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Abstract

Purpose Signal transducer and activator of transcription 3

(STAT3) has been shown to be constitutively active in

approximately 50% of patients with acute myeloid leuke-

mia and is associated with worse outcome. Arsenic trioxide

(ATO) synergizes with the heat shock protein (HSP) 90

inhibitor, 17-DMAG, to down-regulate STAT3 activity.

However, both agents up-regulate HSP70, an anti-apoptotic

protein. We therefore examined whether down-regulating

HSP70 with short interference (si) RNA will affect ATO

and 17-DMAG effects on constitutive STAT3 activity.

Experimental design A semi-mechanistic pharmacody-

namic model was used to characterize concentration–effect

relationships of ATO and 17-DMAG effects on constitutive

STAT3 activity and HSP70 expression with or without

siRNA against HSP70 in a cell line model.

Results Treatment with siRNA for HSP70 resulted in a

stronger degree of synergism on down-regulation of

STAT3 activity by ATO and 17-DMAG. However, treat-

ment with siRNA for HSP70 resulted in less synergism on

up-regulation of HSP70 by the two drugs.

Conclusions Down-regulation of HSP70 improves ATO

and 17-DMAG effects on constitutive STAT3 activity.

These results further provide a basis for studying the

combined role of ATO with a HSP90 inhibitor such as

17-DMAG in AML with constitutive STAT3 activity.

Keywords Pharmacodynamic modeling �
Heat shock protein 70 � Heat shock protein 90 �
Arsenic trioxide � Signal transducer and activator

of transcription 3

Introduction

Signal transducer and activator of transcription 3 (STAT3)

has been shown to be constitutively active in approxi-

mately 50% of acute myeloid leukemia (AML) cases and to

correlate with adverse treatment outcome [1]. We have

shown that arsenic trioxide (ATO) down-regulates consti-

tutive STAT3 activity in AML cells within 6 h, without

affecting cell survival until 48 h [2]. Since heat shock

protein (HSP) 90 is implicated in maintaining the confor-

mation, stability and function of key proteins involved in

signal transduction pathways, we demonstrated that the

different HSP90 inhibitors [geldanamycin, 17-allylamino-

17-demethoxygeldanamycin (17-AAG), and 17-(dimethyl-

aminoethylamino)-17-demethoxygeldanamycin (NSC

707545, 17-DMAG)] augment ATO’s down-regulating

effect on constitutive STAT3 (P-STAT3) [3]. Since

17-AAG has poor solubility, the water soluble derivative,

17-DMAG, which is more biologically available, was

tested in the current study.
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Both ATO and the HSP90 inhibitors up-regulate HSP70,

a protein known to inhibit apoptosis [4, 5]. We therefore

asked whether down-regulating HSP70 with short inter-

ference (si) RNA would affect ATO and 17-DMAG effects

on constitutive STAT3 activity.

When targeting HSP70, we had to consider all members

of this chaperone protein [6]. The HSP70 family includes at

least eight members with diverse biochemical functions

including nascent protein folding, preventing denatured

protein aggregation and modulating assembly and dis-

assembly of protein complexes [6]. There are six cytosolic

HSP70 proteins; of these, HSC70 or HSP70-8 (locus

HSPA8, position 11q23.3-q25) is ubiquitously expressed in

all cells. HSP70t (locus HSPA1L, position 6p21.3) and

HSP70-2 (locus HSPA2, position 14q24.1) are testis-spe-

cific and almost non-detectable in other tissues. HSP70-6

(locus HSPA6, position 1cen-qter) is induced only in

extreme stresses. HSP70-1A and HSP70-1B, collectively

known as HSP72 (locus HSPA1A and HSPA1B, position

6p21.3), are also induced following extreme stresses.

However, constitutive expression of HSP72 was observed

in several malignancies [6, 7]. We thus targeted HSP70-1A

and HSP70-1B (designated below as HSP70) in this study.

The combined effects of ATO, 17-DMAG and HSP70

siRNA on constitutive STAT3 activity, HSP70 and HSP90

protein concentrations were assessed using the Ariens non-

competitive interaction model [8, 9] with an interaction

parameter (w). This relationship was selected owing to the

differences in molecular structure and mechanisms of the

test agents. Interaction parameters may be useful in various

mechanism-based models to account for synergism or

antagonism not predicted by the mechanistic expectations

of the modeling scheme [10–12]. The estimated value of

this parameter indicates the intensity of the drug–drug

interaction when compared with the no-interaction value

(i.e., the value that does not influence the underlying

mechanistic model, based on single-drug effect alone). The

interaction model is not limited to mass-law drug–receptor

binding equations, but provides estimates of how much

each drug contributes to the interaction after binding to

their respective targets. These models were designed to

study the effect(s) of down-regulating HSP70 on the known

synergistic effect of ATO and 17-DMAG on constitutive

STAT3 activity [3]. We therefore incorporated data from

our previous study [3] into the current model.

