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Introduction:  
 
First year annual report: Enhancing Hormonal Therapy for Breast Cancer by Combination with 
Valproic Acid a Well-Known Approved Pharmaceutical with Little Toxicity.  Peter Kushner, PI 

 
The beneficial effects of hormonal therapy with antiestrogens or aromatase inhibitors for 

estrogen receptor (ER) positive metastatic breast cancer are limited by the phenomenon of 
hormonal resistance. We have found that valproic acid (VPA), a pharmaceutical long used as an 
anti-convulsant  and recently found to have anti-tumor action possibly because it is a histone 
deacetylase inhibitor, enhances the action of antiestrogens and aromatase inhibitors on breast 
cancer cells.  Furthermore valproic acid prevents the pro-proliferative effects of tamoxifen on 
uterine cells, suggesting that the combination of tamoxifen and valproic acid might be both more 
effective and less potentially harmful than tamoxifen mono-therapy. VPA is currently dosed to 
reach a target concentration in patient serum. VPA treatment at the recommended concentrations 
enhances the actions of tamoxifen, raloxifene, or fulvestrant to prevent proliferation of estrogen 
receptor positive breast cancer cells in culture.  Thus tamoxifen blocks cell cycling in these cells 
and VPA both potentiates tamoxifen and makes it more efficient by cooperating with it to induce 
apoptosis.  Our  specific hypothesis is that  VPA, will enhance the effectiveness  and  duration of 
hormonal therapy of human breast cancer xenografts growing in mice and with few side effects.  
Thus VPA would be an immediate candidate as an agent to enhance the effectiveness of 
hormonal therapy in humans. 

 
Body: 
 
Statement of Work (SOW) for Enhancing Hormonal Therapy for Breast Cancer by 
Combination with a Well-Known Approved Pharmaceutical with Little Toxicity.  Peter 
Kushner, PI 
 
 
Task 1.  Set up a micro assay to measure the concentration of valproic acid in mouse 
serum.  And, Task 2.  With the micro-assay in hand evaluate the best way to deliver 
valproic acid to mice.   
 
STATUS:While we were waiting for the money to be available another group at John's Hopkins 
explored the means to deliver valproic acid to mice and published a paper demonstrating that the 
best effects on prostate cancer were achieved by delivery in the drinking water. Delivery by 
injection or oral gavage was very inefficient because of rapid clearence. We have been using 
VPA in the drinking water for our mouse experiments with breast cancer. 
   Our recent cell culture studies have revealed that VPA need not be present continually 
to induce apoptosis of breast cancer cells.  Between 8 and 16 hours of exposure in a 24 period is 
fully effective.  When valproic acid is delivered to mice in drinking water it is rapidly cleared 
when the mice cease drinking.  Thus they are only exposed for their waking hours.  This delivery 
system mimics the schedule that we have seen to be effective in cell culture. 
 If VPA is effective in mice when delivered in drinking water and only present for part of 
the 24 interval we will exploit a similar schedule of dosing in human studies that we contemplate 
will begin late this year. We have been planning a human clinical trial of tamoxifen plus valproic 
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acid versus tamoxifen alone with Dr. Shelly Hwang here in the Department of  Surgery at UCSF.  
This will be a two week window trial of treatment with the drugs between biopsy and surgery.  
VPA can cause sleepiness and this is a complaint of some patients who have taken the drug in 
clinical trials for cancer.  To minimize this problem we are contemplating  a once a day dosing 
prior to bedtime.  This would produce a window of drug exposure primarily during sleep.  The 
mouse studies which model exposure for only part of a day will be relevant to the decision 
whether to adopt this dosing strategy.  
  
 
 
Task 3. With a reliable method for delivery of valproic acid to mice that achieves serum 
concentrations in the range of 300-750 micro-molar evaluate the effect of valproic acid on 
the initial tumor regression of MCF-7 xenografts subjected to tamoxifen or estrogen 
withdrawal treatment.  

Task 3a. Establish MCF-7 xenografts in ovexed nude mice purchased from Charles 
River. There will be a 2-4 month lag time to receive the mice from the supplier. Getting the full 
complement of xenografts started and up to 400 cubic millimeters will take around 3 months 
after the mice are in hand.   

Task 3b.  Remove the supplemental estrogen and exposure the mice to vehicle, 
tamoxifen, VAP, or tamoxifen plus VAP and measure tumor volume for the next 30 days. 

 Task 3 c. Remove the tumors and analyze them for growth, cell proliferation, apoptosis 
and gene expression of candidate genes involved in cell cycling and apoptosis.   Also measure 
VPA levels in the tumor and assay for histone acetylation. 

Task 3 d.  Analyze the results and write them up.  Task 3 will proceed from months 6 to 
18 of the project.  

 
STATUS:  We have made one slight alteration to the protocol, which is to use MCF-7 

clone 18 cells that overexpress HER2/neu for this experiment.  These cells (unlike parental 
MCF-7 cells) are stimulated to grow by tamoxifen and will give a clearer picture whether VPA 
enhances the effects of tamoxifen on human breast cancer.  Task 3a has been accomplished  and 
task 3b is underway. 

 
 
 
 

 
Task 4.  Measure the time to tumor progression of MCF-7 xenografts growing on ovexed 
nude mice and treated with either tamoxifen or estrogen withdrawal  in combination VPA 
as compared to no VPA treatment.  

Task 4a. Establish tumors, start treatment and continue to measure tumors until 
progression is observed or one year passes. There will be five groups of mice 12 mice per group 
and two tumors per mouse.  One group will get continued estrogen treatment the other four will 
be treated with nothing, tamoxifen, VPA, or the combination of tamoxifen and VPA.   The 
tumors will be measured until they have at least grown to 1cm or the experiment is terminated.   
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Task 4b. Analyze the results of the experiment and write up.  If studies on gene 
expression, VPA content, proliferation or apoptosis are indicated do these assays and add to the 
analysis.  Task 4 will go from the begging of the second year to the end of the project. 

 
STATUS: task 4 has not yet begun 
 

Task 5. Examine the initial response of tumors to letrozole or to letrozole plus VPA. This 
task is similar to task 3 above and will go on in parallel to that task. We have experience in the 
xenograft model using standard MCF-7 cells and estrogen supplementation to initiate tumor 
growth.  We will have to explore experimental conditions to establish the model using MCF-7 
aromatase cells which can be supplemented with adrenal androgens rather than with estrogen.  
We are familiar with this model in cell culture but not in xenografts.  Thus there may be a slight 
delay in this task compared to task 3.   Like task 3 this task will issue in a publication, but it is 
likely to be one separate from that coming from task 3. 
 
