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HSP90 stabilizes B-cell receptor kinases in a multi-client 
interactome: PU-H71 induces CLL apoptosis in a cytoprotective 
microenvironment

A Guo1, P Lu1, J Lee1, C Zhen1, G Chiosis2, and YL Wang1

1Division of Genomic and Molecular Pathology, Department of Pathology, University of Chicago

2Program in Chemical Biology, Memorial Sloan-Kettering Cancer Center, New York, NY, USA and 
Department of Medicine, Memorial Sloan-Kettering Cancer Center, New York, NY, USA

Abstract

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of B cells in the 

hematopoietic system and lymphoid tissues. Although inhibitors targeting the B-cell receptor 

(BCR) pathway have been successful in the treatment of the disease, the underlying mechanisms 

leading to BCR over-activity in CLL are not fully understood. In this study, we found that HSP90, 

a highly conserved molecular chaperone, is overexpressed in CLL compared with resting B cells. 

HSP90 overexpression is accompanied by the overexpression of several BCR kinases including 

LYN, spleen tyrosine kinase, Bruton tyrosine kinase and AKT. Chemical and immune-

precipitation demonstrated that these BCR constituents are present in a multi-client chaperone 

complex with HSP90. Inhibition of HSP90 with PU-H71 destabilized the BCR kinases and caused 

apoptosis of CLL cells through the mitochondrial apoptotic pathway. Further, PU-H71 induced 

apoptosis in the presence of stromal co-culture or cytoprotective survival signals. Finally, genetic 

knockdown of HSP90 and its client AKT, but not BTK, reduced CLL viability. Overall, our study 

suggests that the chaperone function of HSP90 contributes to the over-activity of the BCR 

signaling in CLL and inhibition of HSP90 has the potential to achieve a multi-targeting effect. 

Thus, HSP90 inhibition may be explored to prevent or overcome drug resistance to single targeting 

agents.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common adult leukemia in the Caucasian 

population.1 It is characterized by accumulation of mature lymphocytes in blood, bone 

marrow and lymphoid tissues. Recent studies have revealed that, in addition to having 

defective apoptosis, CLL is also proliferative, which relies on its tissue microenvironment 

for survival and proliferation.2 Intrinsically in the CLL tumor cells, B-cell receptor (BCR) 
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signaling is aberrantly active and represents one of the most important oncogenic pathways 

in CLL.3 The pathway can be therapeutically targeted with small molecule inhibitors of 

BCR kinases. Recent development of inhibitors to spleen tyrosine kinase (SYK), Bruton 

tyrosine kinase (BTK) and phosphoinositide 3′-kinase (PI3K), have generated remarkable 

responses in CLL.4–7 Ibrutinib (BTK inhibitor) and idelalisib (PI3Kδ inhibitor), in 

particular, have been approved by Food and Drug Administration as either a single agent or 

in combination with other agents for the treatment of CLL. However, large-scale sequencing 

efforts failed to identify recurrent mutations in the BCR signaling components as 

mechanisms causing BCR activation in CLL,8–10 as opposed to ABC diffuse large B-cell 

lymphoma. The direct mechanisms leading to overactive BCR signaling in CLL remain 

elusive.

Heat shock protein 90 (HSP90) is an ATP-dependent molecular chaperone that is involved in 

cellular homeostasis. In malignancies, HSP90 is exploited by cancer cells in proper folding 

of many mutated, activated or overexpressed oncoproteins, including kinases and 

transcription factors.11,12 HSP90 inhibition has been explored in CLL. It has been shown 

that naturally occurring geldanamycin induces CLL apoptosis through destabilization of 

LYN, an early BCR kinase, and synthetic 17-DMAG or NVP-AUY922 induce CLL 

apoptosis by depletion of IκB kinase, an activator of nuclear factor-κB.13–15 However, there 

is lack of understanding of the expression and function of HSP90, the chaperone itself, in 

CLL. Herein, we show evidence that the HSP is overexpressed in CLL. It forms a complex 

with several BCR kinases including BTK and AKT that may account for BCR over-activity 

in CLL. We also show that PU-H71, an HSP90 inhibitor with a purine scaffold, induces 

BCR kinase depletion and induces apoptosis in the presence of microenvironmental survival 

stimuli. Finally, we demonstrate that small interfering RNA (siRNA) knockdown of HSP90 

and its client, AKT, but not BTK, leads to CLL cell death.

