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Abstract

Most cancers are characterized by multiple molecular alterations, but identification of the key

proteins involved in these signaling pathways is currently beyond reach. We show that the

inhibitor PU-H71 preferentially targets tumor-enriched Hsp90 complexes and affinity captures

Hsp90-dependent oncogenic client proteins. We have used PU-H71 affinity capture to design a

proteomic approach that, when combined with bioinformatic pathway analysis, identifies
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dysregulated signaling networks and key oncoproteins in chronic myeloid leukemia. The

identified interactome overlaps with the well-characterized altered proteome in this cancer,

indicating that this method can provide global insights into the biology of individual tumors,

including primary patient specimens. In addition, we show that this approach can be used to

identify previously uncharacterized oncoproteins and mechanisms, potentially leading to new

targeted therapies. We further show that the abundance of the PU-H71-enriched Hsp90 species,

which is not dictated by Hsp90 expression alone, is predictive of the cell’s sensitivity to Hsp90

inhibition.

Most cancers arise from multiple molecular lesions, and functional redundancy of affected

pathways limits the utility of specific molecularly targeted drugs. A better understanding of

the molecular aberrations that maintain the malignant phenotype of cancer cells would

enable more efficient targeting of tumor-promoting molecules and aid the development of

more effective and less toxic anticancer treatments.

Application of genomics technologies, including large-scale genome sequencing, has led to

the identification of many gene mutations in various cancers, emphasizing the complexity of

this disease1,2. However, such genetic analyses intrinsically lack the ability to elucidate the

functional complexity of signaling networks that are aberrantly activated as a consequence

of the identified genetic defect(s). Thus, the development of complementary proteomic

methodologies to identify molecular lesions intrinsic to tumors in a patient- and disease

stage–specific manner must follow.

Most proteomic strategies are limited to measuring protein expression in a particular tumor

but are unable to provide information on the functional importance of such findings3. Some

functional information can be obtained using antibodies directed at specific proteins or post-

translational modifications, and by activity-based protein profiling using small molecules

targeting the active site of certain enzymes4–7. Although such methods allow one to query a

specific pathway or post-translational modification, they are not well suited to capture more

global information regarding the malignant state3.

To maintain homeostasis, cells use intricate molecular machineries comprising thousands of

proteins that are programmed to execute well-defined functions. Dysregulation of these

pathways, through protein misexpression or mutation, provides biological advantages that

confer the malignant phenotype. At the molecular level, this requires cells to invest energy

in maintaining the stability and function of these proteins, and for this reason cancer cells

co-opt molecular chaperones, including Hsp90 (refs. 8,9).

Hsp90 has important roles in maintaining the transformed phenotype8,9. Hsp90 and its

associated cochaperones assist in the correct folding of cellular proteins, collectively

referred to as ‘client proteins’, many of which are effectors of signal transduction pathways

controlling cell growth, differentiation, the DNA-damage response and cell survival. Tumor

cell addiction to these proteins (that is, through mutations, aberrant expression, improper

cellular translocation and so on) thus makes them critically reliant on Hsp90 (ref. 9).

Although Hsp90 is expressed in all cells and tissues, tumors preferentially contain Hsp90 in

a higher-order multi-chaperone complex with high affinity for certain Hsp90 inhibitors,

whereas normal tissues harbor a latent, uncomplexed Hsp90 that has low affinity for these

inhibitors10.

Based on these data, we hypothesize that small molecules able to target tumor-enriched

Hsp90 complexes can be used to affinity capture Hsp90-dependent oncogenic client

proteins. When combined with bioinformatic analysis, this should enable the creation of a
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detailed molecular map of transformation-specific lesions that can guide the development of

combination therapies that are optimally effective for a specific patient.

Here we describe an Hsp90 inhibitor-based chemical biology–proteomics–bioinformatics

approach to discover oncogenic proteins and pathways in chronic myeloid leukemia (CML).

We show that the method provides a global overview of the Hsp90 interactome in malignant

cells, and that this interactome represents a substantial fraction of the functional malignant

proteome8,9.

Results

Heterogeneous Hsp90 presentation in cancer cells

To investigate the interaction of small-molecule Hsp90 inhibitors with tumor Hsp90

complexes, we used agarose beads that were covalently attached to either geldanamycin or

PU-H71 (referred to as GM and PU beads, respectively). Both geldanamycin and PU-H71,

which are chemically distinct agents, interact with and inhibit Hsp90 by binding to a

regulatory pocket in its N-terminal domain11. For comparison, we generated agarose beads

coupled to an anti-Hsp90 antibody (H9010).

First, we evaluated the binding of these agents to Hsp90 in lysates from breast cancer cells

and CML cells. Four consecutive immunoprecipitation steps with H9010, but not with a

nonspecific IgG, quantitatively depleted Hsp90 from these extracts (Fig. 1a). In contrast,

sequential pull-downs with PU or GM beads removed only a limited fraction of total cellular

Hsp90 (Fig. 1b and Supplementary Results, Supplementary Fig. 1a,b). Specifically, in

MDA-MB-468 breast cancer cells, the combined PU bead fractions represented ~20–30% of

the total Hsp90 pool, and further addition of fresh PU bead aliquots failed to precipitate the

Hsp90 remaining in the lysate (Fig. 1b, PU beads). This PU-H71-depleted, remaining Hsp90

fraction, although inaccessible to the small molecule, maintained affinity for H9010 (Fig.

1b, H9010). From this we conclude that a substantial fraction of Hsp90 in the MDA-

MB-468 cell extracts was still in a native conformation but not reactive with PU-H71.

To exclude the possibility that changes in Hsp90’s configuration in cell lysates make it

unavailable for binding to immobilized PU-H71 but not to the antibody, we analyzed

binding of radiolabeled 131I-PU-H71 to Hsp90 in intact cancer cells (Fig. 1c). Binding

of 131I-PU-H71 to Hsp90 in several cancer cell lines saturated at a well-defined, although

distinct, number of sites per cell (Fig. 1c).