Methods

Materials

All chemicals were purchased from Sigma Immunochemi-

cals (St. Louis, MO) unless otherwise specified. 17-DMAG

was provided by Dr. Percy Ivy, NIH, National Cancer

Institute, Bethesda, MD.

Cell line and culture conditions

The AML cell line, HEL, a cytokine-independent human

erythroleukemia cell line that has constitutive STAT3

activity, served as a model system. The cells were exposed

for 6 h to ATO and 17-DMAG with or without HSP70

siRNA or a mismatch (Dharmacon, Lafayette, CO).

siRNA electroporation

The following custom made siRNAs were used targeting

HSPA1A and HSPA1B, 50-CGACGGAGACAAGCCCA

AG-30. We used a version of HSPA1 siRNA with two

mismatches (underlined): 50-CGACCGAGACAAGCGCA

AG-30 as control. The siRNA was introduced into the cells

via electroporation (BTX Electro Cell Manipulator 600,

Genetronics, CA). This method was adapted from BTX

Protocol No. 576. In every siRNA experiment, an elec-

troporation control with media only was included. Expo-

nentially growing HEL cells were washed in serum-free

RPMI 1640 media and resuspended in the same media at a

density of 1.2 9 107 cells/200 ll. The voltage was set to

250 and the capacitance was at 250 lF; 200 nM siRNA

was used. The siRNA dosage was chosen, since in pre-

liminary experiments 200 nM caused [75% down-regu-

lation of HSP70 by western blotting while maintaining cell

viability [70% (data not shown). A BTX disposable

cuvette (model # 620) with a 2-mm gap was used. In

preliminary experiments, HSP70 protein concentrations

were measured at 24, 48 and 72 h; the most significant

down-regulation was observed at 48 h (Fig. 1a). There-

fore, cells were incubated with ATO and 17-DMAG for

the last 6 h of the 48-h incubation. Cell viability was

determined by the trypan blue dye (Life Technologies,

Grand Island, NY) exclusion assay. Pilot studies were

conducted to check the viability and growth rates of cells

after electroporation; those did not differ from non-elec-

troporated cells.

Reverse transcriptase polymerase chain reaction

(RT–PCR)

The RNA was harvested from cell culture with RNeasy

mini kit (Qiagen, Valencia, CA). Single stranded cDNA

synthesis was made with Superscript II Reverse Trans-

criptase (Invitrogen, Carlsbad, CA) with oligo dT primers.

The cDNA was used as a template in a PCR reaction to

amplify different HSP 70s and the housekeeping gene

actin. The reaction was performed as previously described

[13]. The primers are described in Table 1. The samples
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were separated by 5% polyacrylamide gel electrophoresis

according to standard methods. Bands were quantified with

Image Quant (version TL2005) software (GE Biosciences,

Piscataway, NJ). The expression of genes was computed as

the fraction of gene of interest/the fraction of actin.

Western blotting

HSP70, HSP90, actin, tyrosine phosphorylated (P) and

unphosphorylated STAT3 were quantitated by western blot

analysis as previously described [3]. The antibody against

HSP70 was purchased from R&D Systems, Minneapolis,

MN, and the antibody against HSP90 was purchased from

Santa Cruz Biotechnology, Santa Cruz, CA. The antibody

against P-STAT3 (Y705) was purchased from Upstate

Biotechnology, Lake Placid, NY. To detect the unphos-

phorylated protein, the immunoblots were reacted with an

antibody against the NH2 termini of STAT3 (Transduction

Laboratories, Lexington, KY). The immune complexes

were visualized by the enhanced chemiluminescence

reaction (Amersham Life Science, Arlington Heights, IL).

All experiments were conducted at least in triplicate unless

otherwise stated. Initially [2], both total STAT3 and actin

were used to normalize for P-STAT3 but because the

results were similar, actin was used as a housekeeping gene

in the current study.

