane 1), 0.5 mg/ml GA

(lanes 2–7), 50 ng/ml TSA (lanes 8–13), and pretreated with 0.5 mg/ml GA and then adding 50 ng/ml TSA for 2,

4, 8, 16, 20, and 24 h (lane 14–19). At the time interval indicated, the cell lysates were collected and the proteins

were performed on 9% SDS-PAGE. The accumulated HSPs were analyzed by Western blotting analysis (a). The

position of the HSP90, HSP70, and actin are indicated. Bands of HSP70 and actin as shown in A were quantified

by densitometric scanning, and the relative synthesis rate of HSP70 was presented as a sum of pixel values for

each band divided by that of actin in the same lane (internal control) (b). Data represent the means ± S.E.M. of

three independent experiments.
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H4 and DNA fragmentation as well. A previous investigation indicated that TSA is a specific

inhibitor of histone deacetylase [2]. Herein, acceleration of histone H4 acetylation was

observed 2 h after the cells received TSA treatment. This event was found a few hours earlier

than the DNA fragmentation. The finding corresponds to that found in other cell system [4].

Apoptosis is a form of cell death, which characteristic changes, including PS external-

ization, cell shrinkage, plasma membrane blebbing, chromatin condensation and DNA

fragmentation [19–21,25]. According to our results, DNA fragmentation, chromatin con-

densation, and PS externalization occurred after treatment with TSA alone. We believe that

the cell death was due to apoptosis and correlated with hyperacetylation of histones. Histones

mediate the folding of DNA into chromatin [26]. The acetylation of histones is regulated by

histone acetyltransferase and histone deacetylase. Since exposure of cells to TSA leads to

histones hyperacetylation and chromatin decondensation which increase DNase I sensitivity

[27]. Therefore, hyperacetylation of nucleosomal histone with TSA appears to increase the

accessibility of endonucleases to the chromatin DNA, thus causing DNA fragmentation.

Conversely GA+TSA-treated cells inhibited DNA fragmentation due to a reduction of the

hyperacetylation level of histone H4 and a decrease of the accessibility of endonucleases to

the chromatin DNA.

In Fig. 5, the histone H4 of TSA-treated cells were hyperacetylation during 4 to 20 h.

However, the acetylation level of histone H4 at 24 h was dramatically decreased to normal

level. This phenomenon may be due to histone deacetylase (HDAC) inhibitor trigger an

unknown regulatory loop to de novo synthesis HDAC. The evidences revealed that TSA

induce HDAC gene expression in several cell types [28,29].

In our study, TSA-treated cells were also enhanced the acetylation levels of histone H2A,

H2B, and H3, but GA-pretreated cells did not influence the acetylation levels, which were

caused by TSA (data not shown). These results suggest that histone H4 may directly or

indirectly interact with GA. Previous investigations have indicated that GA specific binds to

HSP90 and disrupts the interaction of HSP90 and target proteins [8,30], implying that HSP90

interacts with histone H4 and regulates the conformation of histone H4. Several investigations

have conferred that HSP90 binds histones and induces a condensation of the chromatin

structure [31,32]. Once GA inhibits the function of HSP90, the lysines of histone H4 cannot

be modified properly by TSA.

In addition to inhibiting DNA fragmentation, GA increased the synthesis of HSP70,

implying that HSP70 is an effective protector of cells. Jaattela et al. [33] indicated that HSP70

inhibited late caspase-dependent events such as activation of cytosolic phospholipase A2 and

changes in nuclear morphology. HSP70 also conferred significant protection against cell

death induced by enforcing the expression of caspase-3. Thus, HSP70 rescues cells from

apoptosis later in the death-signaling pathway than any known anti-apoptotic protein, making

it a tempting target for therapeutic interventions. Furthermore, Creagh et al. [34] also

demonstrated that the inhibition of caspase-dependent and &ndash;independent apoptosis

by HSP70 is an important anti-apoptotic regulator, functioning at a very early stage in the

apoptotic pathway. Recent data have demonstrated that HSP70 is mediated through its direct

association with the caspase-recruitment domain (CARD) of Apaf-1 and through inhibition of

apoptosome formation [35, 36].
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Pandey et al. [37] have confirmed that HSP90 forms a cytosolic complex with Apaf-1 and

thereby inhibits the formation of the active complex of apoptosis. However, HSP90 exerts its

protective function possibly by modulating the conformation of Apaf-1 or by inhibiting the

affinity of Apaf-1 for binding to cytochrome c. In our results, GA did not significantly

increase HSP90 synthesis. Our future study will further explore the protective role of HSP90

for cell death.