RESULTS

HSP90 protein and BCR kinases are overexpressed in CLL compared with normal cell 
counterparts

To determine whether HSP90 is relevant in CLL, we first compared its levels of expression 

in primary CLL cells with normal peripheral blood mononuclear cells (PBMCs) or purified 

resting B cells using immunoblot analyses. Shown in Figure 1a, HSP90 was evidently 

upregulated in CLL cells (N = 10) compared with PBMC (N = 6) or resting B cells (N = 6) 

from healthy donors. We then investigated whether key kinases in the BCR pathway are co-

expressed in CLL cells overexpressing HSP90. As shown in Figure 1a, SYK and BTK were 

highly abundant in a majority of CLL samples, whereas expression of LYN and AKT was 

more variable. However, normalized quantitative analysis revealed that all four proteins 

along with HSP90 are overexpressed in CLL compared with PBMC or resting B cells 

(Figure 1b). With normalization to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

HSP90 protein expression in CLL was, on average, 5-fold of PBMC samples and 17-fold of 

resting B cells (Figure 1b; P<0.01).
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BCR kinases are present in the multi-client HSP90 complex

We next investigated whether these BCR signaling proteins are components of HSP90 

interactome. Immunoprecipitation was performed using anti-HSP90-conjugated beads in cell 

lysates from CLL. In addition, PU-H71-conjugated beads were also used in chemical 

precipitation reaction to pull down proteins associated with the drug-bound HSP90. Figure 2 

showed that LYN, SYK, BTK and AKT were present in CLL cell lysates (lane As), in 

complex with PU-H71-bound HSP90 (lane Bs), as well as in complex with HSP90 (lane Cs), 

but not much in the precipitates pulled down with the control agarose beads (lane Ds). In 

contrast to these signaling proteins, the control protein GAPDH was detected only in CLL 

cell lysates, but not in either the PU-H71 or the HSP90 complex. These results show that the 

interactions of BCR signaling proteins with HSP90 are highly specific. Interestingly, BTK 

appears to be particularly enriched in the complex with HSP90 or PU-H71-bound HSP90 

(Figure 2, lanes Bs and Cs). Taken together, these data show that several key BCR kinases 

are protected specifically by HSP90 in its multi-client interactome. The complex likely 

facilitates the interactions between BCR kinases and perhaps accounts, at least partially, for 

the aberrantly high BCR activity in CLL in the absence of BCR mutations.

Expression of BCR kinases are maintained by the chaperon function of HSP90

Thus far, we had demonstrated that levels of HSP90 are elevated and key kinases in BCR 

pathway are client proteins of HSP90 suggesting that BCR pathway kinases are chaperoned 

and maintained at high levels by HSP90. To demonstrate that stability of the BCR kinases 

depends on the function of HSP90, we tested whether HSP90 inhibition with PU-H71 would 

reduce their abundance. Immunoblotting was performed with cells treated with the HSP90 

inhibitor. Figure 3 demonstrated that levels of LYN, SYK, BTK and AKT were all decreased 

by PU-H71 treatment in a dose and time-dependent manner (Figures 3a and b). Remarkably, 

even under the conditions of stromal co-culture with NKTert or HS-5 cells, PU-H71 

treatment caused the decline and depletion of these BCR signaling kinases (Figure 3c). 

These effects are relatively specific as abundance of MEK and ERK were much less 

influenced by PU-H71 (Figures 3a–c).

PU-H71 significantly reduces the viability of CLL cells but has minimal effects on PBMC or 
resting B cells

With its ability to decrease the abundance of BCR signaling components, we postulate that 

PU-H71 would have a strong anti-tumor effect in CLL. We treated CLL cells with increasing 

concentrations of PU-H71 and assessed cell viability using propidium iodide staining. 

Figure 4a shows a time-dependent reduction of cell viability in 41 CLL patient samples. The 

cell death was significant in a range of concentrations from 0.25 to 10 μM (Figure 4b, N = 

10). The lowest concentration used, 0.25 μM, is well below the clinical intra-tumor 

concentrations measured in patients, where concentrations as high as 0.5–8 μM were 

recorded at 24 h post single-dose PU-H71.16 When the cases were analyzed according to 

established prognostic markers, the cellular response did not differ between different status 

of ZAP70, CD38, IGHV mutation or cytogenetic abnormalities (Supplementary Figure 1).

