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in JAK2-dependent myeloproliferative
neoplasms in mice and humans

Sachie Marubayashi,! Priya Koppikar,! Tony Taldone,2 Omar Abdel-Wahab,!.3 Nathan West,4.5
Neha Bhagwat,'-¢ Eloisi Caldas-Lopes,? Kenneth N. Ross,* Mithat Génen,” Alex Gozman,2-8
James H. Ahn,2 Anna Rodina,? Ouathek Ouerfelli,° Guangbin Yang,® Cyrus Hedvat,°©
James E. Bradner,45 Gabriela Chiosis,2 and Ross L. Levine':3

"Human Oncology and Pathogenesis Program, 2Molecular Pharmacology and Chemistry Program, and 3Leukemia Service, Department of Medicine,
Memorial Sloan-Kettering Cancer Center, New York, New York, USA. “Broad Institute of Harvard and Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA. SDepartment of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts, USA.
6Gerstner Sloan-Kettering Graduate School in Biomedical Sciences, New York, New York, USA. 7Department of Epidemiology and Biostatistics,

JAK2 kinase inhibitors were developed for the treatment of myeloproliferative neoplasms (MPNs), follow-
ing the discovery of activating JAK2 mutations in the majority of patients with MPN. However, to date JAK2
inhibitor treatment has shown limited efficacy and apparent toxicities in clinical trials. We report here thatan
HSP90 inhibitor, PU-H71, demonstrated efficacy in cell line and mouse models of the MPN polycythemia vera
(PV) and essential thrombocytosis (ET) by disrupting JAK2 protein stability. JAK2 physically associated with
both HSP90 and PU-H71 and was degraded by PU-H71 treatment in vitro and in vivo, demonstrating that JAK2
is an HSP90 chaperone client. PU-H71 treatment caused potent, dose-dependent inhibition of cell growth and
signaling in JAK2 mutant cell lines and in primary MPN patient samples. PU-H71 treatment of mice resulted in
JAK?2 degradation, inhibition of JAK-STAT signaling, normalization of peripheral blood counts, and improved
survival in MPN models at doses that did not degrade JAK2 in normal tissues or cause substantial toxicity.
Importantly, PU-H71 treatment also reduced the mutant allele burden in mice. These data establish what we
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believe to be a novel therapeutic rationale for HSP90 inhibition in the treatment of JAK2-dependent MPN.

Introduction

Myeloproliferative neoplasms (MPNs) comprise a group of clonal
hematological malignancies that include chronic myeloid leuke-
mia (CML), polycythemia vera (PV), essential thrombocytosis (ET),
and primary myelofibrosis (PMF) (1, 2). Although the clonal, stem
cell origin of these diseases was established more than 3 decades
ago (3), the genetic basis of BCR-ABL-negative MPN remained elu-
sive until several groups identified a somatic activating mutation
in the JAK2 kinase (JAK2V617F) in the vast majority of patients
with PV and in approximately 50% of ET and PMF patients (4-8).
Subsequent studies have identified somatic mutations in exon 12
of JAK2 in JAK2V617F-negative PV (9) and in the thrombopoietin
receptor (MPLWS515L/K/A, MPLS505N) in a subset of JAK2V617F-
negative ET and PMF, respectively (10-12). Expression of JAK2/
MPL mutations in vitro allows hematopoietic cells to proliferate
in the absence of cytokines and results in constitutive activation of
signaling pathways downstream of JAK2, including the STAT3/5,
MAP kinase, and PI3K signal transduction pathways (4, 13). Most
importantly, expression of JAK2 or MPL mutations in vivo results
in fully penetrant myeloproliferation, notable for polycythemia
(JAK2V617F or JAK2 exon 12) (14-19) and/or thrombocytosis/
myelofibrosis (JAK2V617F, MPLWS515L) (10, 15). These data sug-
gest constitutive JAK-STAT signaling is central to the pathogenesis
of PV, ET, and PMF.
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Although PV, ET, and PMF patients most commonly present
with abnormalities on a complete blood count without associ-
ated symptoms, over time almost all patients develop symptom-
atic splenomegaly, thrombosis, bleeding, and/or infection. Most
importantly, a significant proportion of patients develop progres-
sive bone marrow failure and/or transformation to acute myeloid
leukemia, which is associated with an extremely poor prognosis
(20). Current therapies for PV and ET include antiplatelet therapy,
phlebotomy, hydroxyurea, anagrelide, and IFN-o.. These empiric
treatments do not offer the possibility of clinical/molecular remis-
sion or cure, with the notable exception of the subset of patients
who respond to chronic IFN-a therapy (21, 22). Treatment options
for PMF are extremely limited for patients who are not candidates
for allogeneic stem cell transplantation (23, 24). There is, there-
fore, a pressing need for novel therapies for MPN patients. The
remarkable efficacy of tyrosine kinase inhibitors for CML and
other MPNs (25) and the identification of mutations in the JAK2
signaling pathway in the majority of PV, ET, and PMF patients led
to the development of JAK2 kinase inhibitors (26-28). Early data
from phase I/II clinical trials in PMF and post-PV/ET myelofibro-
sis demonstrates that JAK2 inhibitor therapy can result in reduc-
tions in spleen size and in improvement in constitutional symp-
toms (29-31). However, to date, there have been minimal effects on
the JAK2V617F allele burden and on peripheral blood cytopenias
in the majority of patients in these trials. In addition, a signifi-
cant proportion of patients have suffered hematopoietic toxicities,
including anemia and thrombocytopenia, consistent with the
known function of JAK2 signaling in normal erythropoiesis and
thrombopoiesis (32). The limited efficacy of JAK2 inhibitors in the
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clinic provides impetus for the development of alternative thera-
peutic approaches for MPN patients that might prove effective
when used alone or in combination with JAK2 kinase inhibitors.

We have thus devised an alternate strategy to antagonize aber-
rant tyrosine kinase signaling in MPN by targeting JAK2 oncop-
rotein stability with HSP90 inhibition. HSP90 is a ubiquitously
expressed protein chaperone, which has been shown to stabilize
a number of client proteins, including tyrosine kinases such as
EGFR (33), BCR-ABL (34, 35), and FLT-3 (36). As a result, ATP-
competitive HSP90 inhibitors, including the benzoquinone
ansamycin 17-AAG and its derivates 17-DMAG and IPI-504, have
been developed and investigated for the treatment of different
malignancies (37). Early clinical results with the ansamycins have
revealed dose-limiting nonhematopoietic toxicities (38), prompt-
ing the development of non-ansamycin HSP90 inhibitors such as
PU-H71, SNX5422, and NVP-AUY922 (39). PU-H71 is a purine
scaffold HSP90 inhibitor, which has demonstrated efficacy in
preclinical models of triple-negative breast cancer (40) and dif-
fuse large B cell lymphoma (41) through degradation of specific
client proteins, including Akt and BCL-6, respectively. In addi-
tion, previous studies have demonstrated that, in comparison
with ansamycin HSP90 inhibitors, PU-H71 demonstrates more
favorable pharmacokinetic and pharmacodynamic properties,
including avid, prolonged drug uptake by tumors that results in
more potent and more sustained degradation of HSP90 client
proteins (40), than those seen with 17-AAG and 17-DMAG dosed
in vivo (42, 43). Moreover, the increased efficacy of PU-H71 in
vivo is not associated with increased toxicity, as chronic PU-H71
therapy at doses effective in vivo is not associated with significant
hematopoietic or nonhematopoietic toxicities (40). We therefore
have undertaken assessment of the efficacy of HSP90 inhibition
in JAK2-dependent malignancies, using PU-H71.

We report here significant antitumor activity of PU-H71 in
MPN cell lines, in MPN murine models, and in primary MPN
patient samples. PU-H71 treatment inhibited proliferation in
cells expressing JAK2/MPL mutations at doses associated with
degradation of JAK2 and with inhibition of downstream signaling
pathways. Further, in vivo therapy with PU-H71 in mice express-
ing JAK2V617F or MPLWS515L normalized peripheral blood
counts, attenuated extramedullary hematopoiesis in both models,
and improved survival compared with vehicle-treated mice in the
MPLWS515L model, all without associated hematopoietic or non-
hematopoietic toxicity. Moreover, we demonstrate tumor-associ-
ated retention of PU-H71 and tumor-specific JAK2 degradation,
which correlates with inhibition of JAK2/MPL mutant myelopro-
liferation, without significant effects on normal hematopoiesis.
Of note, prolonged treatment with PU-H71 decreased the mutant
allele burden in MPLWS515L mice. Our data demonstrate that
HSPI0 inhibition represents an alternative approach to JAK2
inhibition of potential benefit for the treatment of patients with
JAK2-dependent malignancies.