STATUS: We have extended our studies in cell culture of aromatase inhibitors to anastrozole 
and exemestane.  They give similar results to letrozole. We have initiated Task 5 by inoculating 
MCF-7aro cells (engineered to express aromatase) into 5 test mice.  Since we are not 
experienced with this model, we wished to test the tumor take efficiency before setting off on a 
larger experiment. 
 
Key Research Accomplishments: 
 
* Confirmed the generality of the observation that valproic acid enhances hormonal therapies 
with aromatase inhibitors. 
 
* Decided on a reasonable way to deliver valproic acid to mice 
 
* Begun planning and completed a draft of a protocol for a human clinical study of the ability of 
valproic acid to induce apoptosis of human breast cancer in a "window" clinical trial. 
 
 
Reportable Outcomes: 
 
Publication- 
 
Breast Cancer Res Treat. 2007 Nov;105(3):297-309. Epub 2006 
Dec 21.Inhibition of histone deacetylase enhances the anti-
proliferative action of antiestrogens on breast cancer 
cells and blocks tamoxifen-induced proliferation 
of uterine cells.Hodges-Gallagher L, Valentine CD, Bader 
SE, Kushner PJ. 
Department of Medicine, University of California, P. O. Box 
1640, San Francisco,  
CA 94143, USA. 
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Abstract and Podium Presentation - ERA OF HOPE 2008 Baltimore Maryland 
 
Abstract is appended. 
 
Conclusion:  
 
It is too early to draw a general conclusion from this work other than that valproic acid appears 
promising as a agent to enhance hormonal therapy for estrogen receptor positive breast cancer.  
At  the end of the study a more general conclusion may be possible. 
 
References: 
 
1: Hodges-Gallagher L, Valentine CD, Bader SE, Kushner PJ. 
 Inhibition of histone deacetylase enhances the anti-proliferative action of 
antiestrogens on breast cancer cells and blocks tamoxifen-induced proliferation 
of uterine cells. 
Breast Cancer Res Treat. 2007 Nov;105(3):297-309. Epub 2006 Dec 21. 
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Abstract and Podium Presentation 
 
Enhancing Hormonal Therapy for Breast Cancer by Combination with Valproic Acid a Well-Known 
Approved Pharmaceutical with Little Toxicity.  Peter Kushner, PI 

The beneficial effects of hormonal therapy for estrogen receptor (ER) positive metastatic breast cancer 
are limited by the phenomenon of hormonal resistance. Similarly hormonal therapy to prevent recurrence after 
successful surgery is not always effective. One attractive tactic to extend the magnitude and  duration of 
response to hormonal therapy would be to combine it with another therapy with an independent target in the 
tumor cells.  Unfortunately, the most familiar of such candidate therapies, cytotoxic agents used in 
chemotherapy, do not combine effectively with hormonal therapy which appears to antagonize the beneficial 
actions of chemotherapy  as observed both in clinical trials and in cell culture models.  

We have found that valproic acid (VPA), a pharmaceutical long used as an anti-convulsant  and recently 
found to have anti-tumor action possibly because it is a histone deacetylase inhibitor, enhances the action of 
antiestrogens and aromatase inhibitors.  Furthermore valproic acid prevents the pro-proliferative effects of 
tamoxifen on uterine cells, suggesting that the combination of tamoxifen and valproic acid might be both more 
effective and less potentially harmful than tamoxifen mono-therapy. VPA is currently dosed to reach a target 
concentration in patient serum. VPA treatment at the recommended concentrations enhances the actions of 
tamoxifen, raloxifene, or fulvestrant to prevent proliferation of estrogen receptor positive breast cancer cells in 
culture.  Thus tamoxifen blocks cell cycling in these cells and VPA both potentiates tamoxifen and makes it 
more efficient by cooperating with it to induce apoptosis.  Our  specific hypothesis is that  VPA, will enhance 
the effectiveness  and  duration of hormonal therapy of human breast cancer xenografts growing in mice and 
with few side effects.  Thus VPA would be an immediate candidate as an agent to enhance the effectiveness of 
hormonal therapy in humans. 

Specific Aims: Aim 1. To examine the ability of VPA to enhance both a) the initial response and b) the 
duration of response  to the antiestrogen tamoxifen or to estrogen ablation therapy of  MCF-7 xenografts grown 
in ovariectomized nude mice, and to study the effects of VPA on markers of cell cycling, apoptosis, and gene 
expression in the xenografts. Aim 2. To examine the ability of VPA to enhance the extent of  initial response 
and duration of response to the aromatase inhibitor letrozole of MCF-7/aromatase cells growing as xenografts 
under stimulation with adrenal androgen in ovex nude mice. 

We will present studies showing both the effect and potential mechanisms whereby VPA enhances 
hormonal therapy in cell culture and (if ready) some preliminary results of our studies in mice. 
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Inhibition of histone deacetylase enhances the anti-proliferative
action of antiestrogens on breast cancer cells and blocks
tamoxifen-induced proliferation of uterine cells
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Abstract Here we report a novel potential thera-

peutic strategy using histone deacetylase (HDAC)

inhibitors to enhance the action of hormonal therapy

agents in estrogen receptor alpha (ERa)-positive

breast cancer. HDAC inhibitors [trichostatin A (TSA),

suberoylanilide hydroxamic acid (SAHA) and valproic

acid (VPA)], inhibited proliferation of MCF-7 breast

cancer cells and, in combination with tamoxifen

inhibited proliferation better than with either agent

alone. VPA, an anti-convulsant drug with HDAC

inhibitory activity, enhanced tamoxifen action at doses

within the concentration range used for anti-convulsive

therapy. VPA cooperated with tamoxifen in a variety

of ERa-positive cell lines and was also effective when

combined with other antiestrogens, and with aroma-

tase inhibition. VPA enhanced antiestrogen action by

promoting cell death via apoptosis without affecting

cell cycling. Some of this action may be due to VPA’s

ability to induce the pro-apoptotic gene Bik, which is

also induced by antiestrogens. Remarkably, VPA

blocked the undesirable pro-proliferative action of

tamoxifen on uterine endometrial cells. Our in vitro

results suggest that VPA and other HDAC inhibitors

have the potential to enhance hormonal therapy for

ERa-positive breast cancer and simultaneously reverse

the adverse effects of antiestrogens in the uterus.

Keywords Histone deacetylase inhibitors �
Tamoxifen � Antiestrogen � Breast � Uterus

Introduction

Significant improvements in endocrine therapy for

breast cancer have occurred with the introduction of

aromatase inhibitors and fulvestrant, an agent that

down-regulates estrogen receptor (ER) expression.