We quantified the fraction of cellular Hsp90 bound by PU-H71 in MDA-MB-468 cells.

First, we determined that Hsp90 represented 2.66–3.33% of the total protein in these cells, a

value in close agreement with the reported abundance of Hsp90 in other tumor cells9.

Approximately 41.65 × 106 MDA-MB-468 cells were lysed to yield 3,875 µg of protein, of

which between 103.07 µg and 129.04 µg was Hsp90. One cell, therefore, contained (2.47–

3.09) × 10−6 µg, (2.74–3.43) × 10−11 µmols or (1.64–2.06) × 107 molecules of Hsp90. In

MDA-MB-468 cells, 131I-PU-H71 bound to, at most, 5.5 × 106 of the available cellular

binding sites (Fig. 1c), which amounts to 26.6–33.5% of the total Hsp90 (calculated as 5.5 ×

106/(1.64–2.06) × 107*100). This value is markedly similar to that obtained with PU bead

pull-downs in cell extracts (Fig. 1b), confirming that PU-H71 binds to a fraction of Hsp90 in

MDA-MB-468 cells that represents approximately 30% of the total Hsp90 pool, and

validating the use of PU beads to efficiently isolate this pool. In K562 and other established

t(9;22)+ CML cell lines, PU-H71 bound 10.3–23% of the total cellular Hsp90 (Fig. 1c and

Supplementary Fig. 1b,c).
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Next, we extended our studies to several primary leukemia cells and to normal blood cells.

Among these were primary chronic- and blast-phase CML and acute myeloid leukemia

(AML) samples that contained both blasts (malignant cell population) and lymphocytes

(normal cell population), CD34+ cells isolated from the cord blood of healthy donors, total

mononuclear cells from peripheral blood and also peripheral blood leukocytes (PBLs) (Fig.

1c–e and Supplementary Figs. 1d and 2a–h). We used a fluorescein-labeled PU-H71 (PU-

FITC) and flow cytometric analysis to determine PU-H71 binding to distinct cell

populations.

PU-H71 efficiently bound to Hsp90 in K562 cells and in CML and AML blasts with a half-

maximal inhibitory concentration (IC50) of 116 nM, 201 nM and 425 nM, respectively (Fig.

1d). In contrast, its affinity for Hsp90 in normal blood cells was weaker, with IC50 values

higher than 2,000 nM (Fig. 1d and Supplementary Fig. 1d). Hsp90 is highly expressed in

these normal blood cells, as indicated by substantial binding of the Hsp90 antibody

(Supplementary Fig. 1d).

Cells with the highest avidity for PU-H71 were also the most sensitive to killing by this

agent (Fig. 1e and Supplementary Figs. 1e and 2). When evaluated in a panel of CML and

AML cell lines and primary samples, we noted a good correlation between PU-H71 binding

to Hsp90 and its cell-killing potential (Supplementary Figs. 1e and 2).

Collectively, these data confirm that certain Hsp90 inhibitors bind preferentially to a subset

of Hsp90 species that is more abundant in cancer cells than in normal cells (Supplementary

Fig. 3a). Abundance of this species is not dictated solely by the amount of Hsp90 expression

and is predictive of cellular sensitivity to Hsp90 inhibition.

PU-H71 selects for oncoprotein–Hsp90 complex species

Next we performed immunoprecipitations and chemical precipitations with beads coated

with H9010-specific antibody and those carrying PU, and analyzed the associated client

cargo in each case. We first investigated K562 CML cells because this cell line coexpresses

the aberrant Bcr-Abl protein, a constitutively active kinase, and its normal counterpart c-

Abl. These two Abl species are clearly separable by molecular weight and are therefore

easily distinguishable by western blot (Fig. 2a, lysate). We observed that H9010, but not a

nonspecific IgG, isolated Hsp90 complexed with both Bcr-Abl and Abl (Fig. 2a and

Supplementary Fig. 3b,c, H9010). Comparison of immunoprecipitated Bcr-Abl and Abl

(Fig. 2a,b, H9010) with the fraction of each protein remaining in the supernatant (Fig. 2b,

remaining supernatant), indicated that H9010 did not preferentially enrich for Hsp90 bound

to either mutant or wild-type Abl in K562 cells.

In contrast, PU-H71-bound Hsp90 preferentially isolated Bcr-Abl protein (Fig. 2a,b, PU

beads). Following depletion of the Hsp90–Bcr-Abl species by PU beads (Fig. 2b,c, PU

beads), H9010 precipitated the remaining Hsp90–Abl species (Fig. 2b,c, H9010). PU beads

retained selectivity for Hsp90–Bcr-Abl at substantially saturating conditions (that is, excess

of lysate and beads; Supplementary Fig. 4a). As further confirmation of the biochemical

selectivity of PU-H71 for the Bcr-Abl–Hsp90 complex, Bcr-Abl was more susceptible to

degradation by PU-H71 than was Abl (Fig. 2d). We confirmed the selectivity of PU-H71 for

the aberrant Abl in other established t(9;22)+ CML cell lines (Supplementary Fig. 4b) and in

primary CML samples (Supplementary Fig. 4c).

PU-H71 selects for Hsp90 bound to cochaperones

To further differentiate between the PU-H71-isolated and antibody-isolated Hsp90 fractions,

we evaluated the cochaperone constituency of both species8. The fraction of Hsp90 bound to

Bcr-Abl also associated with several cochaperones, including Hsp70, Hsp40, HOP and HIP
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(Fig. 2c, PU beads), as well as additional cochaperones (Supplementary Data Set 1a–d).

These findings strongly suggest that PU-H71 recognizes cochaperone-associated Hsp90.