Results

HSPI0 inhibition abrogates proliferation and signal transduction of JAK2/
MPL mutant cell lines. Based on the above mechanistic rationale, we
first studied a focused library of HSP90 inhibitors for their ability to
inhibit the proliferation of Ba/F3 cells expressing JAK2/MPL muta-
tions. Ba/F3 isogenic cell lines expressing JAK2V617F (ICso = 29.0 nM)
or MPLWS1SL (ICso = 66.7 nM) were identified as highly sensitive
to growth inhibition by PU-H71 (Figure 1A and Supplemental
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Figure 1; supplemental material available online with this article;
doi:10.1172/JCI42442DS1). Similar results were obtained with
17-DMAG (Supplemental Figure 2A), demonstrating that growth
inhibition of JAK2-dependent cell lines was observed with structur-
ally divergent HSP90 inhibitors, supporting an on-target mechanism
of action. Notably, the antiproliferative activity of HSP90 inhibition
by PU-H71 in JAK2/MPL mutant Ba/F3 cells was more robust than
that observed in control Ba/F3 cells expressing BCR-ABL, a widely
studied, known client protein of HSP90 (ICso = 110.1 nM) (Figure
1A and Supplemental Figure 1A). We next investigated the effects of
PU-H71 in human leukemia cell lines in order to ascertain whether
JAK2 mutant human leukemia cell lines were sensitive to HSP90 inhibi-
tion. We found that JAK2V617F mutant cells, UKE-1 (ICsp = 116.7 nM)
and SET-2 (ICsp = 94.1 nM), were more sensitive to PU-H71 than
the BCR-ABL-positive KU812 cell line (ICso = 312.8 nM) or the
JAK2/BCR-ABL-negative THP-1 cell line (ICso = 152.1 nM) (Figure 1A
and Supplemental Figure 1A). PU-H71 treatment in vitro was associ-
ated with induction of apoptotic cell death at physiologically achiev-
able concentrations (Supplemental Figure 3). We also investigated
the effects of PU-H71 in MUTZ-S5 cells, a human acute lymphoblas-
tic leukemia (ALL) cell line recently described to have a JAK2ZR683G
mutation (44-47), and found that this JAK2 mutant lymphoid cell
line was also sensitive to PU-H71 (ICso = 123.8 nM) (Supplemental
Figure 1A). These data demonstrate that JAK2V617F/MPLW515L
mutant cells are uniformly sensitive to PU-H71 and suggest HSP90
inhibition may inhibit the proliferation of JAK2 mutant/dependent
cells in additional malignancies.

We next investigated the effects of HSP90 inhibition on sig-
nal transduction pathways in JAK2/MPL mutant and wild-type
hematopoietic cell lines. Treatment with PU-H71 markedly
reduced phosphorylation of JAK2 in Ba/F3-EPOR-JAK2V617F and
Ba/F3-MPLW515L cells (Figure 1B). We also observed dose-depen-
dentinhibition of downstream signaling pathways, including phos-
phorylation of STAT3, STATS, and MAP kinase, at physiologically
achievable concentrations (Figure 1B). We observed potent inhi-
bition of downstream signaling pathways in JAK2V617F-positive
UKE-1 cells but not in JAK2V617F-negative THP-1 cells (Supple-
mental Figure 1B). Similar effects on signaling in Ba/F3 cells
expressing JAK2/MPL mutations and in JAK2V617F mutant
human leukemia cell lines were observed with 17-DMAG (Supple-
mental Figure 2B and data not shown).

JAK2 is a HSP9O0 client protein and associates with PU-H71/HSP90.
Given that PU-H71 potently inhibited growth and signaling of
the different JAK2-dependent cell lines, we next evaluated wheth-
er PU-H71-mediated HSP90 inhibition led to JAK2 degradation.
Western blot analysis showed that PU-H71 or 17-DMAG treat-
ment led to dose-dependent degradation of total JAK2 in both
isogenic (Figure 1B and Supplemental Figure 2B) and leukemic
cell lines (Supplemental Figure 1B and data not shown) at con-
centrations associated with inhibition of growth and signaling.
Of note, degradation of both JAK2 and Rafl, a known HSP90
client protein (48-50), was observed at similar concentrations of
PU-H71 (Figure 1B). We noted similar results in cells ectopically
expressing MPLW515L alone or with overexpression of JAK2 (Fig-
ure 1B), demonstrating PU-H71 treatment leads to JAK2 degrada-
tion and inhibition of signaling in cells expressing endogenous or
increased levels of JAK2. We next determined whether JAK2 is a
bona fide HSP90 chaperone client protein. Immunoprecipitation
experiments in Ba/F3 cells expressing JAK2/MPL mutants and in
JAK2V617F mutant and wild-type leukemia cells demonstrated
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Effects on viability and signaling in MPN mutant cell lines treated with PU-H71. (A) Cells bearing mutations that result in constitutive activation of
the JAK-STAT signaling pathway (JAK2V617F [V617F] and MPLW515L [W515L]) have a lower ICsq compared with that of Ba/F3 cells bearing
BCR-ADbI. Similarly, UKE-1 cells bearing JAK2V617F are more growth inhibited by PU-H71 than either KU812 (BCR-ABL) or THP-1 (JAK2 wild-
type [JAK2WT])). (B) Western blots reveal a dose-dependent downmodulation of JAK2 and signaling intermediates in the JAK-STAT pathway

after treatment with PU-H71 for 16 hours in Ba/F3 isogenic cell lines.

that JAK2 specifically associates with HSP90 (Figure 2A). Addi-
tionally, we demonstrated precipitation of JAK2 and HSP90 by
PU-H71-coated agarose beads, confirming direct engagement of
the JAK2-HSP90 complex by PU-H71 (Figure 2B).

Of note, PU-H71 treatment resulted in JAK2 degradation in JAK2
mutant, MPL mutant, and in JAK2 wild-type cells (Figure 1B and
Supplemental Figure 1B). This suggested to us that unphosphory-
lated, wild-type JAK2 is also an HSP9O0 client protein; in support
of this, we observed the association of JAK2, HSP90, and PU-H71
in JAK2 wild-type THP-1 cells (Figure 2, A and B). To determine
whether the interaction between HSP90 and JAK?2 is affected by
the phosphorylation status of JAK2, we pretreated JAK2 wild-type
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THP-1 and JAK2V617F mutant UKE-1 cells (which have equivalent
levels of JAK2 protein expression) with 5 uM of the JAK2 inhibitor
TG101348 and then performed immunoprecipitation studies. We
found that JAK2 and HSP90 associate in UKE-1 and THP-1 cells in
the presence or absence of a JAK2 inhibitor, even at a concentration
sufficient to completely inhibit JAK2 phosphorylation (Figure 2C).
Next, we performed titration studies with PU-H71-coated agarose
beads in order to determine whether limiting concentrations of
PU-H71 associate with phosphorylated but not unphosphorylated
JAK2. These studies showed that PU-H71 associates with JAK2 in a
dose-dependent manner that is independent of JAK2 mutation or
phosphorylation status (Figure 2D).

w
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JAK2 associates with HSP90 and is degraded via the proteasomal pathway. (A) Ba/F3 isogenic and human leukemic cell lysates were
immunoprecipitated with JAK2 and then probed for pJAK2, HSP90, and JAK2. (B) In a reciprocal experiment, cell lysates were incubated with PU-H71—
conjugated beads and then blotted for JAK2 and HSP90. (C) THP-1 and UKE-1 cells were incubated with DMSO or 5 uM TG101348, a JAK2
inhibitor, for 4 hours, and then lysates were immunoprecipitated with JAK2, followed by Western blotting for pJAK2, HSP90, and JAK2. Association
with HSP90 is not dependent upon phosphorylation. (D) Titration of PU-H71 beads does not change the kinetics of binding of PU-H71—conjugated
beads with JAK2 or HSP90. Raf1, a known client protein of HSP90, is also shown. (E) Cycloheximide, a protein synthesis inhibitor, was used to
determine the half-life of JAK2 protein. UKE-1 cells were pretreated with cycloheximide, along with either DMSO or 500 nM PU-H71, and har-
vested at different time points. Protein degradation began as early as 1 hour with PU-H71 treatment and was completely depleted after 8 hours of
treatment. (F) UKE-1 cells were pretreated with 5 uM MG-132, before a 16-hour incubation with DMSO or 500 nM PU-H71. JAK2 expression was
observed in the insoluble fraction with MG-132 treatment, showing that with PU-H71 treatment, JAK2 is degraded via the proteasomal pathway.