Unfortunately, like tamoxifen, a subset of tumors are

either initially resistant or acquire resistance over time,

despite maintaining ERa expression [1–3]. In addition

to resistance, tamoxifen therapy has undesirable side

effects such as an increase in venous thromboembolic

events and stimulating proliferation of uterine endo-

metrial cells, putting women at a higher risk for

developing uterine adenocarcinoma [4]. Thus, there is

a compelling need to develop new therapeutic strate-

gies to circumvent resistance against hormonal therapy

in breast tumors and extend the disease-free survival of

patients.

One attractive therapeutic strategy to improve the

efficacy of hormonal therapies is to combine them with

agents that target separate biochemical pathways. Al-

though several randomized trials have combined anti-

estrogens concomitantly with traditional adjuvant

chemotherapies that target the integrity of DNA, these

trials have produced disappointing results, perhaps

because hormonal therapy antagonizes the effective-

ness of chemotherapy [5, 6]. Such antagonist action of

hormonal therapy is seen in cell culture, and may result

both from antiestrogen effects on cell cycling and

independent actions of the antiestrogen [7–9]. A recent

popular strategy has been to combine hormonal

therapy with agents that block signaling from growth

factor receptors, including the epithelial growth factor

receptor (EGFR), the insulin-like growth factor

receptor (IGFR), and their down stream effectors such

L. Hodges-Gallagher � C. D. Valentine �
S. E. Bader � P. J. Kushner (&)
Department of Medicine, University of California,
P. O. Box 1640, San Francisco, CA 94143, USA
e-mail: kushner@itsa.ucsf.edu
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as extracellular signal-regulated kinase (ERK), AKT/

protein kinase B, and the mammalian target of rapa-

mycin (mTOR). Combination of hormonal therapy

and inhibitors of these pathways has shown promise in

cell culture and preclinical animal studies [10]. How-

ever, a recent trial of combining the aromatase inhib-

itor letrozole with temsirolimus, an inhibitor of mTOR,

the downstream effector of IGF signaling, was termi-

nated for lack of benefit [11].

An alternative unexplored approach to maximize

the efficacy of antiestrogens and aromatase inhibitors

in ERa-positive tumors is to combine these therapies

with agents that target events in gene expression that

parallel the actions of antiestrogens. Histone deacety-

lases (HDAC) represent a key component of tran-

scriptional control of ER signaling and increase the

transcriptional activity of tamoxifen [12–14]. There are

a number of small molecule inhibitors of HDACs in

preclinical development that have been shown to in-

hibit proliferation, induce differentiation and/or

apoptosis in a wide range of cancer cells and hold much

promise as anti-neoplastic agents [15, 16]. Hyperacet-

ylation is associated with a transcriptionally permissive

environment and HDAC inhibitors, which ends up

only affecting a small number of target genes, activate

genes involved in cell cycle arrest, apoptosis, and dif-

ferentiation [17–19]. Furthermore, HDAC inhibitors

increase the efficiency of several anticancer drugs that

target the DNA [20, 21]. Several studies have reported

that HDAC inhibitors inhibit proliferation of ERa-

positive breast cancer cells in vitro as well as tumor

growth in a rat mammary carcinoma model [19, 22, 23].

The mechanism is unclear but may in part involve

down-regulation of ERa, the ER that drives prolifer-

ation in breast cancer cells [24, 25].

The anti-convulsant and mood stabilizer valproic

acid (VPA) was recently discovered to inhibit classes I

and II HDAC activity at therapeutic concentrations

[26, 27]. In contrast to other HDAC inhibitors, VPA is

well tolerated and has been safely used in patients for

long-term treatment of epilepsy and bipolar disorders

for more than 35 years. VPA inhibits the proliferation

of many types of cancer cells including breast cancer

cells [24, 28, 29]. In vivo, VPA inhibited tumor growth

and delayed lung metastasis in the MT-450 rat breast

cancer model [27]. VPA also synergizes with tradi-

tional chemotherapy agents to inhibit the proliferation

of tumor cells in culture and in xenografts [30]. Be-

cause of these promising studies, several clinical studies

have commenced to investigate the effective dose of

VPA to achieve an anti-neoplastic effect in solid tu-

mors, including breast cancer and also in combination

with traditional chemotherapy agents [31].

Here we report that the combination of VPA and

hormonal therapy inhibits the proliferation of ERa-

positive breast cancer cells better than using either

agent alone. Surprisingly, VPA also dramatically

inhibits the proliferative effects of tamoxifen on uter-

ine endometrial cells. Our results suggest that VPA

may confer protection against the undesirable pro-

proliferative effects of tamoxifen on the uterus while

increasing the anti-proliferative effects of antiestrogens

and aromatase inhibitors against E2-sensitive breast

tumors.

Materials and methods

Cell culture and ligands

MCF-7 cells were provided by C. Walker (MD

Anderson Cancer Center, Houston, TX, USA) and

were routinely cultured in IMEM (Invitrogen, Grand

Island, NY, USA) with 10% fetal bovine serum (FBS)

(Hyclone, Logan, UT, USA). Ishikawa cells were also

provided by C. Walker and cultured in DMEM/Ham’s

F12 with 10% FBS. T47-D cells were obtained from F.

Schaufele (University of California, San Francisco,

CA, USA) and were routinely cultured in DMEM

(Invitrogen) plus 10% FBS. ZR-75-1 cells were pro-

vided by B. Hahn (University of California, San

Francisco) and were routinely cultured in RPMI (In-

vitrogen) plus 10% FBS. MCF-7/neo and MCF-7/

HER2 (clone 18) cells were also obtained from B.

Hahn and cultured in DMEM plus 10% FBS. MCF-

7aro cells were provided by S. Chen (Beckham Re-

search Institute of the City of Hope) and routinely

grown in DMEM/Ham’s F12 plus 10% FBS. For all

experiments cells were switched to phenol red-free

media containing 5% charcoal/dextran-stripped FBS

(Hyclone) for 3–5 days prior to start of the experiment.

Cells were treated with ligands in media containing 2–

5% stripped FBS for the indicated times. The 17b-

estradiol (E2), 4-trans-hydroxytamoxifen (OH-Tam),

raloxifene, trichostatin A (TSA), and VPA sodium salt

(sodium 2-propylpentanoate) were obtained from Sig-

ma-Aldrich (St. Louis, MO, USA). Fulvestrant (ICI

182,780) was obtained from Tocris (Ellisville, MO,

USA) and suberoylanilide hydroxamic acid (SAHA)

from BioVision (Mountain View, CA, USA).