After depletion by PU beads, the Hsp90 pool detected by H9010, shown to include Hsp90–

Abl complexes, did not contain cochaperones (Fig. 2c, H9010), although their abundant

expression was detected in the lysate (Fig. 2c, remaining supernatant). Cochaperones were

isolated by H9010 in total cell extract (Supplementary Fig. 3b,c).

These findings suggest the existence of distinct pools of Hsp90 that are preferentially bound

to either Bcr-Abl or Abl in CML cells (Fig. 2e). H9010 recognizes both pools, whereas PU-

H71 selects for the Bcr-Abl–Hsp90 species. Our data also suggest that Hsp90 may use and

require more acutely the classical cochaperones Hsp70, Hsp40 and HOP when it modulates

the activity of aberrant (that is, Bcr-Abl) but not normal (that is, Abl) proteins

(Supplementary Fig. 3a). In accord with this hypothesis, we find that Bcr-Abl is more

sensitive than Abl to knockdown of Hsp70 in K562 cells (Fig. 2f and Supplementary Fig.

3d).

Not all Hsp90 inhibitors trap Hsp90–oncoprotein complexes

We next evaluated whether other inhibitors that interact with the N-terminal ATP pocket of

Hsp90, including the synthetic inhibitors SNX-2112 and NVP-AUY922 and the natural

product geldanamycin11, could selectively isolate similar Hsp90 species (Fig. 2g). SNX

beads showed selectivity for Bcr-Abl–Hsp90, whereas NVP beads behaved similarly to

H9010 and did not discriminate between Bcr-Abl–Hsp90 and Abl–Hsp90 species (see SNX

versus NVP beads, respectively; Fig. 2g). Although GM beads also recognized a

subpopulation of Hsp90 in cell lysates (Supplementary Fig. 1a), they were much less

efficient than were PU beads in co-precipitating Bcr-Abl (Fig. 2g, GM beads). The

ineffectiveness of GM in trapping Hsp90–client protein complexes was previously

reported12.

PU-H71 identifies additional Hsp90 oncoclient proteins

To determine whether selectivity towards oncoprotein–Hsp90 complexes was a general

property of PU-H71, we tested several additional well-defined Hsp90 client proteins in other

tumor cell lines13,14 (Supplementary Fig. 4d–f). In agreement with our results in K562 cells,

H9010 precipitated Hsp90 bound to both mutant B-Raf expressed in SKMel28 melanoma

cells and to wild-type B-Raf expressed in CCD18Co normal colon fibroblasts

(Supplementary Fig. 4e). PU and GM beads, however, selectively recognized Hsp90 bound

to mutant B-Raf, showing little recognition of Hsp90 bound to wild-type B-Raf

(Supplementary Fig. 4e). Still, GM beads were measurably less efficient than PU beads in

co-precipitating the mutant client protein. We obtained similar results for other Hsp90

clients12 (Supplementary Fig. 4d–f).

PU beads identify the aberrant signalosome in CML

The data presented above suggest that PU-H71, which specifically interacts with Hsp90 (ref.

15; Supplementary Fig. 5), preferentially selects for oncoprotein–Hsp90 species and traps

Hsp90 in a client-binding conformation (Fig. 2). Therefore, we examined whether PU beads

could be used as a tool to investigate the cellular complement of oncogenic Hsp90 client

proteins. Because the aberrant Hsp90 clientele is hypothesized to comprise proteins most

crucial for the maintenance of the tumor phenotype8,9,16, this approach could potentially

identify critical signaling pathways in a tumor-specific manner. To test this hypothesis, we

performed an unbiased analysis of the protein cargo isolated by PU beads in K562 cells, in

which at least some of the key functional lesions are known17,18.
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We subjected the protein cargo isolated from cell lysate using PU beads or control beads to

proteomic analysis by nano–liquid chromatography coupled to tandem mass spectrometry

(nano-LC-MS/MS). We carried out initial protein identification using the Mascot search

engine, and further evaluated our results using Scaffold Proteome Software (Supplementary

Data Set 1a–f). Among the PU bead–interacting proteins was Bcr-Abl (see Bcr and Abl1,

Supplementary Data Set 1a), confirming our previous data (Fig. 2).

We then used Ingenuity Pathway Analysis (IPA) to build biological networks from the

identified proteins (Fig. 3a, Supplementary Fig. 6a–g and Supplementary Data Set 1e,f). IPA

assigned PU-H71-isolated proteins to 13 networks associated with cell death, cell cycle, cell

growth and proliferation. These networks overlap well with known canonical CML

signaling pathways (Supplementary Fig. 6a).

In addition to signaling proteins, we identified proteins that regulate carbohydrate and lipid

metabolism, protein synthesis, gene expression, and cellular assembly and organization.

These findings are in accord with the postulated broad roles of Hsp90 in maintaining cellular

homeostasis and in being an important mediator of cell transformation8,9,16,19.

Following identification by MS, we further validated a number of key proteins by chemical

precipitation and western blotting, in both K562 cells and in primary CML blasts (Fig. 3b,c

and Supplementary Fig. 4b,c). We also queried the effect of PU-H71 on the steady-state

concentrations of these proteins to further support their Hsp90-regulated expression and

stability8 (Fig. 3b).

The top-scoring networks enriched on the PU beads were those used by Bcr-Abl to

propagate aberrant signaling in CML: the PI3K-AKT-mTOR-, Raf-MAPK- and NFκB-

mediated signaling pathways (network 1, 22 focus molecules, score = 38, and network 2, 22

focus molecules, score = 36; Supplementary Data Set 1f). We created connectivity maps for

these networks to investigate the relationship between component proteins (Supplementary

Fig. 6b,c). These maps were simplified for clarity, retaining only major pathway

components and relationships (Fig. 3a).