In order to better delineate the kinetics of JAK2 degradation, we
assessed JAK2 protein levels at different times following incubation
with PU-H71. We found that JAK2 protein levels begin to decrease
within 4 hours of exposure to PU-H71 in JAK2 mutant and wild-
type cells (UKE-1 and KU812) (Supplemental Figure 4A). This was
temporally associated with induction of HSP70 expression (Sup-
plemental Figure 4A) and with inhibition of downstream signal-
ing (data not shown). We did not observe changes in JAK2 mRNA
levels with 16 hours of PU-H71 exposure, at which time JAK2
protein levels were nearly undetectable (Supplemental Figure 4B).
Consonant with the time course studies, we found that similar
concentrations of PU-H71 were required to degrade JAK2 and to
inhibit proliferation and signaling of JAK2/MPL mutant cells with
16 hours of exposure to PU-H71 (Supplemental Figure 4C).

The effects of PU-H71 on the stability of JAK2 were next assessed,
using the protein biosynthesis inhibitor, cycloheximide. In the
presence of cycloheximide, JAK2 is eliminated over 16 to 24 hours
(Figure 2E and data not shown). PU-H71 treatment markedly
increased the rate of JAK2 protein degradation, such that JAK2
protein was not detectable after 4-8 hours of drug exposure in
treated cells (Figure 2E). These results demonstrate that PU-H71
specifically and rapidly degrades JAK2 in hematopoietic cell lines.
We then investigated whether PU-H71-mediated degradation of
JAK?2 required the proteasomal degradation pathway, by investigat-
ing the effects of PU-H71 on JAK2 protein levels in JAK2 mutant
UKE-1 cells in the presence of the proteasome inhibitor, MG-132.
Proteasome inhibition by MG-132 was found to prevent degrada-
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tion of JAK2 prompted by PU-H71 (Figure 2F). Rather, MG-132
led to partitioning of JAK2 to the detergent insoluble fraction. In
sum, these data support rapid and enhanced proteasomal degra-
dation of JAK2 by PU-H71, consistent with prior studies of known
HSP90 client proteins (49).

HSPI0 inhibition and JAK2 kinase inhibition confer additive antipro-
liferative effects consistent with convergent effects on JAK-STAT signaling.
Given that both HSP90 inhibitors and JAK2 kinase inhibitors
inhibit growth and signaling in JAK2-dependent cells, we investi-
gated the effects of combined JAK2 inhibitor and PU-H71 treat-
ment in vitro. Using a high-throughput platform developed for the
preclinical study of drug combinations, we assessed in parallel the
individual and combined antiproliferative effects of PU-H71, a pan-
JAK inhibitor (JAK Inhibitor I), and the JAK2-specific kinase inhibi-
tor, TG101348, in pairwise dose-response studies in 8 experimental
replicates in JAK2V617F mutant UKE-1 cells (Figure 3). We found
that PU-H71, combined with either TG101348 (Figure 3A) or JAK
Inhibitor I (Figure 3B), resulted in additive effects, as assessed by
isobologram analysis using the median-effect principle of Chou and
Talalay (51). These data emulate the observed effects of TG101348/
JAK Inhibitor I combination studies (Figure 3C), which as expected
revealed additive but not synergistic effects. These data suggest that
HSPI0 inhibitors and JAK2 kinase inhibitors elaborate common,
on-pathway effects in JAK2-dependent MPN.

We further evaluated this finding by comparing the modulation
of downstream transcriptional networks by HSP90 inhibition and
JAK2 kinase inhibition, again using the investigative compound
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Combined inhibition of HSP90 and JAK2 impairs MPN cell proliferation. Pairwise dose-response data and isobologram synergy plots are
presented for (A) PU-H71 and TG101348, (B) PU-H71 and Jak Inhibitor |, and (C) TG101348 and Jak Inhibitor I. Data are presented as mean
measurements of the normalized proliferation of the UKE-1 cell line, treated for 72 hours, as determined by ATP content. Dose-response data
are derived from a linear regression of 8 experimental replicates, plotted also with mean + SD (GraphPad Prism). Normalized isobolograms are
derived from matrix proliferation data analyzed using the median-effect principle of Chou and Talalay (Calcusyn). Error bars reflect SD calculated
from 8 experimental replicates. The diagonal lines represent lines of additivity. Dots indicate paired values of drug concentrations assessed
for synergism, using the median effect principle of Chou and Talalay. Additive and synergistic effects of the compounds are observed across a

broad range of concentrations.

PU-H71 and JAK Inhibitor I, in UKE-1 cells. Hierarchical clustering
revealed that PU-H71 and JAK2 inhibitor treatment in vitro led to
global changes in gene expression; however, there was significant
overlap between the PU-H71 and JAK2 inhibitor gene expression
signatures (Figure 4A). Moreover, combined JAK2 kinase inhibitor
and PU-H71 treatment led to similar changes in gene expression as
those observed with PU-H71 treatment alone. We then used gene
set enrichment analysis (GSEA) to assess the effects of PU-H71,

The Journal of Clinical Investigation

JAK2 kinase inhibitor treatment, and combined PU-H71/JAK2
kinase inhibitor treatment on experimentally and computationally
derived JAK-STAT gene expression signatures (52). Treatment with
PU-H71 or with JAK Inhibitor I resulted in significant modulation
of STAT-dependent target genes. Notably, the effects of PU-H71
on JAK-STAT target gene expression were more significant than
those with JAK2 inhibitor treatment (Figure 4, B-D, and Table 1).
Specifically, PU-H71 treatment significantly affected the expres-

hetp://www.jci.org



research article

A 5 B C D
(@) E : STAT5A genes HSF1 genes 17-AAG genes
o L g
=5%> puH71| 08 PU-HT71
oo s o
0.3
0.4
0.1
N 00
o J A A
9 0.2 JAKIi JAKi
2 0.0
=
2 0.0
S NES = 1.0 —04|/NES=-18
E 20.2{P=030 p <0.001
. AT AT
PU + JAKi PU + JAKi
03 I L ]
0.4
O nEs=17
=1. NES =22
0.0
04| P <0.001 ~’ p < 0.001
10000 20000 0 10000 20000 0 10000 40000

Rank in ordered data set

Figure 4

Rank in ordered data set Rank in ordered data set

Inhibition of HSP90 by PU-H71 modulates the STAT5A transcriptional program. (A) Gene expression profiling was performed on the human leu-
kemic cell line, UKE-1. UKE-1 cells were treated for 8 hours with DMSO, 250 nM PU-H71, 2 uM JAK Inhibitor I (JAKIi), or a combination of both.
The heat map presents the top 20 genes that discriminate between the treatment condition and control vehicle-treated samples. (B—D) Genes
with increased expression are presented in red, whereas genes with decreased expression are shown in blue. GSEA was performed with each
treatment condition to assess for modulation of (B) STAT5A target genes (C) HSF1 target genes and (D) genes modulated by exposure to the
HSP90 inhibitor, 17-AAG. Graphical data represent enrichment scores across each genome-wide transcriptional profile and are annotated with

normalized enrichment scores (NESs) and P values.

sion of both experimentally derived STATSA targets (noted in
Table 1 as Schuringa_ STATSA_DN) and computationally pre-
dicted STATSA targets (noted in Table 1 as STATSA_03, P=0.002,
STATSA_04, P < 0.001) derived JAK-STAT gene expression signa-
tures, whereas JAK2 inhibitor treatment had a significant effect on
the gene expression signature based on computationally predicted
STATS5A targets (STATSA_03 and STATSA_04, both P < 0.001) but
not on expression of the genes in the experimentally derived gene
expression signature (STATSA_DN,
P =0.08) (52). In addition, combina-
tion PU-H71 and JAK2 kinase inhibi-
tor treatment had similar effects on
JAK-STAT target gene expression as
those of PU-H71 alone. We then per-

Table 1

formed GSEA using a HSF1 (a tran- Gene set

scription factor kept in an inactive Schuringa_STAT5A_DN

state by HSP90) gene signature from STAT5A_04

the Molecular Signatures Database STAT5A_03

and using an experimentally derived STAT5A_02
STAT5A_01

17-AAG gene expression signature
derived from public data available
through the Connectivity Map (http://
www.broadinstitute.org/cmap/). As

Quantitative comparison of
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expected, treatment of cells with PU-H71, but not JAK2 kinase
inhibitor, resulted in significant induction of HSF1-dependent
target genes as well as expression of genes modulated by 17-AAG
treatment in vitro (Figure 4, C and D). These data demonstrate that
although treatment with PU-H71 has effects on gene expression
not observed with JAK2 inhibitor treatment, PU-H71 and JAK2
inhibitors have similar effects on JAK-STAT target gene expression
in JAK2-dependent hematopoietic cells, consistent with a shared