Cell proliferation assays

Cells growing in 24-well dishes were treated with

ligands in triplicate for the indicated times. Cells were

trypsinized and counted electronically with a Coulter

Breast Cancer Res Treat
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Counter (Coulter Electronics, Hialeah, FL, USA).

Alternatively, cell proliferation was measured using a

fluorescent DNA-binding assay, CyQUANT (Invitro-

gen) in which cells were treated with ligands in tripli-

cate in 96-well plates for the indicated times and

assayed according to the manufacturer’s instructions.

Flow cytometry

MCF-7 cells growing in 100 mm dishes were treated

with ligands for 48 h and then trypsinized. Both float-

ing and attached cells were centrifuged and fixed in

70% ethanol and stained with 50 mg/ml propidium

iodide (Roche, Nutley, NJ, USA). DNA content was

obtained by measuring 10,000 events on a FACScalibur

flow cytometer (BD Biosciences, San Jose, CA, USA).

The percentages of cells in each phase of the cell cycle

were determined using the Watson (Pragmatic) model

analyzed by FlowJo flow cytometry software (Treestar,

San Carlos, CA, USA).

Apoptosis

MCF-7 cells growing on coverslips were treated with

ligands for 72 h and unfixed cells were assayed with the

AnnexinV-FLOUS Staining kit (Roche), according to

manufacturer’s instructions. Total cell number was

determined by counting nuclei stained with Hoescht

33342 (Roche). Fluorescence was analyzed using a

Zeiss Axioplan fluorescent microscope (Zeiss, Thorn-

wood, NY, USA).

Transfections

MCF-7 cells growing in 12-well dishes were transfected

with ERE-Luc and b-galactosidase reporter gene using

Lipofectamine 2000 transfection reagent (Invitrogen)

according to manufacturer’s instructions. ERE-Luc

reporter gene has been previously described [32, 33].

Five hours after transfection, cells were treated in

triplicate with ligands and harvested 24 h later using a

lysis buffer containing 100 mM Tris–HCl, 1% Triton-

X100 and 1 ll/ml dithiothreitol. Reporter gene activity

was measured using assay kits for Luciferase (Pro-

mega, Madison, WI, USA) and b-galactosidase (Tro-

pix, Bedford, MA, USA), according to manufacturer’s

instructions.

Immunoblotting

Cells were grown in 100 mm dishes and treated with

ligands in triplicate. Cells were harvested 24 h later

using a lysis buffer containing 65.2 mM Tris–HCl,

154 mM NaCl, 1:100 NP-40, 1:400 sodium doxycholate,

2 mM sodium orthovanadate, 1 mM sodium flouride,

1 mM phenylmethylsulphonylfluoride, and 1 lg/ml

each of leupeptin, aprotinin, and pepstatin. Whole cell

extracts were separated by SDS-PAGE, transferred to

a nitrocellulose membrane, and immunoblotted using

standard methods with the following antibodies: ERa,

Bik, Bcl-2, actin and b-tubulin (all from Santa Cruz

Biotechnology, Santa Cruz, CA, USA), cyclin D1 and

acetylated histone H4 (Zymed, San Francisco, CA,

USA).

Statistical analysis

All results are presented as mean ± standard error

(SEM). Statistical significance between treatment

groups was determined by ANOVA with Fisher’s

planned least significant test at P £ 0.05 conducted using

Statview software (SAS Institute, Cary, NC, USA).

Results

HDAC inhibitors enhance tamoxifen action on

breast cancer cells

Since HDAC inhibitors have been previously shown to

inhibit proliferation of ERa-positive breast cancer

cells, we examined their ability to cooperate with

antiestrogens, i.e., inhibiting cell proliferation better

when used in combination than using either agent

alone. The well-described HDAC inhibitor, TSA,

inhibited E2-induced proliferation of MCF-7 breast

cancer cells in a dose responsive manner and co-

treatment with the biologically active metabolite of

tamoxifen, 4-hydroxytamoxifen (OH-Tam), inhibited

proliferation better than either agent alone (Fig. 1a).

The IC50 of TSA alone was 51 nM and co-treatment

with tamoxifen shifted the IC50 to 32 nM—thus,

tamoxifen enhanced the potency as well as efficacy of

TSA. Similarly, the HDAC inhibitor SAHA inhibited

MCF-7 cell growth, and tamoxifen co-treatment shifted

the IC50 of SAHA from 300 to 125 nM (Fig. 1b). We

also examined the effects of VPA, an anti-convulsant

recently shown to possess HDAC inhibitory activity

[26, 27]. Like the other HDAC inhibitors, VPA

inhibited MCF-7 cell growth and tamoxifen co-treat-

ment shifted the IC50 of VPA from 800 to 500 lM.

Thus, all three HDAC inhibitors enhanced the efficacy

of tamoxifen, and tamoxifen enhanced the potency of

the HDAC inhibitors, suggesting that HDAC inhibi-

tors in general cooperate with the anti-proliferative

effects of tamoxifen.

Breast Cancer Res Treat
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Next we determined if HDAC inhibitors increase

the acetylation of histones at doses observed to inhibit

breast cancer cell proliferation by immunoblotting with

an antibody specific for the acetylated form of histone

H4. MCF-7 cells treated for 48 h with SAHA exhibited

increased acetylated H4 protein with 300 nM, its IC50,

and twice this amount, 600 nM, further increased

acetylated H4 levels (Fig. 1d). The IC50 of VPA,

800 lM, also increased acetylated H4 levels, as did

1.6 mM of VPA. It should be noted that tamoxifen

treatment did not alter acetylated H4 levels by itself,

nor did it alter acetylation induced by HDAC inhibi-

tors (data not shown). These data indicate that accu-

mulation of acetylated histones occur at doses which

correspond with the anti-proliferative effect of

tamoxifen, suggesting that the ability of these agents to

inhibit HDAC activity contributes at least in part for

the observed effects.