The PI3K-AKT-mTOR pathway—Activation of the PI3K-AKT-mTOR pathway has

emerged as an essential signaling mechanism in Bcr-Abl leukemogenesis17. Of particular

interest in this pathway is the mammalian target of rapamycin (mTOR), which is

constitutively activated in Bcr-Abl-transformed cells. A recent study reported that both

mTORC1 and mTORC2 are activated in Bcr-Abl cells20. We identified both mTOR and key

activators of mTOR, such as RICTOR, RAPTOR, Sin1 (MAPKAP1) and the class 3 PI3Ks

PIK3C3 (hVps34) and PIK3R4 (VPS15)21, in the PU-H71–Hsp90 pull-downs (Fig. 3b,c,

Supplementary Figs. 4c and 6b, and Supplementary Data Set 1a,d).

The NF-κB pathway—Activation of nuclear factor-κB (NF-κB) is required for Bcr-Abl

transformation of primary bone marrow cells and for Bcr-Abl-transformed hematopoietic

cells to form tumors in nude mice22. PU-H71-isolated proteins enriched in this pathway

include NF-κB as well as NF-κB activators, including IKBKAP, TANK-binding kinase 1

(TBK-1) and TAK1-binding protein 1 (TAB1)23 (Supplementary Data Set 1a,d). Recently,

Bcr-Abl-induced activation of the NF-κB cascade in myeloid leukemia cells was shown to

be largely mediated by tyrosine-phosphorylated PKD2 (or PRKD2)24 which we identify

here to be a PU-H71–Hsp90 interactor (Fig. 3b,c, Supplementary Figs. 4c and 6c, and

Supplementary Data Set 1a,d).

The Raf–MAPK pathway—Key effectors of the MAPK pathway, also activated in

CML17,22, including Raf-1, A-Raf, ERK, p90RSK, Vav and several MAPKs, are included in
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the PU-H71–Hsp90-bound pool (Fig. 3b,c, Supplementary Figs. 4c and 6b, and

Supplementary Data Set 1a,d). IPA connects the MAPK pathway to key elements of many

signal transduction pathways including the PI3K-AKT-mTOR, STAT and focal adhesion

pathways (Fig. 3a and Supplementary Fig. 6b–e).

The STAT pathway—The STAT pathway is also activated in CML and confers cytokine

independence and protection against apoptosis22, and was enriched by PU-H71 chemical

precipitation (network 8, 20 focus molecules, score = 14; Supplementary Fig. 6d and

Supplementary Data Set 1f). Both STAT5 and STAT3 were associated with PU-H71–Hsp90

complexes (Fig. 3b,c and Supplementary Data Set 1a,d). In CML, STAT5 activation by

phosphorylation is driven by Bcr-Abl17. Bruton agammaglobulinemia tyrosine kinase

(BTK), constitutively phosphorylated and activated by Bcr-Abl in pre–B lymphoblastic

leukemia cells25, can also signal through STAT5 (ref. 26). BTK is another Hsp90-regulated

protein that we identified in CML (Fig. 3b,c, Supplementary Fig. 4c and Supplementary

Data Set 1a,d). In addition to phosphorylation, STATs can be activated in myeloid cells by

calpain (CAPN1)-mediated proteolytic cleavage, leading to truncated STAT species27.

CAPN1 is also found in PU-H71-bound Hsp90 pull-downs, as is activated Ca2+–

calmodulin-dependent protein kinase IIγ (CaMKIIγ) activated in CML by Bcr-Abl28

(Supplementary Data Set 1a,d).

The focal adhesion pathway—The focal adhesion pathway was well represented in PU-

H71 pull-downs (network 12, 16 focus molecules, score = 13; Supplementary Fig. 6e and

Supplementary Data Set 1f). The focal adhesion–associated proteins paxillin, FAK, vinculin,

talin and tensin are constitutively phosphorylated in Bcr-Abl-transfected cell lines29,30, and

these too were isolated in PU-H71–Hsp90 complexes (Fig. 3a).

Other pathways—Other important transforming pathways in CML, driven by MYC31

(network 7, 15 focus molecules, score = 22) and TGF-β32 (network 10, 13 focus molecules,

score = 18) were identified here as well (Supplementary Fig. 6a,f,g and Supplementary Data

Set 1f). Among the identified networks were also those important for disease progression

and aberrant cell cycle and proliferation of CML (networks 3–6, 9, 11 and 13;

Supplementary Fig. 6a and Supplementary Data Set 1f).

In summary, PU-H71 pull-down enriched for a broad cross-section of proteins that

participate in signaling pathways vital to the malignant phenotype of CML. Interaction of

PU-H71-bound Hsp90 with the aberrant CML signalosome was retained in primary CML

samples (Fig. 3c and Supplementary Fig. 4c).

PU-H71 cargo contributes to the malignant phenotype

To demonstrate that the networks identified by PU beads are important for transformation in

K562, we next showed that inhibitors of key nodal proteins from individual networks (Fig.

3a, yellow boxes—Bcr-Abl, NFκB, mTOR, MEK and CAMKII) diminish the growth and

proliferation potential of K562 cells (Table 1 and Supplementary Fig. 7a).

Next we showed that PU beads identified a set of Hsp90 interactors with no known role in

CML, but which also contribute to the transformed phenotype. The histone-arginine

methyltransferase CARM1, a transcriptional coactivator of many genes33, was validated in

the PU bead pull-downs from CML cell lines and primary CML cells (Fig. 3b,c and

Supplementary Fig. 4b,c). This is the first reported link between Hsp90 and CARM1,

although other arginine methyltransferases, such as PRMT5, have been shown to be Hsp90

clients in ovarian cancer cells34. Although elevated amounts of CARM1 are implicated in

the development of prostate and breast cancers, little is known about the importance of
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CARM1 in CML leukomogenesis33. CARM1 was essentially entirely captured by the Hsp90

species recognized by PU beads (Fig. 4a), and it was also sensitive to degradation by PU-

H71 (Fig. 3b). Therefore, CARM1 may be a previously unreported Hsp90 oncoprotein in

CML. Indeed, knockdown experiments with CARM1 but not control short hairpin RNAs

(shRNAs), showed reduced viability and enhanced apoptosis in K562 (Fig. 4b).