Effects of JAK-STAT pathway inhibition on target gene expression

PU-H71 JAKi PU-H71 plus JAKi
NES Pvalue NES Pvalue NES Pvalue
-17 0.01 -1.4 0.08 -16 0.01
-17 <0.001 -1.6 <0.001 -1.6 <0.001
-14 0.002 -15 <0.001 -15 0.002

1.1 0.32 -1.0 0.41 -1.0 0.47
-1.0 0.60 -0.9 0.84 -0.9 0.68

the functionally annotated target (Schuringa_STAT5A_DN) and computationally

derived targets (STAT5A_01, STAT5A_02, STAT5A_03, and STAT5A_04). Gene set strings are provided for
STATS5A signatures curated by the Molecular Signatures Database.
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PU-H71 degrades JAK2 in vivo, reduces myeloproliferation, and improves survival. (A and B) Initial pharmacodynamic study of MPLW515L- and
JAK2V617F-transduced spleen and bone marrow cells. (A) A single dose of 75 mg/kg PU-H71 for 12, 24, and 48 hours resulted in reduction in
JAK2 and pSTATS5 levels, while actin is shown as loading control. (B) PU-H71-treated whole JAK2V617F bone marrow cells as well as the CD71
and CD11 fractions have decreased JAK2 and pSTATS5 expression in comparison with vehicle-treated JAK2V617F bone marrow when measured
by flow cytometry. (C) Treatment with PU-H71 resulted in a significant increase in survival of MPLW515L mice compared with vehicle-treated
MPLW515L mice as shown by the Kaplan-Meier survival curve (P < 0.0004, log-rank test). (D) Spleen weights of PU-H71-treated MPLW515L or
JAK2V617F mice are significantly lower than those of vehicle-treated mice sacrificed at the same time (*P < 0.01). The horizontal line indicates
the average weight of the normal BALB/c female mouse spleen at 8 weeks.

molecular target in this cellular context. Collectively, combination
studies do not support enhanced inhibition of JAK-STAT signal-
ing when adding a JAK2 kinase inhibitor to the HSP90 inhibitor,
PU-H71, supporting plausible single-agent efficacy in MPN.
PU-H71 treatment degrades JAK2 in vivo and improves survival in MPN
bone marrow transplant models. We next performed pharmacodynamic
studies to investigate the effects of PU-H71 on JAK2 protein expres-
sion and on JAK-STAT signaling in vivo. We used the MPLWS515L
mouse retroviral bone marrow transplant model to rapidly induce
leukocytosis and thrombocytosis in recipient mice (10) and sacri-
ficed mice 12, 24, and 48 hours after a single intraperitoneal dose
of 75 mg/kg PU-H71. We found that PU-H71 treatment resulted
in degradation of JAK2 protein expression in vivo (Figure SA), such
that total JAK2 protein levels remained markedly suppressed in
splenocytes from MPLW515L-transduced mice for at least 48 hours.
This reduction in JAK2 protein levels correlated with inhibition of
STATS5 phosphorylation in splenocytes from MPLW515L mutant
mice for 48 hours after PU-H71 treatment, consistent with potent,
on-target JAK2 inhibition (Figure 5A). We performed similar stud-
ies with mice engrafted with JAK2V617F-expressing bone marrow.
Given that only a subset of bone marrow and splenocytes from mice
transplanted with JAK2V617F-transduced cells are GFP positive

The Journal of Clinical Investigation

(JAK2V617F is expressed using a MSCV-IRES-GFP virus), we used
intracellular flow cytometry (53) to assess JAK2 protein levels and
STATS phosphorylation in GFP-positive bone marrow, CD71* ery-
throid cells, and CD11* neutrophils in vehicle- and PU-H71-treated
mice (Figure 5B). Compared with vehicle-treated mice, intracellular
flow cytometry demonstrated that PU-H71 treatment resulted in
marked reductions in JAK2 protein levels and STATS phosphoryla-
tion in the erythroid and granulocytic compartments. Of note, we
subsequently adapted this assay for human cells (see below).

Based on these data, we implemented multidose efficacy stud-
ies. PU-H71 was administered at 75 mg/kg, 3 times weekly,
based on prior studies, which demonstrated antitumor effi-
cacy in cell line-derived xenograft models of breast cancer and
lymphoma, without evidence of hematologic, renal, or hepatic
toxicity (40, 41). We transplanted lethally irradiated mice with
MPLWS515L-expressing bone marrow, waited 12 days for all
mice to develop significant leukocytosis, thrombocytosis, and
splenomegaly, and then randomized mice to receive 28 days of
vehicle or PU-H71. All MPLW515L mice treated with PU-H71
were alive for the entire 28-day treatment trial; whereas all vehi-
cle-treated mice succumbed to disease by day 15 after treatment
initiation (Figure SC, P < 0.0004). Spleen weights were markedly

http://www.jci.org 7
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Lineage-specific reduction in myeloproliferation with PU-H71 treatment. (A) White blood cell count and hematocrit (HCT) values of PU-H71—treat-
ed JAK2V617F mice are lower in comparison with those of vehicle-treated mice, but there is no difference in the platelet (PLT) counts between
both groups. *P < 0.005. (B) PU-H71-treated MPLW515L mice demonstrate reduced white blood cell and platelet counts, with unchanged
hematocrit values over time. **P < 0.01. (C) Ter119 expression in PU-H71-treated bone marrow is reduced in comparison with vehicle-treated
JAK2V617F bone marrow, while there are no significant differences between either vehicle- or drug-treated MPLW515L marrow. Original
magpnification, x200 (top row); x600 (bottom row). (D) PU-H71 significantly decreased the average number of megakaryocytes in spleens of

MPLWS515L mice (P < 0.001) but not JAK2V617F-treated mice.

reduced in PU-H71-treated mice transplanted with MPLW515L-
expressing cells compared with vehicle-treated mice (Figure 5D,
P <0.01). We performed similar experiments with mice engraft-
ed with JAK2V617F-expressing bone marrow cells. We waited
for all mice injected with JAK2V617F-transduced bone marrow
to develop polycythemia and leukocytosis and then random-
ized mice to receive 28 days of vehicle or PU-H71 treatment. As
survival is not impaired in the first 2-3 months after injection

The Journal of Clinical Investigation

with JAK2V617F-expressing cells, we assessed spleen weights
in PU-H71- and vehicle-treated mice as a surrogate indicator
of disease burden and found that PU-H71-treated JAK2V617F
mice had marked reductions in spleen weight compared with
those of vehicle-treated mice (Figure 5D, P < 0.01). These data
demonstrate that PU-H71 improves survival in the MPLW515L
bone marrow transplant model and reduces disease burden in
the MPLW515L and JAK2V617F models.

http://www.jci.org
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Histopathology of vehicle- and PU-H71-treated bone marrow, spleen, liver, and lung tissue. (A, B, E, and F) Tissue harvested at the same time
demonstrated a slight decrease in cellularity between vehicle and PU-H71-treated JAK2V617F bone marrow. (C, D, G, and H) MPLW515L bone
marrow showed a decrease in cellularity between vehicle- and PU-H71-treated tissue. (I and J) PU-H71—treated JAK2V617F spleen showed
a reduction in myeloid infiltration as compared with vehicle-treated spleen. (K and L) PU-H71-treated MPLW515L spleen, on the other hand,
showed fewer numbers of megakaryocytes (indicated by arrows). (M—P) There was extramedullary hematopoiesis in vehicle-treated JAK2V617F
and MPLW515L liver that was reduced with PU-H71 treatment. (Q—T) Further, lung histopathology revealed an increase in neutrophils and
extramedullary hematopoiesis in vehicle-treated JAK2V617F and MPLW515L mice that was decreased with PU-H71 treatment. Original magni-
fication, x200 (first, fourth, and fifth rows); x400 (third row); x600 (second row). mJAK2, mouse JAK2; hMPL, human MPL.

PU-H71 reduces lineage-specific myeloproliferation, without effects on
normal erythropoiesis and megakaryopoiesis. We next assessed the
effects of PU-H71 on myeloproliferation in vivo by measuring
complete blood counts in MPLW515L- and JAK2V617F-express-
ing mice before, during, and after vehicle/PU-H71 treatment
(Figure 6, A and B, and Supplemental Figure SA). At the time
treatment with vehicle or PU-H71 was initiated, all mice injected
with JAK2V617F-transduced bone marrow had leukocytosis and
polycythemia. Although white blood cell count and hematocrit
levels continued to rise in vehicle-treated mice, PU-H71 treat-
ment was associated with marked, sustained reduction in white
blood counts (day 15, P < 0.005; day 29, P < 0.005) and in hema-
tocrit levels (day 15, P < 0.005; day 29, P < 0.005) in all recipient
mice (Figure 6A). Similarly, white blood cell and platelet counts
continued to rise in vehicle-treated MPLW515L mice, whereas
PU-H71 treatment was associated with significant reduction in
whiteblood cell (day 15,P <0.01) and platelet counts (day 15,P<0.01)
compared with vehicle treatment (Figure 6B). Importantly, PU-
H71 treatment did not affect platelet counts in JAK2V617F

The Journal of Clinical Investigation

mutant mice or hematocrit levels in MPLW515L mutant mice,
suggesting the PU-H71 treatment schedule used in this trial spe-
cifically inhibited JAK2/MPL mutant-induced myeloprolifera-
tion, without appreciable affects on normal hematopoiesis.