VPA enhances the anti-proliferative effect of

tamoxifen in ERa-positive cell lines

To further characterize the interaction of antiestrogens

and HDAC inhibitors on hormone sensitive cells, we

focused on VPA as a model HDAC inhibitor since the

pharmacology and bioavailability of VPA has been

well characterized. Plasma levels of VPA in patients

treated for epilepsy and bipolar disorders range from

50 to 120 lg/ml (350–850 lM), therefore we used the

therapeutic dose of 750 lM of VPA to determine its

effect alone and in combination with tamoxifen in E2-

sensitive cells. Both VPA and tamoxifen inhibited

MCF-7 cell proliferation, particularly in the presence

of E2 (Fig. 2a). When VPA and tamoxifen treatment

were combined, MCF-7 cell proliferation was inhibited

to a greater extent than with either ligand alone. T47D

cells responded similarly to MCF-7 cells, with VPA

and tamoxifen cooperating in their anti-proliferative

effects (Fig. 2b). ZR-75-1 cells, which exhibited a

higher level of basal proliferation compared to the

other two cell lines, were also significantly inhibited by

co-treatment of VPA and tamoxifen in the absence of

E2 (Fig. 2c). Together, these results indicate that VPA

and tamoxifen cooperate in their anti-proliferative ef-

fects for ERa-positive breast cancer cells.
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Fig. 1 HDAC inhibitors inhibit MCF-7 cell proliferation and
cooperate with the anti-proliferative effects of tamoxifen. MCF-7
cells were stimulated with 100 pM 17b-estradiol (E2) and treated
with a range of doses of TSA (A), SAHA (B) or VPA (C), alone
and in the presence of 10 nM 4-hydroxytamoxifen (OH-Tam).
Proliferation was measured on day 7 using a fluorescent DNA-
binding assay and values represent the percentage of fluores-
cence of 100 pM E2 alone (control) and error bars represent the
SEM from triplicate wells. (D) Increased acetylation of histone
H4 by HDAC inhibitors at doses that inhibit breast cancer
proliferation. MCF-7 cells were treated for 48 h with SAHA and
VPA at the indicated doses and immunoblotted with an antibody
specific for the acetylated form of histone H4
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VPA reverses the agonist activity of tamoxifen in

endometrial cells

One of the major drawbacks of tamoxifen therapy is

the increased proliferation of uterine endometrial cells,

putting patients at an increased risk of developing

adenocarcinoma [4]. Any therapeutic agent that en-

hances the anti-proliferative effect of tamoxifen in the

breast should ideally not also enhance the agonist

activity of tamoxifen in the uterine endometrium.

Therefore, we treated Ishikawa adenocarcinoma cells,

which proliferate in response to tamoxifen, with VPA

alone or combined with tamoxifen (Fig. 2d). VPA

dramatically inhibited proliferation alone and equally

antagonized the proliferative effect of both E2 and

tamoxifen. Thus, while VPA cooperated with the anti-

proliferative effect of tamoxifen in breast cells, VPA

reversed the E2-like agonist activity of tamoxifen in

endometrial cells.

VPA enhances the efficacy and potency of

antiestrogens in breast cancer cells

Since VPA enhances the efficacy of tamoxifen we next

examined whether VPA would also enhance its po-

tency in a dose responsive proliferation assay. E2-

stimulated MCF-7 cells were treated with a range of

concentrations of tamoxifen, both in the presence and

absence of 750 lM VPA (Fig. 3a). VPA treatment

alone inhibited E2-stimulated cell proliferation by 25%

A

B

C

D

Fig. 2 VPA inhibits cell proliferation and enhances the anti-
proliferative effect of tamoxifen in breast cancer cells and
reverses tamoxifen-induced proliferation in uterine endometrial
cells. Three ERa-positive breast cancer cell lines, MCF-7 (A),
T47-D (B), and ZR-75-1 (C), were treated with 750 lM VPA,
10 nM OH-Tam and either 100 pM or 1 nM E2 for 6–7 days and
counted electronically. Bars represent the average of three
independent experiments presented as a percentage of E2 alone
and error bars represent SEM from the three experiments.

Statistical significance was determined by ANOVA at P £ 0.05:
A denotes statistical difference from E2 alone; B denotes
statistical difference from E + VPA + OH-Tam; and C denotes
statistical difference from vehicle alone; and D denotes statistical
difference from VPA + OH-Tam. (D) VPA inhibits tamoxifen-
induced proliferation in Ishikawa uterine endometrial cells.
Ishikawa cells were treated for 6–7 days with the same
concentrations of ligands as above. Cells from three independent
experiments were counted and analyzed as described above

Breast Cancer Res Treat

123



and increased the relative efficacy of tamoxifen at all

doses tested. VPA also shifted the IC50 for tamoxifen

treatment to 3 nM, compared to 25 nM when tamoxi-

fen was used alone. Thus, VPA enhanced the potency

as well as the efficacy of tamoxifen action on cell

proliferation.

We next investigated if VPA could also be effective

in enhancing the anti-proliferative activity of other

antiestrogens besides tamoxifen. MCF-7 cells treated

with VPA alone exhibited decreased proliferation

(Fig. 3b). Similar to tamoxifen, raloxifene substantially

decreased E2-stimulated growth and co-treatment with

VPA further decreased cell number. The pure anties-

trogen fulvestrant (also known as ICI 182,780 or fa-

slodex) inhibited E2-stimulated growth in a dose

responsive manner and VPA increased this inhibition

with 1, 2.5, and 5 nM of fulvestrant (Fig. 3c). These

data indicate that in addition to tamoxifen, VPA also

cooperates with the anti-proliferative effects of ra-

loxifene and fulvestrant and possibly other antiestro-

gens.

VPA does not arrest cell cycle progression

To determine if VPA enhanced the anti-proliferative

effect of tamoxifen by halting cell cycle progression, we

used flow cytometry to measure the number of cells in

each phase of the cell cycle. MCF-7 cells were treated

with ligands for 48 h and the population of cells in G1,

S, and G2 was estimated based on DNA content

(Fig. 4a). VPA treatment alone induced a small arrest

in the G1 phase in the absence of E2, but had no effect

when E2 was present. As expected, tamoxifen had a

dramatic effect of arresting cells in G1 in the presence

of E2. However, the addition of VPA to tamoxifen on

E2-induced cell cycle progression did not yield a

detectable change, in contrast to the cooperative

inhibitory effect on cell proliferation observed above.

These observations suggest that VPA may be enhanc-

ing the action of tamoxifen by some means other than

altering cell cycle progression.