To demonstrate the selective cytotoxicity of PU-H71 on CLL cells, we also evaluated its 

effects on PBMC and resting B cells from healthy volunteers. No significant cell death was 
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observed in both types of normal cells treated with 0.25–5 μM of the compound (Figures 4c 

and d). Only at a clinically irrelevant high concentration of 10 μM, viability of resting B 

cells was reduced by PU-H71 treatment to 89 ± 2.8% or by ~ 11% with 72-h drug exposure 

(Figure 4d, P<0.01). Taken together, these data suggest that higher HSP90 expression 

(Figure 1a) in CLL cells may be responsible for selective cytotoxicity of PU-H71 in CLL 

tumor cells. It is also possible that HSP90 is used differently in the tumor cellular context 

creating a vulnerability to HSP90 inhibitors as previously reported.17–20

PU-H71 reduces CLL viability through the induction of mitochondrial apoptosis

We next investigated the mechanism underlying PU-H71 induced CLL cell death. We 

examined cell apoptosis using Annexin V/7-Aminoactinomycin D double staining. Figure 5a 

shows that concentration- and time-dependent induction of apoptotic cell population (upper 

and lower right quadrants). Similar results were observed in all six CLL specimens tested 

(Supplementary Figure 2). To determine whether mitochondrial apoptotic pathway was 

engaged by PU-H71, we measured the degree of cytochrome C release in CLL cells after 

PU-H71 exposure. Figure 5b shows that mitochondria-associated cytochrome C was 

significantly reduced following PU-H71 treatment after 24 h suggesting significant amount 

of cytochrome C was released from mitochondria to cytoplasm (green vs red).

BCL-2 family proteins have a key role in the regulation of mitochondrial apoptosis in CLL. 

Anti-apoptotic proteins MCL-1, BCL-2 and XIAP are known to be overexpressed in CLL 

cells.21–24 We thus analyzed the effect of PU-H71 on these proteins. As shown in Figures 5c 

and d, MCL-1 was down-regulated by PU-H71 in a dose-dependent manner in CLL 

specimens (N = 6), and the reduction occurred at as early as 24 h post treatment. In contrast, 

BCL-2 and XIAP were downregulated in some cases but not others. Taken together, these 

data demonstrate that PU-H71 induces CLL cell apoptosis through the mitochondrial 

pathway, at least in part, via downregulation of MCL-1.

PU-H71 antagonizes the survival signals from CLL microenvironment

In vivo CLL cell survival and proliferation are heavily dependent on microenvironmental 

stimuli, including self-antigens, cell–cell contact with stromal cells and signaling through 

adhesion molecules, chemokines and cytokines, such as CD40L and IL-4.25,26 We 

investigated whether HSP90 inhibition by PU-H71 can overcome the protective effects of 

the microenvironment.

Freshly isolated CLL cells were either cultured alone or co-cultured with stromal cell line 

NKTert with or without PU-H71 and cell viability was determined after 72 h. Shown in 

Figure 6a, stromal cell co-culture resulted in a marked increase in cell viability (N = 14, 

NKTert vs dimethylsulfoxide). Under this condition, cells maintained their sensitivity to PU-

H71 inhibition at a low dose of 0.5 μM (NK+PU vs NKTert). We then evaluated the outcome 

of HSP90 inhibition on the pro-survival effect of soluble factors CD40 ligand/Interleukin-4 

(CD40L/IL-4, Figure 6b). Similar to NKTert co-culture, CLL cells stimulated with CD40L/

IL-4 displayed higher viability (Stim vs dimethylsulfoxide), but 0.5 μM PU-H71 effectively 

counteracted this pro-survival effect (Stim+PU vs Stim). Finally, PU-H71 also reduced 

tumor cell survival under the condition of immunoglobulin (Ig) stimulation although the 
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baseline cell survival was minimally affected by the anti-Ig treatment (Supplementary Figure 

3). Collectively, these studies demonstrate that inhibition of HSP90 can overcome the pro-

survival signals delivered through either cell–cell contact or soluble factors provided by the 

tumor microenvironment.

HSP90 knockdown impairs CLL tumor cell viability

To demonstrate that the apoptosis induction by PU-H71 was caused by the specific 

inhibition of HSP90 molecule, we used RNA interference to specifically target HSP90. 