Apoptosis measurement

Apoptosis of cells was evaluated by double staining with

fluoresceine-isothiocyanate (FITC)-labeled annexinV and

7-Aminoactinomycin D (7AAD). Briefly, 2 9 104 cells

were washed twice in cold PBS and were resuspended in

0.25 ml of binding buffer (BD Pharmingen, San Diego,

CA). Five microliters of each FITC-annexin V and 7AAD

were added to the cells, and the mixtures were gently

vortexed and incubated for 15 min at room temperature in

the dark. Within 1 h, the cells were analyzed at 488 nm

using FACSCaliber (BD Bioscience, San Jose, CA) flow

cytometer.

Interaction assays

All assays were conducted at least in triplicates as previ-

ously described [3]. The Hill function was fitted to each

concentration–response curve for each drug. After fitting

and determination of the IC50, five combination ratios of

the IC50 (ATO/17-DMAG; 1:1, 1:4, 4:1, 1.5:3, 3:1.5) were

characterized.

Pharmacodynamic drug–drug interaction model

Interaction of ATO and 17-DMAG on the inhibition of

P-STAT3 were characterized with the following equation

for non-competitive interaction.

Fig. 1 HSP70 in HEL cells. a Bar graph depicting the relative

messenger RNA levels for the different HSP70 family members in

HEL cells. b Western blotting describing the effect of ATO,

17-DMAG, siRNA and mismatch on P-STAT3, HSP90, HSP70,

HSC70 and actin

Table 1 Polymerase chain reaction primers

Primer Sequence

HSPA1A-Forward GGCAAGATCAGCGAGGCC

HSPA1A-Reverse TCTCTGCATGTAGAAACCGC

HSPA1B-Forward CCCTACCATTGAGGAGGTG

HSPA1B-Reverse AAACTCGTACAGAAGGTGGC

HSPA1L-Forward GAGATTGAGCGCATGGTTCT

HSPA1L-Reverse GGTAGGGAACCTTTAAGACC

HSPA2-Forward CCTACTCGGACAACCAGAG

HSPA2-Reverse TCTCGTCTTCCACCGTCTG

HSPA6-Forward CCAAATGCAAGACAAGTGTCG

HSPA6-Reverse TTCTAGCTTTGGAGGGAAAG

HSPA8-Forward AAACGTCTGATTGGACGCAG

HSPA8-Reverse GCACGTTTCTTTCTGCTCCA
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Symbol A refers to the concentration of ATO and B

refers to 17-DMAG and Imax is the fraction which repre-

sents the maximal capacity by which drug A or B can

inhibit constitutive STAT3 activity when present alone.

When Imax = 0, it indicates no possible inhibition and

when Imax = 1, it indicates complete inhibition of response

(on P-STAT3) at high concentrations. The IC50 is the

concentration of drug A or B alone which elicits half the

maximal response and c is a power or curve shape

coefficient.

The interaction of ATO and 17-DMAG on the stimu-

lation of HSP70 expression was characterized with the

following stimulatory equation for non-competitive

interaction.

Symbol A refers to the concentration of ATO, B refers to

17-DMAG, Smax is the maximum capacity of either drug on

the stimulation of HSP70 when present alone and SC50 is

the concentration which produces half the maximum effect

when the drugs are present alone.

In the above equations, the values of Imax vary between

0 and 1, but the values of Smax are greater than zero with no

upper limit. These equations were proposed by Ariens [8,

9] for drugs that interact non-competitively. An interaction

parameter, w, was later included (multiplied by the IC50 of

one drug) by Chakraborty and Jusko [10, 11]. The inter-

action parameter, w, indicates the mutual influence of each

drug on the IC50 of the other drug when present jointly. A

value of w\ 1 indicates a lesser value of IC50, meaning

less drug is required to achieve half-maximal effect (syn-

ergy) when compared with either present alone. A value of

w[ 1 indicates a higher value of IC50, meaning more drug

is required to achieve half-maximal effect (antagonism). A

value of w = 1 indicates no effect on the IC50 value of

either drug (no interaction).

When the concentration of either drug is zero, the

equations take the form of the basic Hill function with the

value of w assumed to be 1. In Eq. 1, when the concen-

tration of drug B is zero

E ¼ 100� 1�
Imax;A � A

w�IC50;A

� �cA

1þ A
w�IC50;A

� �cA

2
64

3
75 ð3Þ

In Eq. 2 when the concentration of drug B is zero

E ¼ 100� 1þ
Smax;A � A
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1þ A
w�SC50;A

� �cA

2
64

3
75 ð4Þ
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A
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þImax;B �
B

w�IC50;B

� �cB

þ

Imax;A þ Imax;B � Imax;A � Imax;B

� �
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þ
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� �
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Non-linear regression was performed with ADAPT II

software [14]. For both siRNA-treated and -control pairs,

single-drug data were fitted to Eq. 3 for inhibition of

P-STAT3 and Eq. 4 for the stimulation of HSP70 to resolve

the pharmacologic parameters (Imax, Smax, IC50, SC50, and c).