VPA induces apoptosis and enhances the apoptotic

activity of tamoxifen

We examined MCF-7 cells with phase microscopy to

determine whether VPA and tamoxifen induced mor-

phological changes such as those associated with cells

A

B

C

Fig. 3 VPA enhances the efficacy of tamoxifen and other
antiestrogens. (A) VPA and tamoxifen have an additive effect
in inhibiting MCF-7 cell proliferation. Cells were treated with
100 pM E2 with and without 750 lM VPA in the presence of
OH-Tam, ranging from 0 to 500 nM. On day 6 of the assay,
proliferation was measured using a fluorescent DNA-binding
assay and values represent the percentage of fluorescence of E2
alone (control) with bars representing the SEM from triplicate
wells in a representative experiment. (B) VPA enhances the
efficacy of raloxifene. MCF-7 cells were treated with the
indicated concentrations of OH-Tam or raloxifene (Ral) in the
presence of 100 pM E2 and either plus or minus 750 lM VPA for
7 days and electronically counted. Bars represent the average
proliferative response relative to E2 alone (control) from three
independent experiments with error bars representing SEM. (C)
VPA enhances the efficacy of fulvestrant. MCF-7 cells were
treated as described in B with the indicated concentrations of
fulvestrant (Fulv). Cells were electronically counted and a
representative experiment is shown with error bars representing
the SEM from triplicate wells
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undergoing apoptosis (Fig. 4b). After 6 days in culture,

E2-treated cells grew into a confluent monolayer,

covering virtually every available space in the culture

dish. VPA-treated cultures exhibited fewer cells as well

as an increased number of floating cells. A dramatic

decrease in cell number was observed when VPA and

tamoxifen were used together than with either drug

alone. Additionally, VPA and tamoxifen co-treatment

produced an increased proportion of cells exhibiting

bright, condensed, and/or rounded cells with an in-

creased number of floating cells, morphologies indica-

tive of cells in late-stage apoptosis.

To further characterize the effect of combination

treatment with VPA and tamoxifen on cell death we

employed a quantitative apoptotic assay specific for

annexin V, which binds to the outer membrane of

unfixed cells undergoing apoptosis and is observed

even at the earliest stages of apoptosis [34]. Since

unstimulated MCF-7 exhibit low levels of apoptosis

(1.78% of the total cell population), at least 5,000 cells

were analyzed to obtain an accurate measurement of

the apoptotic index (Fig. 4c). In reality, the number of

annexin V-positive cells could be much higher since

microscopic analysis allowed only attached cells to be

analyzed, thus excluding cells undergoing late stage

apoptosis that have detached in culture. Both VPA and

tamoxifen treatments alone induced similar increases

in the number of annexin V-positive cells observed,

3.85 and 2.72%, respectively. VPA plus tamoxifen co-

treatment further increased the apoptotic index to

5.18%. In summary, VPA enhanced tamoxifen-in-

duced apoptosis while having little or no effect on

tamoxifen’s ability to arrest cell proliferation.

Interactions of VPA and tamoxifen on gene

expression mediated by estrogen receptor alpha

(ERa)

Both antiestrogens and HDAC inhibitors are believed

to exert their anti-proliferative effects in hormone

sensitive cells by modulating ER activity and/or alter-

ing ER protein levels. Since ERa is a major mediator

of proliferation in breast cancer cells, we analyzed the

effect of VPA and tamoxifen on transcriptional activity

at a luciferase reporter gene containing a consen-

sus estrogen response element (ERE) (Fig. 5a). In

A

B

C

Fig. 4 Effect of VPA and tamoxifen co-treatment on cell
cycling and cell death. (A) VPA alone or in combination with
tamoxifen does not alter E2-induced cell cycle distribution.
Flow cytometry was used to measure DNA content of MCF-7
cells treated for 48 h with the following concentrations of
ligands as indicated: 100 pM E2, 750 lM VPA, and 10 nM
OHT. (B) Increased cell death and apoptotic-like morphology
with VPA and tamoxifen co-treatment. MCF-7 cells were
treated with the same concentrations of ligands above as
indicated for a 6-day period and a representative field analyzed
by phase microscopy at 10· magnification. The arrow points to
a group of cells with apoptotic-like morphology. (C) VPA
increases apoptosis and enhances tamoxifen-induced apoptosis.
MCF-7 cells were treated for 72 h in the absence of E2 and
apoptotic index measured by AnnexinV-fluorescein staining.
For each treatment a minimum of 5,000 nuclei, pooled from
three independent experiments, were analyzed by fluorescent
microscopy
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transiently transfected MCF-7 cells endogenous ER

stimulated transcription approximately 13-fold with

100 pM E2 treatment. High concentrations of TSA and

VPA alone induced transcription and also increased

the transcriptional activity of tamoxifen, as seen pre-

viously by us and others [13, 14, 35]. However, 750 lM

VPA, the dose previously demonstrated to inhibit

tamoxifen induced growth, was unable to activate

transcription alone or in the presence of tamoxifen.

Interestingly, although a high dose of VPA alone

inhibited E2-induced transcriptional activity, it in-

creased the ability of tamoxifen to stimulate tran-

scription in the presence of E2. Thus, it is unlikely that

VPA enhances the anti-proliferative effect of tamoxi-

fen by increasing the transcription of target genes

containing a consensus ERE, where VPA if anything

enhances the E2-like effects of tamoxifen.

Since many genes induced by E2 do not have a

consensus ERE in their promoters we also examined

changes in protein expression from several endogenous

E2-regulated genes and receptor levels in MCF-7 cells

treated for 72 h with ligands. A therapeutic dose of

VPA slightly down-regulated ERa protein expression

and also attenuated the increased ERa expression that

is typically observed with tamoxifen treatment

(Fig. 5b). This effect was observed in the absence of E2

and VPA did not appreciably alter tamoxifen-induced

up-regulation of ERa in the presence of E2. ERb
protein was not detected by immunoblotting and its

expression was not increased with ligand treatment

(data not shown). As expected, cyclin D1 was up-reg-

ulated by E2 and down-regulated by tamoxifen, how-

ever VPA alone did not alter cyclin D1 expression nor

did it alter tamoxifen-mediated down-regulation of

cyclin D1. Thus, the effect of VPA on cyclin D1

expression is consistent with the lack of effect on cell

cycle progression (Fig. 4a). The pro-survival protein

Bcl-2 was up-regulated with E2 treatment and tamox-

ifen inhibited Bcl-2 stimulation by E2, as expected

(Fig. 5b). VPA treatment however did not have a sig-

nificant effect on Bcl-2 expression either alone or with

tamoxifen.