Primary CLL cells were transfected with a pool of siRNA against HSP90 or a pool of non-

targeting siRNA.27 As shown in Figure 7a, the amount of HSP90 protein was reduced by 

siHSP with some case-to-case variability. HSP90 knockdown resulted in a significant 

reduction in cell viability comparing cells transfected with siHSP with those transfected 

non-targeting siRNAs (Figure 7b). These results indicate that HSP90 is essential for tumor 

cell survival and viability is compromised when the abundance of HSP90 is reduced. The 

results further suggest that the cellular effects of PU-H71 were mediated by its inhibition of 

HSP90.

HSP90 client protein AKT, but not BTK, is essential for CLL viability

To further prove that downregulation of the BCR pathway is required to kill CLL cells, 

direct physical reduction of BTK and AKT genes by siRNA in primary CLL cells was 

performed to see how cell survival is affected. As shown in Figure 8, siRNAs against BTK 

and AKT alone, or in combination (siA+B) effectively reduced the abundance of the 

intended target, BTK, AKT or both to approximately 30%, in cells cultured alone (Figures 

8a–c) or co-cultured with NKTert (Figures 8d–f). The siRNA depletion was highly specific 

as siAKT had little effect on BTK and vice versa. Non-targeting control (NT) had little 

effect on reducing either molecule.

These siRNAs, along with the non-targeting control, were then transfected into six primary 

cell samples and cell viability was measured 48 h following the transfection. Figures 8g and 

h show that the viability of CLL cells was significantly reduced by the AKT knockdown and 

by the AKT/BTK double knockdown (siA+B) with or without stromal co-culture. However, 

BTK knockdown alone did not significantly affect cell viability under either condition. This 

observation is consistent with our previous finding showing that BTK, as an early 

component of the BCR pathway, is not a major factor in CLL viability but is essential for 

CLL proliferation.28–30 These results support the notion that CLL killing by PU-H71 is 

mediated, at least in part, by HSP90 inhibition-induced down-regulation of AKT.

DISCUSSION

In this study, we aimed at defining the roles of HSP90 and exploring HSP90 inhibition in 

CLL, we demonstrated: (1) HSP90 is overexpressed in CLL that is accompanied by 

overexpression of several key components of the BCR signaling pathway including LYN, 

SYK, BTK and AKT; (2) HSP90 forms a chaperoning complex with the BCR kinases; (3) 

treatment of CLL with PU-H71 depletes the protein expression of the BCR kinases; (4) PU-

H71 induces CLL apoptosis through mitochondrial apoptosis pathway; (5) PU-H71 
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antagonizes stroma-mediated pro-survival signals and causes apoptosis; and (6) knockdown 

of HSP90 and its client, AKT, but not BTK, significantly reduces CLL survival.

Notably, PU-H71 displayed little toxicity to normal resting B cells and PBMC in the 

concentration range from 0.25 to 5 μM. Given that intra-tumor concentrations of 1 μM can 

be achieved in patients, concentrations tested in this study are clinically achievable and 

relevant.16 The low level of toxicity is consistent with the previous report that PU-H71 

preferentially binds to the form of tumor-enriched HSP90, but not to the house-keeping form 

of HSP90.17

Our findings regarding PU-H71 are consistent with the previous reports by other groups 

showing that HSP90 inhibition delivers antitumor activity in CLL using other inhibitors 

including geldanamycin, its derivative 17-DMAG and chemically distinct novel agent NVP-

AUY922.13–15 In particular, Trentin et al.13 found that LYN is overexpressed in CLL with 

high constitutive activity and aberrant cytosolic localization. LYN is tightly bound to HSP90 

and geldanamycin destabilizes LYN and reduces its kinase activity. In this study, we further 

characterized the HSP90 interactome and demonstrates that not only LYN, but also the 

enzymatic substrates of LYN, namely SYK and BTK, are present in the same complex with 

the chaperone.