Acknowledgments

The authors would like to thank the National Science Council, and Ministry of Education,

R.O.C. for financially supporting this research under Contract No. NSC 88(89)-2313-B-059-

019(019)-A20, 90-2313-B-059-003, and 89-B-7A04-1-4, respectively. Huey-Ching Chen and

Min-Yu Chen are appreciated for their assistance and Dr. Sang-Yen Huang is also commended

for his valuable discussions.

References

1. Tsuji N, Kobayashi M, Nagashima K, Wakisaka Y, Koizumi K. A new antifungal antibiotic, trichostatin.

Journal of Antibiotics 1976;29(1):1–6.

2. Yoshida M, Kijima M, Akita M, Beppu T. Potent and specific inhibition of mammalian histone deacetylase

both in vivo and in vitro by trichostatin A. Journal of Biological Chemistry 1990;265(28):17174–9.

3. Yoshida M, Beppu T. Reversible arrest of proliferation of rat 3Y1 fibroblasts in both the G1 and G2 phases by

trichostatin A. Experimental Cell Research 1988;177(1):122–31.

4. Lee E, Furukubo T, Miyabe T, Yamauchi A, Kaariya K. Involvement of histone hyperacetylation in triggering

DNA fragmentation of rat thymocytes undergoing apoptosis. FEBS Letters 1996;395(2–3):183–7.

5. Medina V, Edmonds B, Young GP, James R, Appleton S, Zalewski PD. Induction of caspase-3 protease

activity and apoptosis by butyrate trichostatin A (inhibitors of histone deacetylase): dependence on protein

synthesis and synergy with a mitochondrial/cyto chome c-dependent pathway. Cancer Research 1997;57(17):

3697–707.

6. Dangond F, Gullans SR. Differential expression of human histone deacetylase mRNAs in response to immune

cell apoptosis induction by trichostatin A and butyrate. Biochemical and Biophysical Research Communica-

tions 1998;247(3):833–7.

7. Whitesell L, Mamnaugh EG, De Costa B, Myers CE, Neckers LM. Inhibition of heat-shock protein 90-pp60v-

src heteroprotein complex formation by benzpquinone ansamycins: essential role for stress proteins in onco-

genic transformation. Proceedings of the National Academy of Sciences of the United States of America

1994;91(18):8324–8.

8. Whitesell L, Cook P. Stable and specific binding of heat-shock protein 90 by geldanamycin disrupts gluco-

corticoid receptor function in intact cells. Molecular Endocrinology 1996;10(6):705–12.

9. Lindemann CB, Kanous KS. Regulation of mammalian sperm motility. Archives of Andrology 1989;23:

1–22.

10. Neckers L, Schulte TW, Mimnaugh E. Geldanamycin as a potential anti-cancer agent: its molecular target and

biochemical activity. Investigational New Drugs 1999;17(4):361–73.

11. Bagatell R, Paine-Murrieta GD, Taylor CW, Pulcini EJ, Akinaga S, Benjamin IJ, Whitesell L. Induction of a

heat shock factor 1-dependent stress response alters the cytotoxic activity of hsp90-binding agents. Clinical

Cancer Research 2000;6(8):3312–8.

H.-C. Huang et al. / Life Sciences 70 (2002) 1763–1775 1773



12. Kim HR, Kang HS, Kim HD. Geldanamycin induces heat shock protein expression through activation of

HSF1 in K562 erytholeukemic cells. IUBMB Life 1999;48(4):429–33.

13. Conde AG, Lau SS, Dillmann WH, Mestril R. Induction of heat shock proteins by tyrosine kinase inhibitors in

rat cardiomyocytes and myogenic cells confers protection against simulated ischemis. Journal of Molecular

and Cellular Cardiology 1997;29(7):1927–38.

14. Cox G, Oberly LW, Hunninghake GW. Manganese superoxide dismutase and heat shock protein 70 are not

necessary for suppression of apoptosis in human peripheral blood neutrophils. American Journal of Respi-

ration and Cell Molecular Biology 1994;10(5):493–8.

15. Mailhos C, Howard MK, Latchman DS. Heat shock proteins hsp90 and hsp70 protect neuronal cells from

thermal stress but not from programmed cell death. Journal of Neurochemistry 1994;63(5):1781–95.

16. Liossis SN, Ding XZ, Kiang JG, Tsokos GC. Overexpression of the heat shock protein 70 enhances the TCR/

CD3- and Fas/Apo-1/CD95-mediated apoptotic cell death in Jurkat T cells. Journal of Immunology 1997;

158(12):5668–74 1994;1781–95.

17. Galea-Lauri JA, Richardson AJ, Latchman DS, Katz DR. Increased heat shock protein 90 (hsp90)

expression leads to increased apoptosis in the monoblastoid cell line U-937 following induction with

TNF-a and cycloheximide. A possible role in immunopathology. Journal of Immunology 1996;157(9):

4109–18.