The pro-apoptotic gene Bik has been reported to be

an essential mediator of antiestrogen-induced apopto-

sis in MCF-7 cells, where its expression is up-regulated

by E2 withdrawal or by the pure antiestrogen fulve-

strant [36]. Under E2-deprived conditions, where Bik

A

B

C

Fig. 5 Effect of VPA and tamoxifen co-treatment on ER-
mediated gene expression. (A) VPA activates transcription and
enhances tamoxifen agonist activity at an ERE reporter gene.
MCF-7 cells were transiently transfected with ERE-Luc and
treated with and without 10 nM OH-Tam along with the
indicated concentrations of ligands for 24 h and assayed for
lucifererase activity. Bars represent fold-induction relative to
vehicle from a representative experiment and error bars
represent the SEM from triplicate wells. (B) VPA and tamoxifen
interaction on target genes. MCF-7 cells were treated for 72 h
with vehicle or 100 pM E2, 750 lM VPA, and/or 10 nM OH-
Tam and protein lysates immunoblotted with ERa, CD1, Bik, or
Bcl-2 antibodies, with b-tubulin serving as a loading control. (C)
VPA up-regulates the pro-apoptotic protein Bik. MCF-7 and
Ishikawa cells were treated with 100 pM E2 and with the
indicated concentrations of ligands in the presence and absence
of 750 lM VPA for 6 days and protein lysates immunoblotted
with Bik
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protein is expressed at high levels, VPA and tamoxifen

had minimal effects on Bik expression alone and down-

regulated Bik when treated together (Fig. 5b). In the

presence of E2, where Bik protein is down-regulated,

both VPA and antiestrogens individually induced Bik,

and co-treatment with both drugs additively enhanced

Bik expression at 3 days (Fig. 5b) but antagonized

each other’s effect on Bik at 6 days (Fig. 5c). It should

be noted however that while VPA and antiestrogen

treatment did not always synergize to up-regulate Bik,

their combined effect on Bik was always increased

relative to vehicle alone. In Ishikawa endometrial

adenocarcinoma cells neither tamoxifen, raloxifene, or

fulvestrant induced Bik expression (Fig. 5c). However,

VPA strongly induced Bik in Ishikawa cells when

treated alone and in combination with the antiestro-

gens, thus mirroring the anti-proliferative effect by

VPA in these cells.

VPA enhances the efficacy of aromatase inhibitors

Aromatase inhibitors are particularly effective in post-

menopausal women whose breast tumors are stimu-

lated by the local production of E2 via aromatase in the

breast tissue microenvironment. Aromatase is the en-

zyme responsible for the conversion of testosterone

into E2 and is often overexpressed in breast tumors

[37]. To examine the effect of VPA on aromatase

inhibitors we treated MCF-7 cells stably overexpress-

ing aromatase (MCF-7aro) and stimulated prolifera-

tion with testosterone (Fig. 6a). After 5 days of

treatment, testosterone stimulated proliferation as well

as E2, indicating that aromatase is functional in MCF-

7aro cells and converting testosterone to E2. The

aromatase inhibitor letrozole inhibited testosterone-

induced proliferation in a dose responsive manner.

VPA increased the efficacy of both doses of letrozole

tested, inhibiting proliferation better than either drug

alone. VPA enhanced the anti-proliferative effect of

letrozole in a similar manner when MCF-7aro cells

were stimulated with the adrenal androgen andro-

stenedione (Fig. 6b). Taken together, these results

indicate VPA cooperates with the antiproliferative

effects of the two major forms of hormonal therapy

currently used for treating ERa-positive breast cancer,

antiestrogens and aromatase inhibitors.

VPA enhances the antiproliferative effect of

tamoxifen in MCF-7 cells overexpressing HER-2/

neu

Stably overexpresed HER2/neu in MCF-7 cells permits

these cells to grow as tamoxifen-resistant tumors in

nude mice [38, 39]. Having established that VPA

increases the efficacy of tamoxifen in MCF7 cells, we

next determined whether VPA could overcome the

increased growth rate and decreased sensitivity to

tamoxifen typical of MCF-7/HER2 cells growing in

vitro (Fig. 7). As expected, we observed an increased

basal level of proliferation in MCF-7/HER2 cells when

compared to parental MCF-7 cells and a slight de-

crease in sensitivity to tamoxifen. Like parental cells,

VPA inhibited proliferation of MCF-7 cells overex-

pressing HER2/neu. In the presence of E2, VPA in-

creased the efficacy of tamoxifen in MCF-7/HER2

cells, with the combination of drugs working better

than either one alone. These results indicate that VPA

enhances the anti-proliferative effect of antiestrogens

in both tamoxifen-sensitive cells and in tamoxifen-

resistant breast cancer cells.

A

B

Fig. 6 VPA enhances the efficacy of the aromatase inhibitor
letrozole and increases tamoxifen sensitivity in tamoxifen-
resistant MCF-7 breast cancer cells overexpressing aromatase
(MCF-7aro). MCF-7aro cells were stimulated with either 100 nM
E2 or 1 nM testosterone (Test) (A) or 1 lM androstenedione
(And) (B). Stimulated MCF-7aro cells were concurrently treated
with the indicated concentrations of letrozole (Let) for 5 days
with or without 750 lM VPA and proliferation measured using a
fluorescent DNA-binding assay. Values represent the percentage
of fluorescence relative to testosterone alone and error bars
represent the SEM from triplicate wells in a representative
experiment
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Discussion

Here we demonstrate that inhibition of HDACs, for

example with the inhibitor VPA, cooperates with the

two most common hormonal therapies for breast can-

cer, antiestrogens, and aromatase inhibitors, to achieve

an enhanced anti-proliferative effect when treated in

combination- one greater than occurs with either agent

alone. VPA also sensitizes tamoxifen-resistant MCF-7

cells overexpressing HER2/neu to the anti-prolifera-

tive effect of tamoxifen. Interestingly, VPA unexpect-

edly reverses tamoxifen-induced proliferation in

cultured uterine endometrial cells. These cooperative

action between VPA, or TSA, or SAHA and anties-

trogens to inhibit proliferation in breast cancer cells is

likely mediated by their HDAC inhibitory action as

these drugs increase acetylated H4 at doses that cor-

responded to cell inhibition and cooperation with

antiestrogens.

The concentration of VPA used in this study that

cooperated with anti-hormonal therapy, and also was

efficient at inducing histone H4 acetylation, 750 lM,

corresponds with target total VPA concentrations in

the serum of patients being treated for epilepsy and

bipolar disorders (300–850 lM). Whereas the concen-

tration of free VPA, that is, VPA not bound to serum

proteins, is likely to be less than half that level, it

is noteworthy that a recent phase I/II trial of the

combination of VPA and epirubicin for solid tumors

observed histone acetylation in blood mononuclear

cells and free VPA levels of the order used in this study

treating with standard doses of VPA [31].

Our results indicate that VPA enhances the ability

of tamoxifen to induce apoptosis but not to arrest cell

cycle progression. The pattern of VPA-induced chan-

ges in gene expression is consistent with these effects

on cell survival since VPA does not attenuate cyclin

D1 levels when compared to vehicle or tamoxifen.