Complex of HSP90/BCR components was recently identified in the ABC subtype of diffuse 

large B-cell lymphoma (DLBCL) using a comprehensive proteomic approach.20 Chronic 

active BCR signaling was known as a key oncogenic pathway in the ABC-DLBCL.31 

Components of the BCR signaling including LYN, SYK and BTK are identified in the 

tumor-enriched HSP90 interactome and PU-H71 destabilizes their steady-state expression.20 

Interestingly, in the case of CLL, we found that BTK is particularly enriched in the HSP90 

complex relative to LYN and SYK, which is not the case in DLBCL (Figure 2). This may 

help explain the high sensitivity of CLL to the BTK inhibitors. However, this deduction will 

need to be further tested. Besides BTK, we found that AKT was also enriched in the HSP90 

interactome, but AKT is not present in the chaperone complex in DLBCL. The finding is 

consistent with the notion that the functions of the chaperones are cell context dependent.11 

AKT indeed has a critical role of in CLL viability as we further demonstrated by the siRNA 

knockdown experiment (Figure 7).

Unlike ABC-DLBCL, mutations in BCR pathway components are uncommon in CLL. 

However, drugs targeting the BCR pathway, such as ibrutinib and idelalisib, are highly 

successful generating therapeutic response in the majority of patients receiving the therapy. 

Previous studies suggest that extrinsic self-antigens or motifs in BCR molecules on the cell 

surface activate BCR signaling.32 Here, we provide evidence that intrinsically, over-

expression of oncogenic HSP90 may be partially responsible for BCR over-activity by 

stabilizing BCR kinases and facilitating interactions of the kinase–substrate in the same 

multi-protein complex.

Finally, although targeting particular kinases of the BCR pathway is highly effective, 

resistance to ibrutinib has emerged. Along with others, we have shown that mutations in 

BTK and PLCγ2 confer ibrutinib resistance by restoring the BCR pathway 
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activity.28,30,33–35 We further demonstrated that resistant cells remain sensitive to other 

kinase inhibitors such as SYK and PI3K inhibitors.28 Thus, multi-targeting along the BCR 

pathway will likely generate a much stronger and lasting therapeutic effect. In this sense, 

PU-H71, with its ability to hit multiple BCR components, has a great potential to prevent 

and overcome resistance to single target agents.

MATERIALS AND METHODS

Patients and healthy donor samples

Peripheral blood samples from 41 B-CLL patients (Supplementary Table 1) were collected 

for this study. CLL diagnosis was based on the clinical and immunophenotypic criteria 

outlined by IWCLL criteria. Informed patient consents for the study were obtained 

according to the Declaration of Helsinki and these studies were approved by the Institutional 

Review Boards of the University of Chicago and Weill Cornell Medical College. The 

samples were obtained at least 3 months either before receiving treatment or untreated. 

Normal B or T cells were isolated from peripheral blood of healthy donors obtained from the 

New York Blood Center.

Reagents and antibodies

The following antibodies were used for immunoblotting assays: anti-AKT (#9272), anti-

ERK1/2 (#4695), anti-GSK-3B (#9315), anti-MCL-1 (#4572), anti-SYK (#2172) and anti-

LYN (#4576) were purchased from Cell Signaling (Danvers, MA, USA). Anti-XIAP 

(#610762) was purchased from BD Bioscience (San Jose, CA, USA). Anti-HSP90B 

(#837159A) and anti-GAPDH (#TAB1001) were purchased from Thermo Fisher Scientific 

(San Jose, CA, USA). Anti-BCL-2 (#k2206) was purchased from Santa Cruz Biotechno-

logy (Santa Cruz, CA, USA). Annexin V-fluorescein isothiocyanate and 7-

Aminoactinomycin D were obtained from BD Bioscience. The propidium iodide and 

InnoCyte Flow Cytometric Cytochrome c Release kit were purchased from EMD Millipore 

(Kankakee, IL, USA). PU-H71 and PU-H71-conjugated agarose beads were obtained from 

Dr Gabriela Chiosis and were prepared as previously reported.17 Amaxa Solution V 

Nucleofector kit was purchased from Amaxa (Cologne, Germany). Pools of siRNA against 

human BTK, AKT and HSP90 were customarily designed and purchased from Thermo 

Scientific (Waltham, MA, USA).

CLL and normal B cells isolation

CLL peripheral blood samples were processed as previously described.28,29,36 Normal B-

cell and CLL lymphocytes were isolated by negative selection using RosetteSep human B-

cell enrichment cocktail (StemCell Technologies, Vancouver, BC, Canada), following the 

manufacturer’s instructions. After separation, CLL cell purity (CD19+/CD5+) assessed by 

flow cytometry was >95% in all cases. Cell viability was ≥90% determined by Trypan blue 

exclusion.