From the P-STAT3 data, it is clear that complete inhibition of

response was achieved and hence Imax was set to 1 for both

siRNA-treated and -control datasets. The same Smax was used

to fit both the siRNA-treated and -control data. Interaction

data were then fitted with Eqs. 1 and 2. When fitting the

interaction data, the pharmacologic parameters and c
obtained from Eqs. 3 and 4 were fixed and the interaction

parameter w was the only parameter resolved.

Results

Expression of the HSP70 family members

and down-regulation by ATO and 17-DMAG

The expression levels of the HSP70 family members in

HEL cells are shown in Fig. 1a. The results demonstrate

that HSP72 (collectively representing HSP 70-1A and HSP

70-1B) was the most abundant member. Further, HSC70

(HSPA8), which was also expressed in HEL cells, was

affected by neither ATO nor 17-DMAG treatments

(Fig. 1b). Therefore, only HSP72 (designated HSP70

below) was targeted by the siRNA.

Down-regulation of P-STAT3

The down-regulation of P-STAT3 activity by ATO for

siRNA-treated and -control cells are shown in Fig. 2a, and

the down-regulation of P-STAT3 activity by 17-DMAG for

siRNA-treated and -control cells are shown in Fig. 2b.

Fittings with Eq. 3 yielded the parameter estimates that are

listed in Table 2. The Imax was fixed to 1, since it was

evident from the data that complete down-regulation of

P-STAT3 is possible. The Smax was kept the same for both

the siRNA-treated and -control cells. The values of IC50 for

both drugs are well in accordance with the findings of our

previous work [3]. The IC50 values for both ATO and

17-DMAG decreased after treatment with siRNA for

HSP70. The value of IC50 for ATO decreased from 1,301

to 1,064 nmol/l after treatment with siRNA for HSP70

indicating an increase in potency of ATO after the treat-

ment. Similarly, the IC50 of 17-DMAG decreased from 450

to 157 nmol/l after treatment with siRNA for HSP70

indicating an increase in potency of 17-DMAG after the

treatment. The interaction data were fitted with Eq. 1 to

obtain the values of the interaction parameter, w, for both

siRNA-treated and -control cells. The estimates of w are

listed in Table 3. The value of w for the siRNA-control

cells was 0.544 indicating mechanism-based synergy,

which is in accordance with our previous work. Treatment

with siRNA for HSP70 resulted in a w value of 0.041,

which indicates a stronger degree of synergistic interaction

Fig. 2 Single-drug exposures

of ATO and 17-DMAG for the

down-regulation of P-STAT3

(a, b) and up-regulation of

HSP70 (c, d). Red circles,

observed expression of

P-STAT3/HSP70 after drug

exposures of siRNA-control

cells; red line, predicted

expression of P-STAT3/HSP70

after drug exposures of siRNA-

control cells. Blue squares,

observed expression of

P-STAT3/HSP70 after drug

exposures of siRNA-treated

cells; blue line, predicted

expression of P-STAT3/HSP70

after drug exposures of siRNA-

treated cells
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of the two drugs in the presence of the siRNA against

HSP70. Thus, it could be concluded that the effect of ATO

and 17-DMAG on their respective IC50 values was more

pronounced when the cells were treated with siRNA when

compared to control cells.

Isobolograms were constructed for both siRNA-treated

and -control cells for the combinations of ATO and

17-DMAG (Fig. 3a, b). The lines represent all the possible

combinations of ATO and 17-DMAG that result in 50% of

maximal inhibition of P-STAT3. The solid lines represent

the model fitted to the data, and the dashed lines represent

the no-interaction model (w = 1). The isobolograms were

generated by the method described in our previous work

[3]. Fig. 3 indicates that for both the siRNA-treated and

-control cells, the interaction line lies beneath the

no-interaction line indicating mechanism-based synergy.

However, for siRNA-treated cells, the interaction lies fur-

ther away from the no-interaction line indicating a stronger

synergy as also indicated by the interaction parameter

value of 0.041 compared to 0.544 for the control cells.

Three-dimensional figures were generated (Fig. 4a, b).