To demonstrate that the presence of proteins in PU-H71 pull-downs is due to their

participation in aberrantly activated signaling and not merely their abundant expression, we

compared PU bead pull-downs from K562 and Mia-PaCa-2, a pancreatic cancer cell line

(Supplementary Data Set 1a). Although both cell lines express large amounts of STAT5

protein (Fig. 4c), we noted activation of the STAT5 pathway, as demonstrated by STAT5

phosphorylation (Fig. 4c) and DNA binding35, in only the K562 cells. In accordance, this

protein was identified only in the K562 PU bead pull-downs (Supplementary Data Set 1a

and Supplementary Fig. 7b). In contrast, we identified activated STAT3 in PU-H71–Hsp90

complexes from both K562 (Fig. 3b) and Mia-PaCa-2 cell extracts (Fig. 4d).

We identified the mTOR pathway using PU beads in both K562 and Mia-PaCa-2 cells

(Supplementary Fig. 7b) and, indeed, its pharmacological inhibition by PP242, a selective

inhibitor that targets the ATP domain of mTOR36, was toxic to both cells. In contrast, the

Abl inhibitor Gleevec37 was toxic to only K562 cells (Table 1 and Supplementary Fig. 7a,c).

Both cell lines express Abl but only K562 has the oncogenic Bcr-Abl (Fig. 4c), and PU

beads identified Abl, as Bcr-Abl, in K562 but not in Mia-PaCa-2 cells (Supplementary Fig.

7b).

PU-H71 identifies a new STAT activation mechanism

PU bead pull-downs contain several proteins, including Bcr-Abl17, CAMKIIγ28, FAK29,

vav-1 (ref. 38) and PRKD2 (ref. 24), that are constitutively activated in CML. These are

classical Hsp90-regulated clients that depend on Hsp90 for their stability because their

steady-state concentrations decrease upon Hsp90 inhibition8,9 (Fig. 3b). Constitutive

activation of STAT3 and STAT5 is also reported in CML17,22. These proteins, however, do

not fit the criteria of classical Hsp90 client proteins, because STAT5 and STAT3

concentrations remain essentially unchanged upon Hsp90 inhibition (Fig. 3b). The PU-H71

pull-downs also contained proteins that may constitute active signaling megacomplexes,

such as mTOR, VPS32, VPS15 and RAPTOR20. Furthermore, PU-H71–Hsp90 complexes

contained adapter proteins such as GRB2, DOCK, CRKL and EPS15, which link Bcr-Abl to

key effectors of multiple aberrantly activated signaling pathways in K562 (refs. 6,17; Fig.

3a). Their expression also remained unchanged upon Hsp90 inhibition (Fig. 3b). We

therefore wondered whether the contribution of Hsp90 to certain oncogenic pathways

extends beyond its classical folding and stabilizing activity. Specifically, we hypothesized

that Hsp90 might also act as a scaffolding molecule to maintain signaling complexes in an

active configuration, as has been previously postulated16,39.

Hsp90 binds to and influences the conformation of STAT5

To investigate this hypothesis further we focused on STAT5, which is constitutively

phosphorylated in CML40. The overall concentration of p-STAT5 is determined by the

balance of phosphorylation and dephosphorylation events. The high concentrations of p-

STAT5 in K562 cells may reflect either an increase in upstream kinase activity or a decrease

in protein tyrosine phosphatase (PTPase) activity. A direct interaction between Hsp90 and p-

STAT5 could also modulate the amount of p-STAT5 in cells.

To dissect the relative contributions of these potential mechanisms, we first investigated the

effect of PU-H71 on the main kinases and PTPases that regulate STAT5 phosphorylation in
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K562 cells. Bcr-Abl directly activates STAT5 without the need for JAK phosphorylation40.

Concordantly, STAT5 phosphorylation rapidly decreased in the presence of the Bcr-Abl

inhibitor Gleevec (Fig. 5a, Gleevec). While Hsp90 regulates Bcr-Abl stability, the reduction

in steady-state Bcr-Abl concentrations following Hsp90 inhibition requires more than 3 h41.

Indeed, we observed no change in Bcr-Abl expression (Fig. 5a, PU-H71, Bcr-Abl) or

function, as evidenced by no decrease in CRKL phosphorylation (Fig. 5a, PU-H71, p-CRKL

and CRKL), with PU-H71 in the time interval during which p-STAT5 concentrations were

reduced (Fig. 5a, PU-H71, p-STAT5). Also, we saw no change in the activity and expression

of HCK, a kinase activator of STAT5 in 32Dcl3 cells transfected with Bcr-Abl42 (Fig. 5a,

HCK and p-HCK). We also excluded the possibility of a change in PTPase activity, because

the expression and activity of SHP2, the major cytosolic STAT5 phosphatase43, was not

altered in this time interval (Fig. 5a, SHP2 and p-SHP2), nor were the concentrations of

SOCS1 and SOCS3, which form a negative-feedback loop that switches off STAT

signaling37 (Fig. 5a, SOCS1 and SOCS3). Thus, no effect on STAT5 phosphorylation in the

0–90-min interval can be attributed to a change in kinase or phosphatase activity upon

Hsp90 inhibition.