To further investigate the lineage-specific effects of PU-H71
on JAK2/MPL mutant myeloproliferation, we performed addi-
tional analyses of in vivo erythropoiesis and megakaryopoiesis.
Immunohistochemical analysis of PU-H71- and vehicle-treated
bone marrow demonstrated a marked reduction in the proportion
of Ter119-positive erythroid cells in PU-H71-treated JAK2V617F
bone marrow compared with that of vehicle-treated bone marrow
(Figure 6C). Differences in bone marrow Ter119 expression were not
observed with PU-H71 treatment in MPLW515L bone marrow, con-
sistent with the lack of an effect on erythropoiesis in MPLW515L
mutant mice. Conversely, PU-H71 treatment was associated with
a significant reduction in the number of megakaryocytes in the
spleens of MPLWS515L mice (P < 0.001), but not JAK2V617F mice
again, consistent with inhibition of MPLW515L-induced pathologic
megakaryopoiesis but not normal megakaryopoiesis (Figure 6D).

http://www.jci.org 9
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Pathologic and flow cytometric analyses of PU-H71-treated mice versus
vehicle control mice. We then performed histopathologic analysis of
vehicle- and PU-H71-treated mice. We noted a reduction in bone
marrow cellularity (Figure 7, A, B, E, and F) and a reduction in
myeloid infiltration of the spleens of PU-H71-treated JAK2V617F
mice (Figure 7, I and J) compared with vehicle-treated mice. PU-
H71 treatment was associated with reduction in bone marrow cel-
lularity in MPLWS515L mice (Figure 7, C, D, G, and H) and with
reduced myeloid infiltration in the spleens (Figure 7, K and L)
of MPLW515L mice. PU-H71 treatment was associated with
decreased extramedullary hematopoiesis and neutrophilic infiltra-
tion in the liver and lungs of JAK2V617F (Figure 7, M, N, Q, and R)
and MPLW515L mice (Figure 7, O, P, S, and T).

Consistent with histopathologic analyses, flow cytometric analy-
sis of bone marrow and spleen revealed a marked decrease in the
proportion of Grl/Macl-positive neutrophils in PU-H71-treated
JAK2V617F and MPLW515L mice (Supplemental Figure 6, A and B).
Further, we observed a decrease in the population of CD71* erythroid
progenitor cells in the bone marrow of PU-H71-treated JAK2V617F
mice and, to a lesser extent, PU-H71-treated MPLW515L mice (Sup-
plemental Figure 6, C and D). Conversely, PU-H71 treatment was
associated with a decrease in the proportion of bone marrow and
spleen megakaryocyte progenitors (CD61* and CD41*CD61* popu-
lations) in MPLW515L but not JAK2V617F mice (Supplemental Fig-
ure 6, E and F). PU-H71 treatment did not affect the proportion of
B or T cell precursors in JAK2V617F and MPLWS515L mice (Supple-
mental Figure 6, G and H, and data not shown).

PU-H71 is retained in MPN cells, leading to degradation of JAK2 in
MPN cells but not normal cells. Although Jak2 has been shown to be
required for normal hematopoietic differentiation and is abso-
lutely required for definitive erythropoiesis (32), PU-H71 specifi-
cally inhibited MPL/JAK2 mutant-mediated myeloproliferation,
without apparent effects on normal hematopoiesis. We therefore
chose to investigate the pharmacologic basis for the therapeutic
window of PU-H71 in vivo. Given that we demonstrated JAK2 is a
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MS/MS results for relevant tissues over time.
Spleen tissue in both control and MPLW515L
mice at both 2 and 12 hours shows rapid
uptake by 2 hours but only MPLW515L-spe-
cific accumulation of PU-H71 at 12 hours.
(B) Western blotting of spleen tissue from
control and MPLW515L mice at both 2 and
12 hours shows comparable levels of JAK2
at 2 hours, with a decrease in JAK2 levels
* in MPLW515L mice at 12 hours. Actin and
HSP90 are shown as loading controls. (C)
GFP percentage over time in both vehicle
and 75 mg/kg PU-H71-treated MPLW515L
mice. Initial levels of GFP are similar for both
groups; however, over time there is a statis-
tically significant decrease in the PU-H71—
treated mice. *P = 0.004.
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HSP90 client protein, regardless of mutational or activation sta-
tus, and that both mutant and wild-type JAK2 are degraded by
PU-H71, the basis for the selective effects of PU-H71 on MPN is
likely not due to increased affinity of PU-H71 for mutant/active
JAK2. Previous studies have shown that tumor-associated, hyper-
active HSP90 has increased affinity in vivo for HSP90 inhibitors,
leading to increased uptake of HSP90 inhibitors by metabolically
active tumor cells (54). We therefore investigated whether tumor-
selective accumulation of PU-H71 in vivo might result in tumor-
specific JAK2 degradation, without affecting JAK2 protein levels
in normal tissues. We performed bone marrow transplants with
normal, untransduced bone marrow or with MPLW515L-trans-
duced bone marrow and then waited for all mice to engraft and
for the MPLWS515L-transduced mice to develop disease. We then
administered a single dose of PU-H71 (75 mg/kg) to mice injected
with normal bone marrow and to mice with MPLW515L-induced
myeloproliferation and used liquid chromatography tandem mass
spectrometry (LC-MS/MS) to measure PU-H71 levels in target
organs. Although PU-H71 was detectable in normal and diseased
tissues 2 hours after drug administration, we saw marked, specific
accumulation of PU-H71 in the spleens (Figure 8A) and bone mar-
row (Supplemental Figure 5B) of MPLW515L mice, but not nor-
mal mice, 12 hours after administration of the drug. Of note, we
could detect more than 5 ug/g PU-H71 in the MPLWS515L-trans-
duced spleen 12 hours after a single dose of PU-H71, which cor-
responds to an in vivo concentration of more than 3 uM. We could
detect modestly increased levels of PU-H71 in the liver, lung, and
kidney of MPLWS515L mice, consistent with myeloid infiltration of
these target organs by MPL mutant cells, but we did not observed
significant retention of PU-H71 in normal kidney, liver, or lung
or retention of PU-H71 in brain or heart tissue isolated from nor-
mal or MPLWS515L mice (Figure 8A). We also performed Western
blot analysis of JAK2 protein levels in normal and MPLWS15L
splenocytes after a single dose of PU-H71. Consistent with the
pharmacokinetic data, we observed potent degradation of JAK2
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Figure 9

PU-H71 inhibits growth and signaling of JAK2V617F mutant MPN samples. (A and B) Viability assays of CD34 cells isolated from JAK2V617F-
positive PV patients and normal cord blood cells show that the JAK2V617F-positive mutant cells are more sensitive to growth inhibition by
PU-H71 than the CD34-positive cells isolated from normal cord blood. (C and D) Western blot analysis after treatment of the primary samples
with either DMSO or 250 nM PU-H71 showed that JAK2 levels in PU-H71-treated patient samples were lower than those in normal cord blood
samples. This decrease in JAK2 levels also correlated with increased inhibition of pPSTAT5 and increased levels of HSP70 in these samples in
comparison with cord blood samples. Total STAT5 and actin are shown as loading controls. (E) Flow cytometry revealed a decrease in both
JAK2 and pSTATS levels in drug-treated patient samples.

PU-H71 treatment decreases mutant allele burden in the MPLWS515L
murine model. In previous studies, we have observed that in vivo
therapy with JAK2 inhibitors improves survival and reduces patho-
logic myeloproliferation in the MPLW515L MPN murine model

in MPLWS515L but not normal splenocytes 12 hours after admin-
istration of PU-H71 in vivo (Figure 8B). These data suggest that
the prolonged retention of PU-H71 in MPN cells leads to potent
degradation of JAK2 in a tumor-specific manner in vivo.
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but does not result in reduction in the size of the malignant clone
(55). We therefore wished to determine whether HSP90 inhibition
with PU-H71 was able to reduce mutant allele burden in this model.
As in previous studies with JAK2 inhibitors (S5), we measured GFP
expression over time as a surrogate marker of disease burden for
MPLWS515L mutant cells (MPLWS15L is expressed using a MSCV-
IRES-GFPvirus). Vehicle and PU-H71 treatment groups had similar
GFP percentages in peripheral blood before treatment. In contrast,
PU-H71-treated mice, but not vehicle-treated mice, had a statis-
tically significant reduction in GFP percentage over time (Figure
8C, P=0.004). A similar reduction in GFP percentage was observed
in splenocytes from PU-H71-treated mice, but not vehicle-treated
MPLWS515L mice, over time (data not shown).