Cell culture and co-culture conditions

CLL cells were cultured in RPMI-1640 (Gibco, Grand Island, NY, USA) supplemented with 

10% (v/v) fetal bovine serum at 37 °C with 5% CO2 (Gibco). Stromal cell lines NKTert was 
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cultured with RPMI-1640, and HS-5 with Dulbecco’s modified Eagle’s medium, 

supplemented with 20% fetal bovine serum, 50 U/ml penicillin, 50 μg/ml streptomycin and 2 

μM glutamine (Gibco).

For co-culture experiments, stromal cells HS-5 or NKTert were seeded into 24-well plates (2 

× 104 cells/ml per well) 1 day before the experiment.28–30 After confirming the confluence 

of stromal cell layer by phase contrast microscopy, CLL cells were added into the well at the 

ratio of 100:1 to stromal cells and were cultured for 72 h. For ex vivo cytokine stimulation, 

CLL cells were treated with 100 ng/ml CD40L and 10 ng/ml IL-4 for 72 h. For ex vivo 
antigen stimulation, α-IgM F(ab′)2 and α-IgD F(ab′)2 (10 μg/ml of each) were immobilized 

to tissue culture plates by overnight incubation at room temperature. Cell suspension was 

then added and cultured for 72 h.37

Analysis of cell viability and apoptosis

CLL cells were treated with either vehicle (dimethylsulfoxide) or PU-H71 for 1–7 days at 

various concentrations in complete RPMI-1640 with or without stromal cells co-culture. Cell 

viability was measured by propidium iodide staining and flow cytometry 

analysis.28–30,36,38,39 Apoptosis was analyzed by double staining of 7-Aminoactinomycin D 

and fluorescein isothiocyanate-conjugated Annexin V (BD Biosciences). Flow cytometry 

was conducted using LSR2 flow cytometer (BD Biosciences) and the data were analyzed 

using FlowJo software (Flowjo LLC, Ashland, OR, USA).

Measurement of mitochondrial cytochrome c release

The InnoCyte Flow Cytometric Cytochrome c Release kit was used to quantify 

mitochondria-associated cytochrome c.36 Cells (1 × 106) were permeabilized and stained 

with anti-cytochrome c, according to the manufacturer’s protocol. Ten thousand gated events 

were collected and analyzed by LSR2 flow cytometer and the data were analyzed using 

FlowJo software.

Immunoblot analysis

Immunoblot assays were conducted as described previously.28–30,36,40 Briefly, CLL cells 

were lysed in RIPA buffer with phosphotase and protease inhibitors (Calbiochem, San 

Diego, CA, USA). Concentration of lysate protein was determined by Protein Assay 

Reagent (Bio-Rad, Hercules, CA, USA). In all, 20 μg proteins were separated by sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis gel (Thermo Fisher Scientific) and 

electrotransfered onto polyvinylidene difluoride membranes (EMD Millipore). The 

membrane was probed with specific antibodies and the bands were detected with 

chemiluminescence detection kit (Thermo Fisher Scientific). The results of western blots 

were quantified by NIH ImageJ (NIH, Bethesda, MD, USA) and levels of protein expression 

were normalized to GAPDH (100%).

PU-H71 chemical precipitation and immunoprecipitation

The CLL cell lysates (described above) were incubated with either PU-H71 beads, anti-

HSP90 beads or control beads for 4 h at room temperature.17 Beads were then washed three 

times with cold phosphate-buffered saline. Laemmli buffer was added and was boiled for 12 
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min. After centrifugation, cells were loaded onto 4–12% Bis-Tris gels. Equal amounts of cell 

lysates were loaded as a control. After transfer, polyvinylidene difluoride membranes were 

blocked in tris-buffered saline with tween 20 with 5% milk and incubated with appropriate 

dilutions of primary and secondary antibodies.

siRNA nucleofection

siRNA against human HSP90, BTK or AKT (2 μg) were transfected into CLL cells using 

Amaxa Nucleofector II device (Amaxa, Cologne, Germany) and Solution V (Amaxa). 

Nucleofector program U-15 was applied according to the manufacturer’s 

instructions.28,29,40,41

Statistical analysis

Student’s paired t-test was used for analyzing the statistical significance between two sample 

groups and one-way analysis of variance was used for multi-group comparison. All 

statistical analyses were conducted using Graphpad Prism (GraphPad, La Jolla, CA, USA). 