Both VPA and antiestrogens induce the pro-apoptotic

gene Bik. However, when the two drugs are combined

they can either cooperate or antagonize each others

action depending on the timing of the application. Thus

simple synergy of Bik induction cannot fully explain

the ability of the two agents to cooperate in the

induction of apoptosis. Although we do not currently

entirely understand the complexities of regulation of

apoptosis in breast cancer cells by antiestrogens and

VPA, further investigations into the transcriptional

regulation of Bik and other members of the apoptotic

pathway are warranted to determine their role in

mediating the anti-proliferative effects of anti-cancer

drugs in breast cells.

It was recently reported that the HDAC inhibitor

TSA sensitized ERa-negative breast cancer cells to the

inhibitory effects of tamoxifen and this effect was

attributed to the de novo expression of ERb [12]. The

MCF-7 cells used in this study however express very

low levels of ERb protein and treatment with HDAC

inhibitors and/or tamoxifen did not increase ERb
protein expression to a detectable level by immuno-

blotting (data not shown). Thus, it is unlikely that ERb
is a major mediator of the cooperative effects of VPA

and tamoxifen in inhibiting ERa-positive cell growth.

Valproic acid and other HDAC inhibitors are

known to down-regulate ERa expression and here we

find that therapeutic doses of VPA does indeed slightly

reduce ERa levels in the absence of E2 [14, 24, 25].

Counterbalancing the decrement in receptor expres-

sion, VPA and other HDAC inhibitors increase the

action of p160 co-activators for ERa, which have his-

tone acetyltransferase activity, and are in dynamic

competition with HDAC-containing complexes. The

outcome of these two opposing actions of VPA on

modulating ERa activity tends to be variable and is

likely gene and tissue-specific. Like other investigators,

we also observe that in the absence of E2, higher doses

of VPA and TSA increase transcription of an estrogen-

responsive ERE reporter gene and enhance the tran-

scriptional activity of tamoxifen [12–14]. However, this

increase in transcriptional activity induced by HDAC

inhibitors only occurred at very high and cytotoxic

doses. In contrast, 750 lM VPA, the therapeutic dose

Fig. 7 VPA enhances the efficacy of tamoxifen in MCF-7 cells
overexpressing HER2/neu. MCF-7/neo and MCF-7/HER2 cells
were treated with 100 pM E2 and either 750 lM VPA and/or
10 nM OH-Tam for 7 days and counted electronically. Bars
represent the average cell number of three replicates from a
representative experiment and error bars represent SEM
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that effectively inhibited E2-induced proliferation and

enhanced the anti-proliferative effects of tamoxifen,

had little effect on ERE reporter gene activity.

Therefore, alterations in ER-mediated transcription

may not be physiologically relevant to the action of low

doses of VPA on cell survival, and particular targets,

such as Bik expression, may be more predictive for the

anti-proliferative effects of HDAC inhibitors.

Valproic acid also enhances tamoxifen sensitivity of

MCF-7 cells overexpressing HER2/neu in vitro.

Growth factors such as HER2/neu are believed to

phosphorylate the ERa and p160 co-activators, result-

ing in ligand-independent stimulation of target gene

expression in these cells [40–42]. Overexpression of

HER2/neu has also been causally associated with

tamoxifen resistance in the clinic, hypothesized to be

due to increased cross-talk between growth factor and

ERa pathways [43–45]. The ability of VPA to enhance

tamoxifen action on these tamoxifen-resistant cells

suggests that VPA might be able to slow the develop-

ment of tamoxifen resistance, a question we are cur-

rently exploring.

The cooperative anti-proliferative effect observed

between HDAC inhibitors and anti-hormonal thera-

pies is most likely an additive rather than a synergistic

interaction, however it should be noted that in vitro

synergy does not necessarily predict therapeutic syn-

ergy, defined as a combination of treatments that is

more efficacious than using either agent alone [46].

There are several compelling reasons to further

investigate combination therapy with VPA and anti-

estrogens in preclinical tumorigenic animal models and

also in the clinic, particularly since VPA and tamoxifen

are both well-tolerated clinically approved drugs with

known pharmocodynamics and toxicities. VPA has

been safely used in the treatment of epilepsy for over

30 years, although some adverse side effects have been

reported including teratogenic effects and some-

times intolerable mental actions such as tremor and

confusion.

Valproic acid has also been reported to have endo-

crine-related effects including altered ovarian function

and menstrual abnormalities [47–49]. Although we did

not observe any stimulatory activity of VPA under our

experimental conditions, there have been several re-

ports of selective agonist activity by HDAC inhibitors

that warrant attention. Olsen and colleagues report

that the sub-therapeutic dose of 100 lM VPA stimu-

lated MCF-7 cell proliferation in the absence of E2,

even though it inhibited E2-induced proliferation, an

effect we did not observe using our cells and experi-

mental conditions [29]. While our results and that of

another group indicate that VPA strongly inhibits

endometrial cell growth in vitro, one group reported

that VPA stimulates proliferation in Ishikawa cells [50,

51]. Similar doses and treatment regimens were used in

each study, however Ishikawa cells are known to be

heterogenous and change morphology and receptor

status during culture, so it is possible that different cell

populations were assayed from ours [52]. In addition,

TSA and sodium butyrate have been reported to in-

crease uterine mass and the mitotic index in ovariec-

tomized mice, so it is possible that other HDAC

inhibitors such as VPA may have a similar effect [53].

Because of these concerns, in vivo experiments in a

preclinical tumorigenic animal model are currently

planned to monitor any selective agonist effects in

hormone-responsive tissues, in addition to confirming

the cooperative anti-proliferative effects between VPA

and tamoxifen to inhibit breast tumors.

In summary, combination treatment of the HDAC

inhibitor VPA with tamoxifen and other hormonal

therapy agents cooperatively inhibits cell proliferation

and induces apoptosis in ERa-positive breast cancer

cells and in tamoxifen-resistant cells overexpressing

HER2/neu. The combination of HDAC inhibitor and

antiestrogen therapy could be useful for designing new

therapeutic strategies in the future. Particularly

attractive is the potential use of HDACs, especially

VPA, to increase response to hormonal therapy in ER-

positive breast cancer and to increase sensitivity in

tamoxifen resistant tumors. Adding VPA to tamoxifen

therapy could also protect women from developing

uterine adenocarcinoma while enhancing the efficacy

of tamoxifen in inhibiting breast tumors.
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