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Abstract

Janus tyrosine kinase 2 (JAK2) mediates downstream signaling of cytokine receptors in all
hematological lineages, yet constitutively active JAK2 mutants are able to drive selective
expansion of particular lineage(s) in myeloproliferative neoplasm (MPN). The molecular basis of
lineage specificity is unclear. Here we show that three activating JAK2 mutants with similar kinase
activities /n vitroelicit distinctive MPN phenotypes in mice by differentially expanding erythroid
vs. granulocytic precursors. Molecularly, this reflects the differential binding of JAK2 mutants to
cytokine receptors EpoR and GCSFR in the erythroid vs. granulocytic lineage and the creation of
unique receptor/JAK2 complexes that generate qualitatively distinct downstream signals. Our
results demonstrate that activating JAK2 mutants can differentially couple to selective cytokine
receptors and change the signaling repertoire, revealing the molecular basis for phenotypic
differences elicited by JAK2(V617F) or mutations in exon 12. Based on these findings, receptor-
JAK?2 interactions could represent new targets of lineage-specific therapeutic approaches against
MPN, which may be applicable to other cancers with aberrant JAK-STAT signaling.

INTRODUCTION

The JAK/STAT pathway transduces signals from cytokine receptors to regulate diverse
cellular processes, and this pathway is frequently activated in cancers 1. Constitutive
activation of the JAK2 tyrosine kinase is causally linked to myeloproliferative neoplasm
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(MPN), a group of clonal hematopoietic stem cell diseases characterized by the
overproduction of blood cells of the myelo-erythroid lineages, as reviewed in °. A somatic
activating JAK2 mutation, V617F, is identified in the majority of MPN patients and is
sufficient to drive MPN 611, Other activating mutations in JAK2 exon 12 have also been
identified in MPN, albeit with less frequency 1213, Based on these findings, JAK2 inhibitors
have been developed to treat MPN 1415,

Despite these advances, the molecular basis for how JAK2 contributes to MPN is
incompletely understood. It is puzzling that constitutive activation of JAK2, which mediates
signaling of receptors in all hematological lineages, drives clonal disorders of only the
myelo-erythroid lineage. It was initially postulated that this is due to lineage-specific
expression of cytokine receptors. Receptors required to collaborate with JAK2(V617F) and
enable cytokine-independent growth of hematopoietic cells are only expressed in myelo-
erythroid but not lymphoid cells 1617, However, it has since been shown that lymphoid
receptor IL27Ra can also support JAK2(V617F)-mediated cytokine-independent growth /in
vitro 18, and that JAK2(V617F), when expressed alone, can induce signaling via endogenous
receptors such as the IGF1R 819, In addition, other activating JAK2 mutations have been
identified in patients with Down’s syndrome-associated acute lymphoblastic leukemia 20:21,
Equally intriguing is that patients with the MPN, polycythemia vera (PV), can harbor either
V617F or an exon 12 mutation and both present with erythrocytosis, but only those with
V617F present with concomitant granulocytosis or thrombocytosis 12. We also do not fully
understand why the same V617F mutation is present in patients with related, but distinct,
MPN. Thus, the mechanisms underlying lineage specificity and phenotypic pleiotropy in
MPN remain poorly understood.

Here, we report that, despite having similar kinase activities /n vitro, three activating JAK2
mutants elicited distinctive MPN phenotypes in mice. We show that the different mutations
cause JAK? to differentially couple to selective lineage-specific cytokine receptors.
Furthermore, unique receptor/JAK2 mutant complexes generate qualitatively distinct
downstream signaling. Together, these differences account for the ability of JAK2 mutants to
differentially drive selective lineage expansion. Our findings show that oncogenic JAK
kinases can change signaling repertoire at the receptor level, providing a molecular basis for
MPN pathology.

MATERIALS AND METHODS

Bone marrow transplantation

Bone marrow cells from Balb/c mice were transduced to express murine JAK2 or JAK?2
mutants from the MSCV-IRES-GFP vector and injected into lethally irradiated recipients as
described and in accordance with University guidelines 22.

Peripheral blood analysis and histology

Peripheral blood was analyzed on a Hemavet automated blood counter (Drew Scientific).
Paraffin embedded sections were stained with hematoxylin and esoin (H&E), and with
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Chandler’s precision reticulum silver stain (American MasterTech Scientific Inc.) to detect
reticulin fibers.

Murine colony-forming unit assay

Epo-independent endogenous CFU-E and cytokine-independent CFU-G were enumerated in
methylcellulose media without exogenous cytokines (MethoCult M3234, StemCell
Technologies). Sorted CMPs were plated with IL3, IL6, SCF, and Epo (MethoCult M3434,
StemCell Technologies). Colonies were scored according to manufacturer manual.

Flow cytometry

HSCs were identified by SLAM markers 23 and CMP, MEP, and GMP progenitors were
recognized as described 24. Erythroid precursors were identified using Ter119, CD71, and
the FSC parameter 22, Granulocytic precursors were identified with Grl and Mac1. All data
were acquired on a FACSCalibur, LSRII, or Aria (BD Biosciences) flow cytometers and
analyzed with FlowJo software (Tree Star, CA).