Because most p-STAT5, but not STAT5, is bound to Hsp90 in CML cells (Fig. 5b), we

hypothesized that the cellular concentrations of activated STAT5 are fine-tuned by direct

binding to Hsp90. The activation and inactivation cycle of STATs entails their transition

between different dimer conformations44. We found that STAT5 is more susceptible to

trypsin cleavage when bound to Hsp90 (Fig. 5c), indicating that binding of Hsp90 directly

modulates the conformational state of STAT5, potentially keeping it in a conformation

unfavorable for dephosphorylation and/or favorable for phosphorylation. To investigate this

possibility, we used a pulse-chase strategy in which orthovanadate (Na3VO4), a nonspecific

PTPase inhibitor, was added to cells to block dephosphorylation of STAT5. We then

determined the residual concentration of p-STAT5 at several later time points (Fig. 5d and

Supplementary Fig. 7d). In the absence of PU-H71, p-STAT5 accumulated rapidly, whereas

in its presence, cellular p-STAT5 concentrations were diminished. The kinetics of this

process (Fig. 5d) were similar to the rate of p-STAT5 steady-state reduction (Fig. 5a, PU-

H71).

Hsp90 supports STAT5-mediated transcription

The biological activity of STAT5 also requires its nuclear translocation and direct binding to

its various target genes40,44. We wondered whether Hsp90 might also facilitate the

transcriptional activation of STAT5-regulated genes, and thus participate in promoter-

associated STAT5 transcription complexes. We found that STAT5 is constitutively active in

K562 cells and binds to a STAT5-binding consensus sequence. STAT5 activation and DNA

binding were partially abrogated, in a dose-dependent manner, upon Hsp90 inhibition with

PU-H71 (Fig. 5e). Furthermore, quantitative chromatin immunoprecipitation (ChIP) assays

in K562 cells revealed the presence of both Hsp90 and STAT5 at the critical STAT5 targets

MYC and CCND2 (Fig. 5f). Neither protein was present at intergenic control regions (data

not shown). Accordingly, PU-H71 (1 µM) decreased the mRNA abundance of the STAT5

target genes CCND2, MYC, CCND1, BCL-XL and MCL1 (ref. 45), but not of the control

genes HPRT and GAPDH (Fig. 5g).

Collectively, these data show that STAT5 activity is positively regulated by Hsp90 in CML

cells (Fig. 5h). Our findings are consistent with a scenario whereby Hsp90 binding to

STAT5 modulates the conformation of the protein to alter STAT5 phosphorylation and

dephosphorylation kinetics. In addition, Hsp90 maintains STAT5 in an active conformation

in STAT5-containing transcriptional complexes. Considering the complexity of the STAT

pathway, other potential mechanisms cannot be excluded. Therefore, in addition to its role in
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promoting protein stability, Hsp90 promotes oncogenesis by maintaining client proteins in

an active configuration.

Discussion

We present herein a rapid and simple chemical-proteomics method for surveying tumor

oncoproteins (Supplementary Fig. 8). The method takes advantage of PU-H71’s ability to (i)

preferentially bind to a pool of Hsp90 associated with oncogenic client proteins, and (ii) trap

Hsp90 in an oncoclient-bound configuration. We propose that this approach provides a

powerful tool to dissect, tumor-by-tumor, molecular lesions that are characteristic of distinct

cancers. Because of the initial chemical-precipitation step, which purifies and enriches the

aberrant protein population as part of PU bead–bound Hsp90 complexes, the method does

not require expensive SILAC labeling or two-dimensional gel separation of samples.

Instead, protein cargo from PU bead pull-downs is simply eluted in SDS buffer and

submitted to standard SDS-PAGE, and then the separated proteins are extracted and

trypsinized for LC-MS/MS analysis.

Although this method presents a unique approach to identifying the oncoproteins that

maintain the malignant phenotype of tumor cells, one needs to be aware that, similar to other

chemical or antibody-based proteomics techniques, it has potential limitations46. For

example, ‘sticky’ or abundant proteins may bind in a nondiscriminatory way to proteins

isolated by PU beads. Second, although we have presented several lines of evidence that

PU-H71 is specific for Hsp90, one must consider that, at the high concentration of PU-H71

present on the beads, some nonspecific binding to a few non-Hps90 proteins is unavoidable.

Despite these potential limitations, we have used this method to carry out the first global

evaluation of Hsp90-dependent aberrant signaling pathways in CML. The Hsp90

interactome identified by PU-H71 affinity purification overlaps substantially with the well-

characterized CML signalosome, indicating that this method can identify a large part of the

complex web of pathways and proteins that define the molecular basis of this leukemia.

When applied to less well-characterized tumor types, this method may provide unpredicted

targets for combinatorial therapy.

We believe the functional proteomics method described here will assist identification of the

critical proteome subset that is dysregulated in individual tumors, including primary patient

specimens. Thus, tumor-specific Hsp90 client profiling could ultimately yield an approach

for personalized therapeutic targeting of tumors (Supplementary Fig. 8).

Our work also proposes that Hsp90 forms biochemically distinct complexes in cancer cells

(Supplementary Fig. 3a). In this view, a major fraction of cancer cell Hsp90 retains

‘housekeeping’ chaperone functions similar to normal cells, whereas a functionally distinct

Hsp90 pool that is enriched or expanded in cancer cells specifically interacts with the

oncogenic proteins required to maintain tumor cell survival. Perhaps this Hsp90 fraction

represents a cell stress–specific form of chaperone complex that is expanded and

constitutively maintained in the tumor cell context. Our data suggest that it may execute

functions necessary to maintain the malignant phenotype. One such role is to regulate the

folding of mutated (that is, mB-Raf) or chimeric (that is, Bcr-Abl) proteins8,9. We now

present experimental evidence for an additional role; that is, to facilitate scaffolding and

complex formation of molecules involved in aberrantly activated signaling complexes.