Tightening of the surface toward the origin is indicative of

more synergistic interaction (since the effect on the IC50

values are more pronounced). In the siRNA-treated cells,

Fig. 4b, the surface is more tightened toward the origin

when compared with the control cells, Fig. 4a.

Up-regulation of HSP70

Up-regulation of HSP70 activity by ATO for siRNA-treated

and -control cells is shown in Fig. 2c, and the up-regulation

of HSP70 activity by 17-DMAG for siRNA-treated and

-control cells is shown in Fig. 2d. As seen in the case of

P-STAT3 down-regulation, fitting of single-drug data with

Eq. 4 characterized the data. The fitted parameter estimates

are listed in Table 2. The Smax was kept the same for both

the siRNA-treated and -control cells. The values of SC50 for

both drugs were very close with those obtained in our

previous work [3]. The SC50 values for both ATO and

17-DMAG increased after treatment with HSP70 siRNA

indicating a decrease in the potency of the two drugs after

treatment. The value of SC50 for ATO increased from 2,142

to 2,794 nmol/l after treatment with HSP70 siRNA indi-

cating a considerable decrease in the potency of the drug.

Similarly, after treatment with HSP70 siRNA, the SC50 of

17-DMAG increased from 215 to 300 nmol/l, indicating a

decrease in the potency of ATO and 17-DMAG. The value

of the interaction parameter, w, was obtained by fitting the

interaction data of both siRNA-treated and -control cells.

The estimates of the interaction parameter, w, are listed in

Table 3. The value of w for the siRNA-control cells was

0.243 indicating strong synergy. After treatment with

HSP70 siRNA, the value of w was 0.413, which indicates a

decrease in the degree of the synergistic interaction of the

two drugs. Thus, after treating the cells with HSP70 siRNA,

the IC50 values for ATO and 17-DMAG increased and

potency decreased.

Isobolograms were constructed for siRNA-treated cells

for the combinations of ATO and 17-DMAG (Fig. 3c, d).

Again, the lines represent all the possible combinations of

ATO and 17-DMAG that result in 50% of maximal stimu-

lation of HSP70. The solid lines represent the model fitted

to the data, and the dashed lines represent no-interaction

(w = 1). The figures indicate that for both the siRNA-

treated and -control cells, the interaction line lies beneath

Table 2 Parameter estimates

for single-drug effects on

P-STAT3 down-regulation and

HSP70 up-regulation for

siRNA-treated and -control cells

No siRNA siRNA

Estimate CV% Estimate CV%

P-STAT3 ATO IC50 (nmol/l) 1,301 29.6 1,064 21.4

c NA NA 1.83 15.2

17-DMAG IC50 (nmol/l) 450 14.7 157 9.7

c 1.32 25.6 5.30 30.1

HSP70 ATO Smax 1.76 34.7 1.76 Fixed

SC50 (nmol/l) 2,142 62.4 1,794 27.7

c 1.82 58.6 2.53 47.8

17-DMAG Smax 1.42 11.2 1.42 Fixed

SC50 (nmol/l) 215 8.31 300 23.9

c 7.86 59.8 1.94 41.8

Table 3 Estimates of interaction parameter, w, for siRNA-treated

and -control cells

Before siRNA

treatment

W Estimate (CV%)

After siRNA

treatment

W Estimate (CV%)

ATO and 17-DMAG

on P-STAT3

0.544 (44) 0.041 (43)

ATO and 17-DMAG

on HSP70

0.243 (295) 0.413 (NA)

NA not available
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the no-interaction line indicating mechanism-based syn-

ergy. However, for siRNA-treated cells, the interaction lies

nearer to the no-interaction line indicating less strong syn-

ergy as also indicated by the interaction parameter value of

0.413 compared to 0.243 for the siRNA-control cells.

Three-dimensional figures were generated (Fig. 4c, d).

In the siRNA-control cells, Fig. 4c, the surface is more

tightened toward the origin when compared to the treated

cells, Fig. 4d, indicating that the synergistic effect has been

reduced after treatment with siRNA for HSP70.

Drug–drug effect on cell survival

There was no effect of either combination on cell death at 6

or 24 h. ATO at 50% of the IC50 induced significant cell

death at 48 h (*50%), while 17-DMAG resulted in only

modest cell death at 50% of the IC50 (*10%). The addition

of siRNA to ATO did not affect cell death but adding

siRNA to 17-DMAG resulted in 50% cell death (compared

to 10% with 17-DMAG alone). The control-siRNA had no

effect on cell survival. The addition of siRNA to 50% of

the IC50 of ATO and 17-DMAG at 48 h did not affect the

50% cell death observed with the combination.