PU-H71 inhibits growth and signaling of JAK2V617F mutant prima-
ry MPN samples. We next evaluated the effects of PU-H71 on the
growth and signaling of primary MPN patient cells. We isolated
CD34-positive cells from JAK2V617F primary patient samples and
differentiated these cells into erythroid cells in serum-free medium
with defined cytokines. CD34-positive cells isolated from cord
blood samples of normal individuals were used as controls. We
found that erythroid cells derived from MPN patients were 2- to
3-fold more sensitive to PU-H71 inhibition than normal cord blood
cell samples (Figure 9, A and B). We then performed Western blot
analysis after treatment with either DMSO or PU-H71 (250 nM)
and found that PU-H71 treatment led to near-complete degrada-
tion of JAK2 in MPN patient samples (Figure 9C), with less signifi-
cant JAK2 degradation observed in cord blood samples treated with
PU-H71 (Figure 9D). Moreover, we noted that PU-H71 treatment
resulted in inhibition of STATS phosphorylation in MPN patient
samples but not cord blood samples, consistent with JAK2-depen-
dent signaling by MPN cells (Figure 9, C and D). We noted induc-
tion of HSP70 in MPN patient samples and cord blood samples
with PU-H71 treatment, a known pharmacodynamic measure of
HSP90 inhibition. We were also able to confirm this data using
phospho-flow analyses, which revealed a decrease in both JAK2 and
pSTATS levels in drug-treated patient samples (Figure 9E).

Discussion

Genetic and functional studies have demonstrated the importance
of JAK2/MPL mutations and resultant constitutive activation of
JAK-STAT signaling to the pathogenesis of PV, ET, and PMF (56).
This has led to the development of small molecule JAK2 inhibitors
for the treatment of these MPNSs, and several of these agents are in
advanced clinical trials. Although existing JAK2 inhibitors dem-
onstrate efficacy in a spectrum of in vitro and in vivo preclinical
studies (27), to date clinical responses in PMF have been limited
to reductions in spleen size and in systemic symptoms, without
reductions in allele burden (29-31). Moreover, JAK2 inhibitor
therapy has been associated with dose-limiting thrombocytope-
nia and anemia in a subset of patients. These data suggest that
JAK2 kinase inhibitors may be limited in their efficacy, due to the
requirement for JAK2 kinase activity in normal erythropoiesis and
thrombopoiesis (32). In addition, we have observed that in vivo
therapy with JAK2 inhibitors improves myeloproliferation but
does not reduce mutant allele burden in the MPLW515L MPN
murine transplant model (55). The inability of JAK2 kinase inhibi-
tors to reduce mutant allele burden in vivo may be due to insuf-
ficient target inhibition at clinically achievable doses, the presence
of additional mutations, the relatively short duration of therapy to
date, or the incomplete dependence on JAK2 signaling by the MPN
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clone. Regardless, the clinical experience with JAK2 kinase inhibi-
tors to date provides the impetus for the development of alternate
therapeutic approaches for MPN patients.

In this report, we validate HSP90 as a therapeutic target in
JAK2V617F and MPLWS515L mutant MPN. We demonstrate that
PU-H71, a purine scaffold HSP90 inhibitor, demonstrates efficacy
in JAK2-dependent cell lines, in murine models of PV and ET, and
in primary MPN patient samples. These effects were associated
with dose-dependent, potent in vitro and in vivo inhibition of
JAK2 activation and of downstream signaling pathways, includ-
ing STAT3, STATS, and MAPK signaling. Importantly, exposure
to PU-H71 led to potent, dose-dependent degradation of JAK2 at
doses similar to those required to degrade Rafl. Although previous
studies have demonstrated that a spectrum of oncogenic tyrosine
kinases, including FLT-3 (36) and BCR-ABL (34, 35), are HSP90
chaperone clients, in this study we provide biochemical evidence
that JAK2 is a bona fide client of the HSP90 chaperone complex.
We also show that HSP90 inhibitors degrade JAK2 and inhibit
JAK-STAT signaling in vitro and in vivo. These data suggest that
JAK?2 protein stability is carefully regulated in MPN cells and may
represent an Achilles’ heel of JAK2-dependent malignancies that
can be exploited for therapeutic benefit.

In vivo studies demonstrate that treatment with doses of PU-
H71 that degrade JAK2 and inhibit JAK-STAT signaling markedly
improves survival in the MPLW515L murine model. Moreover, we
found that PU-H71 treatment causes inhibition of mutant-associ-
ated erythrocytosis and megakaryopoiesis in the JAK2V617F and
MPLWS15L murine models, respectively, without effects on nor-
mal erythrocytosis and megakaryopoiesis. Taken together, these
data suggest HSP90 inhibitor therapy with PU-H71 has a specific
effect on proliferation and signaling in the malignant clone. The
selective effect of PU-H71 on JAK2/MPL mutant cells in vivo does
not appear to result from increased dependence of mutant/activat-
ed JAK2 on the HSP90 chaperone complex. Rather, we show that
PU-H71 is selectively retained in MPN cells and target tissues, and
the tumor-selective accumulation of PU-H71 in vivo leads to selec-
tive JAK2 degradation. These data suggest that HSP90 inhibitors
may have a broader therapeutic window than JAK2 inhibitors. Fur-
ther, we also showed that unlike our previous studies with a JAK2
inhibitor (55), PU-H71 treatment leads to a decrease in mutant
allele burden in the MPLW515L murine MPN model. These data
provide a strong rationale for the clinical development of PU-H71
and other HSP90 inhibitors for the treatment of JAK2V617F/
MPLWS515L mutant MPN. In addition, flow cytometric assays
for JAK2 protein expression and phospho-STATS and assessment
of HSP70 induction can be used as pharmacodynamic assays for
PU-H71 and other HSP90 inhibitors in early-phase clinical trials.

Given that PU-H71 and other HSP90 inhibitors degrade many
different client proteins, it is likely that the effects of PU-H71 on
myeloproliferation in vitro and in vivo may result from inhibition
of multiple target proteins in MPN cells. However, several lines
of data suggest that JAK2 is the key molecular target for HSP90
inhibitors in the context of JAK2/MPL-mediated myeloprolifera-
tion. First, PU-H71 led to dose-dependent JAK2 degradation and
inhibition of oncogenic signaling pathways at similar doses in
vitro and in vivo. Second, combination studies demonstrated that
PU-H71 and 2 structurally divergent JAK2 kinase inhibitors were
additive and not synergistic, consistent with a shared mechanism
of action in this cellular context. Moreover, we observed similar
effects on target gene expression with in vitro exposure to PU-H71
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and a JAK2 inhibitor, although the effects of PU-H71 on STATS
target gene expression were more pronounced than those with
JAK2 inhibitor treatment. These data suggest that HSP90 inhibi-
tors are likely to possess marked single-agent activity in JAK2/MPL
mutant MPN. Certainly, in the event that these classes of agents
have non-overlapping toxicity profiles, combination studies of
HSP90 inhibitors and JAK2 kinase inhibitor should be pursued,
so as to maximize target inhibition and to minimize toxicity.

Our study demonstrated specific efficacy of PU-H71 in MPN cell
lines, murine models, and primary human samples, and so it is
likely that PU-H71 and other HSP90 inhibitors will be of value
for the treatment of other JAK2-dependent malignancies. Recent
studies have identified activating mutations in JAK2 in a subset
of patients with high-risk ALL (44-47), suggesting that HSP90
inhibition may be an important therapeutic strategy for patients
with JAK2 mutant, refractory ALL. In addition, in vitro and in
vivo studies have shown that a spectrum of solid tumors, includ-
ing lung cancer, breast cancer, and prostate cancer, activate the
JAK-STAT pathway through autocrine and paracrine mechanisms
(57-59), and HSP90 inhibitors represent an alternative therapeu-
tic approach, which can be used to inhibit JAK2 and other client
proteins, which contribute to the pathogenesis of epithelial malig-
nancies. Alternatively, PU-H71 can be used as a chemical probe
to identify tumors dependent on HSP90 chaperone proteins, and
these data can be integrated with genomic and proteomic studies
in order to identify novel molecular targets in different human
malignancies. Taken together, our data demonstrate the efficacy
of HSP90 inhibition by PU-H71 in a genetically defined human
malignancy and provide a compelling rationale for the immedi-
ate and targeted clinical development of HSP90 inhibitors in the
treatment of MPNs.