What distinguishes the PU-H71-binding fraction of Hsp90 from the non–PU-H71-binding

fraction? This is a complex question that remains under active investigation. Although both

Hsp90α and Hsp90β isoforms are recognized by PU-H71, our data provide evidence for at

least one difference between Bcr-Abl–Hsp90 (PU-H71 preferring) and Abl–Hsp90 (PU-H71
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nonpreferring) chaperone complexes. That is, Bcr-Abl–Hsp90 chaperone complexes contain

a number of cochaperones (suggesting that an active chaperoning process is underway,

further supported by the sensitivity of Bcr-Abl to the silencing of Hsp70), whereas Abl–

Hsp90 complexes lack associated cochaperones (probably representing sequestered but not

actively chaperoned Abl, supported by the insensitivity of Abl to Hsp70 knockdown).

Finally, we have observed a differential impact of Hsp90 phosphorylation on PU-H71 and

geldanamycin binding. These findings, which are being pursued further, suggest that various

Hsp90 inhibitors may be uniquely affected by specific post-translational modifications to the

chaperone. Taken together, these preliminary observations suggest that PU-H71 recognizes

an Hsp90 fraction that is participating in an active chaperone cycle, and that this

characteristic is not necessarily shared by other Hsp90 inhibitors.

Our work uses chemical tools to provide new insights into the heterogeneity of tumor-

associated Hsp90 and harnesses the biochemical features of a particular Hsp90 inhibitor to

identify tumor-specific biological pathways and proteins. We believe the functional

proteomics method described here will allow identification of the critical proteome subset

that becomes dysregulated in distinct tumors. This will allow for the identification of new

cancer mechanisms, as exemplified by the STAT5 mechanism, the identification of new

oncoproteins, as exemplified by CARM1, and the identification of therapeutic targets for the

development of rationally combined targeted therapies complementary to Hsp90.

METHODS

Cell lines and primary cells

The CML cell lines K562, Kasumi-4, MEG-01 and KU182, triple-negative breast cancer cell

line MDA-MB-468, HER2+ breast cancer cell line SKBr3, melanoma cell line SK-Mel-28,

prostate cancer cell lines LNCaP and DU145, pancreatic cancer cell line Mia-PaCa-2 and

colon fibroblast cell line CCCD18Co were obtained from the American Type Culture

Collection. The CML cell line KCL-22 was obtained from the Japanese Collection of

Research Bioresources. The NIH-3T3 fibroblast cells were transfected as described41. Cells

were cultured in DMEM in F12 (MDA-MB-468, SKBr3 and Mia-PaCa-2), RPMI (K562,

SK-Mel-28, LNCaP, DU145 and NIH-3T3) or MEM (CCD18Co) supplemented with 10%

(v/v) fetal bovine serum (FBS), 1× L-glutamine and 1× penicillin and streptomycin (Pen/

Strep). Kasumi-4 cells were maintained in IMDM supplemented with 20% (v/v) FBS, 10 ng

ml−1 granulocyte macrophage colony-stimulating factor (GM-CSF) and 1× Pen/Strep. PBLs

(n = 3) and cord blood (n = 5) were obtained from patient blood purchased from the New

York Blood Center. We layered 35 ml of the cell suspension over 15 ml of Ficoll-Paque plus

(GE Healthcare). Samples were centrifuged at 2,000 r.p.m. for 40 min at 4 °C, and the

leukocyte interface was collected. Cells were plated in RPMI medium with 10% (v/v) FBS

and used as indicated. Primary human chronic and blast crisis CML and AML cells were

obtained with informed consent. The manipulation and analysis of specimens was approved

by the University of Rochester, Weill Cornell Medical College and University of

Pennsylvania Institutional Review Boards. Mononuclear cells were isolated using Ficoll-

Paque (Pharmacia Biotech) density gradient separation. Cells were cryopreserved in freezing

medium consisting of IMDM, 40% (v/v) FBS, and 10% (v/v) DMSO or in CryoStor CS-10

(Biolife). When cultured, cells were kept in a humidified atmosphere of 5% CO2 at 37 °C.

Cell lysis for chemical precipitation and immunoprecipitation

Cells were lysed by collecting them in Felts buffer (20 mM HEPES, 50 mM KCl, 5 mM

MgCl2, 0.01% (w/v) NP-40, freshly prepared 20 mM Na2MoO4 (pH 7.2–7.3)) with added 1

µg µl−1 protease inhibitors (leupeptin and aprotinin), followed by three successive freeze (in
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dry ice) and thaw steps. Total protein concentration was determined using the BCA kit

(Pierce) according to the manufacturer’s instructions.

Immunoprecipitation

The Hsp90 antibody (H9010) or normal IgG (Santa Cruz Biotechnology) was added at a

volume of 10 µl to the indicated amount of cell lysate, together with 40 µl of protein G

agarose beads (Upstate), and the mixture incubated at 4 °C overnight. The beads were

washed five times with Felts lysis buffer and separated by SDS-PAGE, followed by a

standard western blotting procedure.

Chemical precipitation

Hsp90 inhibitors beads or control beads, containing an Hsp90 inactive chemical (2-

methoxyethylamine) conjugated to agarose beads, were washed three times in lysis buffer.

Unless otherwise indicated, the bead conjugates (80 µl) were then incubated at 4 °C with the

indicated amounts of cell lysate (120–500 µg), and the volume was adjusted to 200 µl with

lysis buffer. Following incubation, bead conjugates were washed five times with the lysis

buffer and proteins in the pull-down were analyzed by western blotting. For depletion

studies, two to four successive chemical precipitations were performed, followed by

immunoprecipitation steps, where indicated.

Statistical analysis

Unless otherwise indicated, data were analyzed by unpaired two-tailed t-tests as

implemented in GraphPad Prism (version 4; GraphPad Software). A P-value of less than

0.05 was considered significant. Unless otherwise noted, data are presented as the mean ±

s.d or mean ± s.e.m. of duplicate or triplicate replicates. Error bars represent the s.d or s.e.m.

of the mean. If a single panel is presented, data are representative of two or three individual

experiments.