Discussion

In a previous study, we have shown that ATO and HSP90

inhibitors synergize to inhibit P-STAT3 and enhance their

anti-leukemia activity [3]. This synergy occurred despite a

synergistic up-regulation of HSP70, a protein known to

inhibit apoptosis. Pharmacodynamic models were therefore

applied in the present study to study the effect of ATO and

17-DMAG on the down-regulation of P-STAT3 while

inhibiting HSP70 with siRNA. These models not only

supported our previous findings but also proved that the

degree of synergistic interaction between the two agents for

the down-regulation of P-STAT3 increased in siRNA-

treated AML cells. Moreover, the concomitant synergy

which was observed in the up-regulation of HSP70

decreased in the presence of siRNA. The same semi-

mechanistic pharmacodynamic model was used as in our

previous work [3]. The degree of synergy was determined

with the estimation of the interaction parameter, w.

The IC50 values for down-regulation of P-STAT3 for

both agents (ATO and 17-DMAG) decreased in the siRNA

treated cells, and the SC50 values for the up-regulation of

HSP70 for both agents increased in the siRNA-treated

AML cells. The decrease in IC50 values due to the treat-

ment does not indicate that the degree of synergy would

also increase with the combination of drugs. An increase in

the IC50 value is only indicative of an enhancement of the

potency of drugs. Similarly, an increase in the SC50 values

due to a treatment is only indicative of a decrease in

potency of the drugs. Two drugs might show an increase in

the degree of synergy despite a decrease of potency. Greco

et al. [15] showed that despite a decrease in the potency of

Trimetrexate and AG2034 in the presence of 78 lM folic

Fig. 3 Isobolograms for ATO

and 17-DMAG on down-

regulation of P-STAT3

expression (a, b), and HSP70

up-regulation (c, d). Dashed
lines, mechanism-based

additivity, that is, no-interaction

line; solid line, predicted

interaction curve with the value

of the interaction fitted.

a, c siRNA-control;

b, d siRNA-treated
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acid, there was an increase in the degree of synergy for the

two drugs.

In our previous work, it was observed that ATO and

Geldanamycin had the most synergistic effect on the down-

regulation of P-STAT3. ATO and Geldanamycin, on the

other hand, had an antagonistic effect on the up-regulation

of HSP70. Our findings here were similar. The degree of

synergistic action was increased after treating the AML

cells with siRNA for HSP70. The degree of synergistic

action for the up-regulation of HSP70 was decreased. This

means, that in clinical settings, the concomitant adminis-

tration of a HSP70 inhibitor, such as KNK437 [16], a

HSP70 antisense [17] or delivering siRNA via peptide

transduction domains [18] along with ATO and 17-DMAG

may have a potential therapeutic benefit.

In this analysis, Isobolograms were used to depict the

degree of interaction. Isobolograms are an excellent tool to

depict the degree of interaction in comparison with no-

interaction. Moreover, isobolograms also help one to

determine the nature of interaction of the two agents. An

isobologram-line similar to a straight line indicates that

each combination of the two agents have the same relative

total concentration [3] of the two drugs. Deviation from the

straight line indicates that the total concentration to achieve

50% of maximal effect varies for different combinations.

This phenomenon is more pronounced in case of the

Fig. 4 Three-dimensional plots of drug effect on P-STAT3 down-

regulation and HSP70 up-regulation for ATO and 17-DMAG

combination. Surfaces are the model predictions based on the fitted

parameters. a, b Surfaces for the down-regulation of P-STAT3;

c, d surfaces for the up-regulation of HSP70

688 Cancer Chemother Pharmacol (2010) 66:681–689

123



siRNA-treated cells where the interaction is more syner-

gistic and there is an observed change in the nature of the

interaction of the two drugs.

Down-regulation of HSP70 improved 17-DMAG’s

effect on cell death suggesting that the anti-apoptotic effect

of HSP70 up-regulation following exposure to 17-DMAG

is more pronounced compared with ATO. However, this

study was conducted in vitro and the actual survival

effect(s) should be tested in vivo.

Enhancement of anti-leukemia activity of a HSP90

inhibitor with abrogation of HSP70 induction was previ-

ously demonstrated by Guo et al. [19], but our results

showing that down-regulation of HSP70 improves ATO and

17-DMAG effects on P-STAT3 have not been published

before. These results further support the concept of studying

the combined role of ATO with a HSP90 inhibitor such as

17-DMAG in AML with constitutive STAT3 activity.
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