Methods

Reagents. PU-H71 [8-(6-iodobenzo[d][1.3]dioxol-5-ylthio)-9-(3-
(isopropylamino)propyl)-9H-purine-6-amine]| was synthesized by the
Chiosis Laboratory (60). One mM stock aliquots were prepared in
DMSO, stored at -20°C, and diluted in appropriate media prior to
use. For in vivo use, PU-H71 was formulated in 10 mM phosphate buf-
fer at a pH of approximately 6.4. TG101348 (27) was synthesized in
the Memorial Sloan-Kettering Cancer Center Organic Synthesis Core
Facility; 1 mM stock aliquots were prepared in DMSO and diluted in
appropriate media prior to use. The pan JAK inhibitor, JAK Inhibitor
I, was purchased from Calbiochem (EMD Chemicals). Antibodies used
for Western blotting and immunoprecipitation included pSTATS and
phosphorylated and total JAK2, STAT3, MAPK, and AKT (all from Cell
Signaling Technologies); STATS and Rafl (both from Santa Cruz Bio-
technology Inc.); HSP70 and HSP90 (both from StressMarq); and Actin
(EMD Chemicals). The MSCV-mouse JAK2V617F-IRES-GFP (MSCV-
mJAK2V617F-IRES-GFP) and MSCV-human MPLWS51SL-IRES-GFP
(MSCV-hMPLWS515L-IRES-GFP) plasmids have been described previ-
ously (10, 14). Luminescence assays were determined using Cell Titer-
Glo (Promega). Information regarding the synthesis of TG101348 can
be found in the Supplemental Methods.

Cell lines. 293T cells were grown in high glucose Dulbecco’s modified
Eagle’s medium with 10% FBS. 293T cells were transiently cotransfected
and retroviral supernatant was produced using Fugene 6 (Roche), accord-
ing to manufacturer’s procedure. Ba/F3 cells were transduced with MSCV-
bhMPLWS515L-neo and MSCV-hBCR-Abl-neo, while Ba/F3 EPOR cells were
transduced with MSCV-mJAK2V167F-neo and MSCV-mJAK2K539L-GFP
viral supernatants. Ba/F3 cells were also doubly transduced with MSCV-
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hMPLWS515L-neo and MSCV-mJAK2WT-puro and selected for growth in
media containing both neomycin and puromycin. Transduced cells were
cultured in RPMI-1640 with 10% FCS and subsequently flow sorted for
GFP to determine viral transduction percentage.

The human leukemic cell lines KU812 (BCR-AbI positive) and SET-2
(JAK2V617F positive) were grown in RPMI-1640 with 20% FCS; where-
as, THP-1 (MLL-AF9) and MOLM13 (MLL-AF9, Flt3) were grown in
RPMI-1640 with 10% FCS. UKE-1 (JAK2V617F-positive) cells were grown
in RPMI-1640 with 10% FCS, 10% horse serum, and 1 uM hydrocorti-
sone. MPN samples were collected from patients who provided signed
informed consent, under institutional review board-approved protocols
at Memorial Sloan-Kettering Cancer Center. Umbilical cord blood from
deidentified subjects was procured as a gift from the New York Blood
Center. CD34 cells cultured from primary JAK2V617F-positive MPN
patients and cord blood samples from normal donors were grown in
StemSpan (StemCell Technologies) supplemented with IL-3, IL-6, and
SCEF for § days, followed by addition of Epo to enrich for erythroid pro-
genitor cells as described previously (28).

In vitro inhibitor assays and Western blot analysis. Viable cells were plated
at 10,000 cells per well in 96-well tissue culture-treated plates in 200 ul
media with increasing concentrations of PU-H71 in triplicate. Primary
cells were plated at a higher density of 50,000 cells per well and were
cultured in cytokine-free media for the duration of the inhibitor assay.
Forty-eight-hour inhibitor assays were assessed using the Cell viability
luminescence assay. Results were normalized to growth of cells in media
containing an equivalent volume of DMSO. The effective concentration
at which 50% inhibition in proliferation occurred was determined using
Graph Pad Prism 5.0 software.

For Western blot analysis, cells were harvested after treatment with
various concentrations of PU-H71 for 16 hours. Cells were immediately
centrifuged, washed in ice-cold PBS containing sodium orthovanadate,
and collected in lysis buffer containing Protease Arrest (G-Biosciences),
Phosphatase Inhibitor Cocktail II (EMD Chemicals), 1 mM Phenylmethyl-
sulfonyl fluoride (MP Biomedicals), and 0.02 mM Phenylarsine oxide. Pro-
tein was normalized using the Bio-Rad Bradford protein estimation and
separated using 4%-12% Bis-Tris electrophoresis gels (Invitrogen). Nitro-
cellulose membranes were blocked in TBS-T with 5% milk and incubated
with appropriate dilutions of primary and secondary antibody.

TImmunoprecipitation. Cells were harvested either at steady-state conditions
or after 4 hours of incubation with a JAK2 inhibitor. Protein was normal-
ized using the Bradford dye, and 500 ug of total protein was incubated
either with PU-H71 beads for 4 hours or overnight with JAK2 antibody.
For protein incubated overnight, protein G agarose beads (EMD Chemi-
cals) were added for another 2 hours of incubation. After incubation, cells
were washed thrice with cold PBS without Ca/Mg but with Laemmli buf-
fer added, boiled for 12 minutes, and spun down, and supernatant was
loaded onto gels and separated as previously described (see above). PU-
H71 was immobilized onto solid-phase by covalent attachment to agarose
beads (Affi-Gel 10, Bio-Rad) as previously described (40). 500 ug of protein
lysate from isogenic and leukemic cells were then incubated with 30 ul
of PU-H71-conjugated beads for 4 hours, followed by centrifugation and
Western blot analysis for JAK2 and HSP90.

Protein half-life and proteasome-mediated degradation. UKE-1 cells were pre-
treated for 5 minutes with 100 mM Cycloheximide (Sigma-Aldrich) and
subsequently incubated with either DMSO or 250 nM PU-H71 for vari-
ous time points. Cells were harvested at 0, 1, 2, 4, 8, 16, and 24 hours and
prepped for Western blots, as previously described (see above). For protea-
some inhibitor studies, UKE-1 cells were pretreated with 5 uM MG-132
(EMD Chemicals) for 2 hours. Cells were then incubated for 16 hours with
DMSO or 500 nM PU-H71. To isolate the detergent insoluble partition, cell
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pellets were lysed in lysis buffer containing 2% SDS with repeated pipetting.
Cell lysates were then quantitated, separated on SDS-PAGE gels, transferred
to nitrocellulose membranes, blocked, and probed, as previously stated.

Densitometry. Western blots were scanned using Adobe Photoshop CS4
11.0.1, and quantitative densitometry was analyzed using the Un-Scan-It
version 5.1. Each blot was normalized to actin and percent remaining was
determined by amount of JAK2 in untreated cells.

Quantitative RT-PCR. Ba/F3 mutant cells expressing either V617F or
WS515L were incubated with either DMSO or 100 nM or 500 nM PU-H71
for 16 hours. Cells were harvested and RNA was extracted using the RNeasy
Mini kit (Qiagen). RNA was reverse transcribed to cDNA using the Verso
cDNA kit (ThermoFisher Scientific). Quantitative RT-PCR assays were
performed using SYBR Green (Applied Biosystems). Transcript levels were
normalized to endogenous levels of actin. The primers used for JAK2 were
as follows: forward primer, 5’ GATGGCGGTGTTAGACATGA, and reverse
primer, 5" TGCTGAATGAATCTGCGAAA. Primers used for MPL were as
follows: forward primer, 5" CCTCACTCAGCCTCTGCTCT, and reverse
primer, 5" GAGGGAGATCCCATCAGGTT.