Additional methods

Detailed methodology is described in the Supplementary Methods section on line.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PU-H71 interacts with a restricted fraction of Hsp90 that is more abundant in cancer
cells

(a) Sequential immunopurification steps, as indicated by the arrow, with H9010 (a Hsp90-

specific antibody) deplete Hsp90 in the MDA-MB-468 cell extract. Lysate, control cell

extract. (b) Hsp90 from MDA-MB-468 extracts was isolated through sequential chemical-

purification and immunopurification steps. (c) Saturation studies were performed with 131I-

PU-H71 in the indicated cells (below). Expression of Hsp90 in the indicated cells was

analyzed by western blotting (above). Representative data of four separate repeats are

presented. (d) Binding of PU-FITC, presented as mean fluorescence intensity (MFI), to

primary AML and CML, CD34+ cord blood cells (CB), or K562 cells pretreated with the

indicated doses of PU-H71 for 24 h. TEG-FITC is a nonspecific binding control. (e) Percent

viability relative to untreated control for the indicated cells after treatment for 96 h with the

indicated doses of PU-H71. Data are presented as means ± s.e.m. (n = 3).
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Figure 2. PU-H71 is selective for and isolates Hsp90 in complex with oncoproteins and
cochaperones

(a) Representative western blot of Hsp90 complexes in K562 extracts isolated by

precipitation with H9010, a nonspecific IgG, PU beads or control beads containing 2-

methoxyethylamine, an Hsp90-inert molecule. (b,c) Single or sequential

immunoprecipitations and chemical precipitations, as indicated by arrows, conducted in

K562 extracts with H9010 and PU beads. NS, nonspecific. (d) Representative western blot

of K562 cells treated for 24 h with vehicle (−) or PU-H71 (+). (e) Proposed Hsp90 species

in K562 cells, in complex with both aberrant, Bcr-Abl, and normal, c-Abl, proteins. PU-

H71, but not H9010, selects for the Hsp90 population that is Bcr-Abl oncoprotein bound. (f)
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Expression of proteins in Hsp70–knocked down K562 cells. Changes in protein

concentrations are presented in relative luminescence units (RLU). Control, scrambled small

interfering RNA (siRNA). Data are presented as means ± s.e.m. (n = 3). ns, nonsignificant.

(g) Representative western blot of sequential chemical precipitations, as indicated by arrows,

conducted in K562 extracts with GM, SNX and NVP beads.
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Figure 3. PU-H71 identifies the aberrant signalosome in CML cells

(a) Pathway diagram highlighting the PU bead–identified CML signalosome with focus on

networks 1 (Raf-MAPK and PI3K-AKT-mTO R pathway), 2 (NF-κB pathway) and 8

(STAT5 pathway). Key nodal proteins in the identified networks are shown in yellow. A

detailed list of identified protein networks and component proteins is shown in

Supplementary Figure 6 and Supplementary Data Set 1f. (b) Left, representative western

blot of a subset of MS-identified protein complexes. No proteins were detected in the control

bead pull-downs, and those data are omitted for simplicity of presentation. Right,

representative western blot of K562 cells treated for 24 h with vehicle (−) or PU-H71 (+).

(c) Representative western blot of single chemical precipitations conducted in primary CML

cell extracts with PU and control beads.
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Figure 4. PU-H71-identified proteins and networks are those important for the malignant
phenotype

(a) Representative western blot of sequential chemical precipitations, as indicated by the

arrow, conducted in K562 extracts with the PU beads. (b) The effect of CARM1 knockdown

on cell viability using tryptan blue (left) or acridine orange-ethidium bromide (right)

staining was evaluated in K562 cells. Data are presented as means ± s.e.m. (n = 3). (c) The

expression of select potential Hsp90-interacting proteins was analyzed by western blotting in

K562 leukemia and Mia-PaCa-2 pancreatic cancer cells. (d) Representative western blot of

single chemical precipitations conducted in Mia-PaCa-2 cell extracts with PU and control

beads.
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Figure 5. Hsp90 facilitates an enhanced STAT5 activity in CML

(a) Representative western blot of K562 cells treated for the indicated times with PU-H71 (5

µM), Gleevec (0.5 µM) or DMSO (vehicle). (b) Representative western blot of sequential

chemical precipitations conducted in K562 cells with PU and control beads, as indicated by

the blue arrow. (c) Representative western blot of STAT5 immunocomplexes from cells

pretreated with vehicle or PU-H71, and then treated for the indicated times with trypsin. (d)

p-STAT5 concentrations in K562 cells treated for the indicated times with vanadate (1 mM)

in the presence and absence of PU-H71 (5 µM). Data are presented as mean ± s.d. (n = 3).

(e) The DNA-binding capacity of STAT5 in K562 cells treated for 24 h with the indicated

concentrations of PU-H71. (f) Quantitative ChIP performed with STAT5 or Hsp90

antibodies versus an IgG control for two known STAT5 target genes. A primer that

amplifies an intergenic region was used as negative control. Results are expressed as a

percentage of the input for the specific antibody (STAT5 or Hsp90) over the respective IgG

control. (g) The transcript abundance of CCND2 and MYC in K562 cells exposed to µM of

PU-H71. Results are expressed as fold change compared to baseline (time 0 h) and were

normalized to RPL13A. HPRT was used as negative control. Data are presented as means ±

s.e.m. (h) Proposed mechanism for Hsp90-facilitated increased STAT5 signaling in CML.

Hsp90 binds to and influences the conformation of STAT5 and maintains STAT5 in an

active conformation directly within STAT5-containing transcriptional complexes.
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