18. Gluzman Y. SV40-transformed simian cells support the replication of early SV40 mutants. Cell 1981;23(1):

175–82.

19. Compton MM. Development of an apoptosis endonuclease assay. DNA Cell Biology 1991;10(2):133–41.

20. Koopman G, Reutelingsperger CPM, Kuijten GAM, Keehnen RMJ, Pals ST, van Oers MHJ. Annexin V for

flow cytometric detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood 1994;

84:1415–20.

21. Messmer UK, Brune B. Nitric oxide-induced apoptosis: p53-dependent and p53-independent signaling path-

ways. Biochemical Journal 1995;319:299–305.

22. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature

1970;227(259):680–5.

23. Lowry OH, Rosebrough NJ, Farr AL, Randall RL. Protein measurement with the Folin protein reagent.

Journal of Biological Chemistry 1951;193:265–75.

24. Huang HC, Lee WC, Lin JH, Huang HW, Jian SC, Mao SJT et al. Molecular cloning and characterization of

porcine cDNA encoding a 90-kDa heat shock protein and its expression following hyperthermia. Gene

1999;226(2):307–15.

25. Nagata S. Apoptotic DNA fragmentation. Experimental Cell Research 2000;256(1):12–8.

26. Wolffe A. Chomatin - Structure and Function. London: Academic Press, 1992. pp. 4–67.

27. Chen WY, Townes TM. Molecular mechanism for silencing virally transduced genes involves histone deace-

tylation and chomatin condensation. Proceedings of the National Academy of Sciences of the United States of

America 2000;97(1):377–82.

28. Grenert JP, Sullivant WP, Fadden P, Haystead TAJ, Clark J, Mimnaugh E et al. The amino-terminal domain of

heat shock protein 90 (hsp90) that binds geldanamycin is an ATP/ADP switch domain that regulates hsp90

conformation. Journal of Biological Chemistry 1997;272(38):23843–50.

29. Gray SG, Ekstrom TJ. Effects of cell density and trichostatin A on the expression of HDAC1 and p57Kip2 in

Hep 3B cells. Biochemical and Biophysical Research Communication 1998;245:423–7.

30. Dangond F, Gullans SR. Differential expression of human histone deacetylase mRNAs in response to immune

cell apoptosis induction by trichostatin A and butyrate. Biochemical and Biophysical Research Communication

1998;247:833–7.

31. Csermely P, Kajtar J, Hollosi M, Oikarinen J, Somogyi J. The 90 kDa heat shock protein (hsp90) induces

the condensation of the chromatin structure. Biochemical and Biophysical Research Communication 1994;

202(3):1657–63.

32. Csermely P, Miyata Y, Soti C, Yahara I. Binding affinity of proteins to hsp90 correlates with both hydro-

phobicity and positive charges. A surface plasmon resonance study. Life Sciences 1997;61(4):411–8.

H.-C. Huang et al. / Life Sciences 70 (2002) 1763–17751774



33. Jaattela M, Wissing D, Kokholm K, Kallunki T, Egeblad M. Hsp70 exerts its anti-apoptotic function down-

stream of caspase-3-like proteases. EMBO Journal 1998;17(21):6124–34.

34. Creagh EM, Carmody RJ, Cotter TG. Heat shock protein 70 inhibits caspase-dependent and -indendent

apoptosis in Jurkat T cells. Experimental Cell Research 2000;257(1):58–66.

35. Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES. Negative regulation of the Apaf-1 apoptosome

by Hsp70. Nature Cell Biology 2000;2(8):476–83.

36. Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T et al. Heat-shock protein 70 inhibits

apoptosis by preventing recruitment of procaspase-9 to the Apaf-1 apoptosome. Nature Cell Biology 2000;

2(8):469–75.

37. Pandey P, Saleh A, Nakazawa A, Kumar S, Srinivasula SM, Kumar V et al. Nagative regulation of cytochro-

mosome c-mediated oligomerization of Apaf-1 and activation of procaspase-9 by heat shock protein 90.

EMBO Journal 2000;19(16):4310–22.

H.-C. Huang et al. / Life Sciences 70 (2002) 1763–1775 1775


	Geldanamycin inhibits trichostatin A-induced cell death and histone H4 hyperacetylation in COS-7 cells
	Introduction
	Materials and methods
	Reagents
	Cell line
	Analysis of cell viability
	Analysis of DNA fragmentation
	Identification of apoptotic cells
	Western blotting analysis

	Results
	Effect of TSA and GA on cell viability
	Characterization of cell death
	Effects of TSA or GA+TSA on histone H4 acetylation
	Induction of heat shock proteins by GA

	Discussion
	Acknowledgements
	References