P-values of <0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HSP90 protein and BCR kinases are overexpressed in CLL compared with normal cell 

counterparts. (a) Western blot analysis of HSP90 and BCR kinases in CLL cells (N =10), 

PBMCs (N =6) and resting B cells (N =6) from healthy donors. GAPDH, loading control. 

(b) Expression levels of HSP90 and BCR kinases were quantified and normalized to 

GAPDH. Bars represent means ±s.e.m. **P<0.01.
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Figure 2. 
BCR kinases are present in the multi-client HSP90 complex. Western blot of HSP90 and 

BCR kinases from cell lysates (lane As), chemical precipitates with PU-H71 beads (lane 

Bs), immunoprecipitates with anti-HSP90 beads (lane Cs) or control beads (lane Ds).
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Figure 3. 
Expression of BCR kinases are maintained by the chaperon function of HSP90. (a) Cells 

were treated with 0.5 μM PU-H71 for the indicated hours. Protein lysates were probed for 

BCR signaling molecules. GAPDH, loading control. (b) Cells were treated with PU-H71 at 

indicated concentrations for 48 h. (c) Cells co-cultured with HS-5 or NKTert were treated 

with PU-H71 at indicated concentrations for 48 h.
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Figure 4. 
PU-H71 significantly reduces the viability of CLL cells but has minimal effects on PBMC or 

resting B cells. (a) Time course of the viability of PU-H71-treated CLL cells (N =44). 

Percentage of PI-positive cells were analyzed by flow cytometry. (b) Dose dependence of 

the viability of PU-H71-treated CLL cells (N =10). Cells were treated for 72 h. (c) Effect of 

PU-H71 on PBMCs (N =8). Cells were treated with the drug at indicated concentrations for 

72 h. (d) Effect of PU-H71 on resting B cells (N =8). Cells were treated with the drug at 

indicated concentrations for 72 h. Bars represent means ± s.e.m. *P<0.05; **P<0.01.
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Figure 5. 
PU-H71 reduces CLL survival through the induction of mitochondrial apoptosis. (a) CLL 

cells were treated with PU-H71 (0–1 μM) for 48 h or 0.5 μM for 24–96 h. Apoptosis was 

measured by Annexin V/7-Aminoactinomycin D double staining. One of six cases was 

shown. (b) Cytochrome C release in PU-H71-treated CLL cells. Three of six cases are 

shown. Time and concentrations are indicated. (c) Western blot analysis of anti-apoptotic 

proteins in cells treated with PU-H71 at indicated concentrations for 48 h (N =6). (d) 

Western blot analysis of anti-apoptotic proteins in cells treated with 0.5 mM of PU-H71 for 

24 or 48 h.
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Figure 6. 
PU-H71 antagonizes the survival signals from CLL microenvironment. (a) CLL cells with or 

without NKTert co-culture were treated with or without 0.5 μM of PU-H71. (b) CLL cells 

with or without IL-4+CD40L were treated with or without 0.5 μM of PU-H71.
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Figure 7. 
HSP90 knockdown impairs CLL tumor cell viability. (a) Efficiency of HSP90 knockdown 

was assessed by western blot (N =4). Mock, mock transfection; NT, cells were transfected 

with a pool of non-targeting siRNA. siHSP, cells were transfected with a pool of siRNA 

against HSP90. GAPDH, western loading control. (b) Effects of siRNA on CLL cell 

viability (N =6). ***P<0.001.
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Figure 8. 
HSP90 client protein AKT, but not BTK, is essential for CLL viability. (a) CLL cells were 

transfected with siRNA against AKT, BTK, both or non-targeting siRNA (NT). Efficiency of 

siRNA knockdown was assessed by western blot. One of six representative case is shown. 

GAPDH, western loading control. (b, c) The abundance of the intended target, BTK, AKT 

or both was quantified by NIH ImageJ. (d) Efficiency of siRNA knockdown in the presence 

of NKTert co-culture. (e, f) Quantification of western blot shown in (d). (g, h) Effects of 

siRNA on CLL cell viability. (d) Effects of siRNA on CLL cell viability in the presence of 

NKTert co-culture *P<0.05; **P < 0.01; ****P < 0.0001; ns, not significant.
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