Transcriptional profiling and GSEA. UKE-1 cells were treated for 8 hours
with PU-H71 (250 nM), JAK inhibitor I (2 uM), both agents in combina-
tion, or DMSO, in triplicate. Expression profiles were then generated by
hybridizing processed RNA with Human Genome U133 Plus 2.0 arrays
(Affymetrix). cDNA processing, chip preparation, hybridization, and chip
scanning were performed at the Memorial Sloan-Kettering Cancer Center
Core Facility. Raw CEL files were processed and normalized using Robust
Multiarray Averaging (60). Expression data preprocessing, comparative
marker selection analysis, and heat map visualizations were generated
using GenePattern software (http://www.broadinstitute.org/cancer/soft-
ware/genepattern/). Expression data was thresholded (10 minimum) and
filtered (3-fold minimum change and 100 minimum absolute difference),
leaving 709 probe sets out of the 54,675 probe sets on the U133 Plus 2.0
arrays. Comparative marker selection was performed on the data using
signal-to-noise ratio, and the top 20 markers based upon signal-to-noise
ratio were chosen after further filtering for P values of less than 0.05 and
fold change between classes greater than 2.5 for the following 3 compari-
sons: DMSO-treated versus PU-H71- and JAK inhibitor-treated samples,
DMSO-treated and PU-H71-treated versus JAK inhibitor-treated samples,
and DMSO-treated and JAK inhibitor-treated versus PU-H71-treated sam-
ples. Signal-to-noise ratio is defined by the following equation:

g =t e
) (Equation 1)

where w; represents the mean expression of samples from class 1 for feature
i, 0y represents the SD of class 1 for feature 7, and S; represents the signal-to-
noise ratio. Supplemental Excel Files 1-3 show signal-to-noise ratio, Pvalue,
q value, and fold change for each of the selected features. P values were esti-
mated from permutation tests that shuffled class labels. Multiple hypothesis
testing was accounted for by examining the g value, where the g value is an
estimate of the false discovery rate developed by Storey and Tibshirani (61).
Resolution of the estimates of the P value and g value is limited by the num-
ber of samples available (9 total), but all selected features had Pvalues of less
than 0.05 and g values of less than 0.05. GSEA was performed using GSEA
software (http://www.broadinstitute.org/gsea/). GSEA was performed using
STAT and HSF1 gene sets from the Molecular Signatures Database (http://
www.broadinstitute.org/gsea/msigdb/index.jsp) and a gene set for 17-AAG
created using comparative marker selection, using the 17-AAG samples (15
samples) and corresponding DMSO controls (79 samples) from the Con-
nectivity Map (http://www.broadinstitute.org/cmap/). (To create 17-AAG

gene sets, Connectivity Map expression data was thresholded [10 minimum]|
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and filtered [5-fold minimum change and 50 minimum absolute difference],
after which comparative marker selection was performed using signal-to-
noise ratio, where the top 50 markers were selected according to the signal-
to-noise ratio after further filtering for P values of less than 0.005 and greater
than 1.5-fold change between classes.) GSEA was performed with 2,500 gene
set permutations and the weighted scoring metric. All probe sets, shown with
the mean for each treatment condition and the corresponding P value, are
presented in Supplemental Excel Files 1-3.

Synergy studies. UKE-1 cells were seeded in sterile, white, opaque 384-well
microtiter plates (Corning), using an automated dispensing system (CyBi-
Well, CyBio), at 1,000 cells per well. PU-H71, TG101348, and the Calbiochem
JAK Inhibitor I were delivered by robotic pin transfer (60 nl) to achieve a
matrix of pairwise dose-response incubations of each compound. Following
incubation for 72 hours, ATP levels were determined for treated cells and con-
trols (Cell Titer-Glo, Promega). Data were linked to experimental compound
concentrations and normalized (Microsoft Excel). Dose-response curves were
generated in Graph Pad Prism software. Combination indices were deter-
mined using the median-effect principle of Chou and Talalay (CalcuSyn Soft-
ware). Isobologram plots were generated also in Graph Pad Prism software.

Murine model and analysis of mice. All animal studies were performed at
Memorial Sloan-Kettering Cancer Center under an animal protocol approved
by the Memorial Sloan-Kettering Cancer Center Instructional Animal Care
and Utilization Committee. The JAK2V617F and MPLWS515L murine BMT
assay was performed as described previously (55). Briefly, bone marrow cells
from 5-Flurouracil-treated (150 mg/kg) male donors were harvested and
transduced with viral supernatant containing MSCV-hMPLWS515L-IRES-GFP
or MSCV-mJAK2V617F-IRES-GFP, and 7.5 x 105 cells were injected into the
lateral tail veins of lethally irradiated (2 x 4.5 Gy) female BALB/c mice. For
the JAK2V617F- and MPLWS515L-transplanted mice, nonlethal bleeds were
performed on day 46 and 12 after transplantation, respectively, to assess dis-
ease severity. Mice were then randomized to receive treatment with PU-H71
(75 mg/kg intraperitoneally, thrice weekly) or with vehicle (10 mM phosphate
buffer, pH ~6.4), beginning 46 or 12 days after transplantation, for JAK2V617F
and MPLWS515L, respectively. With the exception of mice sacrificed at specific
time points for flow cytometric analysis and histopathology, all mice were
treated for 28 days or until any one of several criteria for sacrifice were met,
including moribundity, more than 10% body weight loss, and palpable spleno-
megaly extending across the midline. Differential blood counts were assessed
by submandibular bleeds before the trial, after 15 days of treatment/vehicle,
and at study end points. Animal care was in strict compliance with institu-
tional guidelines established by the Memorial Sloan-Kettering Cancer Center,
the Guide for the Care and Use of Laboratory Animals (National Academy of Sci-
ences [1996]), and the Association for Assessment and Accreditation of Labo-
ratory Animal Care International. For histopathology, tissues were fixed in 4%
paraformaldehyde and then embedded in paraffin for analysis. Tissue samples
were stained using hematoxylin and eosin or ter119. Bone marrow and spleen
cells were strained and viably frozen in 90% FCS and 10% DMSO.

Pharmacodynamic/pharmacokinetic studies. For pharmacodynamic and
pharmacokinetic assays, recipient mice were injected with untransduced or
MPLWS515L-transduced bone marrow cells. After engraftment in all mice
and disease initiation in MPLWS515L mice, all mice were injected with 1
dose of PU-H71 (75 mg/kg intraperitoneally). Mice were euthanized by CO,
asphyxiation and all relevant tissues were harvested 2 and 12 hours after
PU-H71 administration. Tissue was flash frozen in liquid nitrogen, with a
portion of spleen taken for Western analysis. Frozen tissue was dried and
weighed prior to homogenization in acetonitrile/methanol (3:1) solution.
Samples were vigorously vortexed for 30 seconds to allow complete release of
PU-H71 from tissue and then spun down at 4°C. Concentrations of PU-H71
in tissue were determined by high-performance LC-MS/MS (40). PU-H71-ds
was added as the internal standard (62). Compound analysis was performed
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on the 6410 LC-MS/MS system (Agilent Technologies). A Zorbax Eclipse
XDB-C18 column (2.1 x 50 mm, 3.5 um) was used for the LC separation,
and the analyte was eluted under an isocratic condition (65% H,O plus 0.1%
HCOOH: 35% CH;CN) for 5 minutes at a flow rate of 0.35 ml/min.

Flow cytometry. Spleen and bone marrow cells were strained and washed in
ice-cold PBS with 1% BSA. Cells were incubated with Fc block (BD Pharmin-
gen) for 15 minutes, stained with monoclonal antibodies on ice for 20 min-
utes, washed again in ice-cold PBS with 1% BSA, and analyzed on a FACScan.
All cells were gated using a viability marker (7-amino-actinomycin, EBiosci-
ences) with at least 150,000 events gathered. Antibodies used were Ly-6 Gr-
1 PE, CD41 PE, CD71 PE, ter119 APC Alexa Fluor 750, and CD4 (all from
eBiosciences) and CD11b APC Cy7 and CD61 PE (both from BD Pharmin-
gen). For phospho-flow analysis, fresh bone marrow cells or cultured primary
cells were fixed in 2% paraformaldehyde (BD Pharmingen) and permeabilized
with ice-cold 90% methanol. Briefly, cells were incubated with CD71 (FITC)
(BD Pharmingen) in combination with anti-phospho-STATSY694 (Ax647)
(BD Pharmingen) and total JAK2 (rabbit monoclonal, Cell Signaling Tech-
nologies). Cells were then washed and restained with goat anti-rabbit IgG
(PECyS.S; Caltag Laboratories, Invitrogen). Following a final wash, cells were
analyzed by flow cytometry on FACSCalibur flow cytometer. The gates for
defining various subsets were set in the following manner, using (a) unstained
controls, (b) “fluorescence-minus one” controls for experiments when more
than 2 surface markers were used simultaneously, and (c) gating on discrete
cell populations, when present, and then applying this exact gate to other
groups stained with the same fluorophore. Also, all FACS data presented was
gated on living cells, followed by gating for GFP-positive cells. Analysis was
performed using FlowJo software, and results are shown as dot plots.

Statistics. Data is displayed as mean + SEM. Statistical significance
between 2 groups was assessed using the nonparametric exact 1-tailed
(Mann-Whitney U) test to compare survival, blood counts, and megakaryo-
cyte numbers between PU-H71- and vehicle-treated mice and using the
signed ranks test and the exact reference distribution to compare spleen
size and GFP percentage between PU-H71- and vehicle-treated mice. P val-
ues less than 0.05 were considered significant.
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