BrdU labeling assay

For progenitor cells, 16 hrs post injection of BrdU (100mg/kg), BM and spleen cells were
harvested, fixed and permeabilized with Cytofix/Cytoperm buffer (BD Biosciences), treated
with DNasel, and stained with Pacific Blue conjugated BrdU monoclonal antibody
(Invitrogen). The percentages of cells with BrdU label were determined by flow cytometry.
For precursors, cells were analyzed similarly 30 min post BrdU injection.

Annexin V binding assay

Apoptosis was quantified by staining cells with annexin V-APC (BD Pharmingen) for 15
min and a vital dye 7-AAD and analyzed by flow cytometry.

Cell culture

BaF3 cells (ATCC) stably expressing WT or mutant JAK2 in MSCV-neo vector with HA-
EpoR, HA-EpoR(F8), HA-GCSFR, HA-GCSFR(F4) in pMX-IRES-GFP vector were sorted
for GFP fluorescence, and maintained in media with 1mg/ml G418 and WEHI-3B cell
supernatant as a source of 1L3 17:22, To determine sensitivities to inhibitors, cells were
grown in the presence of 10 uM of MEK inhibitor U0126, 10 uM of PI3K inhibitor
LY294002, or 8 pM of STAT3/5 inhibitor pimozide.

Immunoprecipitation and immunoblotting

Cell lysates were immuno-blotted with HA, JAK2, phospho-STATAS antibodies, or anti-
phosphotyrosine antibody 4G10, and immunoprecipitated with HA agarose or JAK2
antibodies as indicated 26,

MTT assay

5,000 BaF3 cells were seeded per well of a 96 well plate and MTT assay was performed
according to manufacturer’s instructions (Promega).
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Human CD34+ and mononuclear cells isolation, lentiviral transduction and colony assays

Normal human CD34* cells were purchased from Fred Hutchinson Cancer Center
Hematopoietic Cell Processing and Repository. CD34* cells were transduced with
puromycin resistant lentiviruses expressing wild-type or mutant JAK2, then plated in
methylcellulose media (H4230, StemCell Technologies) with puromycin (1ug/ml). For Epo-
independent BFU-E, IL3 and SCF were added. Colonies were enumerated according to
manufacturer manual. PV mononuclear cells were isolated from whole blood via Ficoll-
Paque (GE Healthcare). Written informed consent was obtained according to Institutional
Review Board guidelines.

Statistical analyses

Data are reported as means = SEM. Statistical significance (P<0.05) of differences between
groups was determined by Student’s #test (2-tailed, unpaired) using the GraphPad Prism
software.

Additional experimental procedures are detailed in Supplemental Methods

RESULTS

JAK2 mutants confer distinct MPN phenotypes in mice

From a functional screen for residues required for JAK2 auto-inhibition, we identified a
panel of activating JAK2 mutations in addition to V617F 22, To determine their
physiological consequences, a murine transplantation model was employed with bone
marrow cells retrovirally expressing either wild-type JAK2 or JAK2 mutants, together with
GFP. Specifically, we examined K5391, V617F and N622I; K539l lies in exon 12, whereas
N622I had the highest mitogenic activity in hematopoietic BaF3 cells. These mutants
exhibited similar 777 vitro kinase activity 22 and protein half-lives (supplemental Fig. 1). Cells
were transduced at comparable efficiencies (and less than 30% to avoid doubly infected
cells) prior to transplantation and expressed similar amounts of JAK2 protein (supplemental
Fig. 2a-b). At two weeks post transplantation, GFP* percentages and median fluorescence
intensities, which correlate with JAK2 expression levels, were also comparable in total, Lin
as well as Lin"Scal Kit* populations (supplemental Fig. 2c-d). Interestingly, we found that
these mutants elicited drastically different phenotypes. Similar to MPN patients, JAK2
mutant mice exhibited splenomegaly (Fig. 1a). However, complete blood count (CBC)
analyses showed that different lineage blood cells were overproduced (Fig. 1a). Mice
receiving JAK2(K539I)-transduced cells showed primarily erythrocytosis with mild
granulocytosis (Fig. 1a, red). Mice expressing JAK2(V617F) showed erythrocytosis and
granulocytosis (Fig. 1a, green), whereas JAK2(N622I) animals displayed predominant
granulocytosis (Fig. 1a, blue). Importantly, blood cell counts in mice overexpressing wild-
type JAK2 were normal (Fig. 1a, black, referred to as WT mice hereafter).

Differential expansion of different lineages was confirmed in histological analyses of bone
marrow (BM) and spleen sections, and as observed in MPN patients, reticulin fibrosis was
observed in mice expressing JAK2 mutants (supplemental Fig. 3). At early time points, the
low levels of erythrocytosis in JAK2(N6221) mice and the mild elevation of platelets in
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JAK2(K5391) and JAK2(V617F) mice, both transient, possibly reflected contribution from
transduced progenitor cells (Fig. 1a). We thus focused on later time points after phenotypes
were well established. Prior studies comparing different murine models have demonstrated
that the level of JAK2(V617F) expression influences phenotype; expression level equal or
lower than endogenous JAK?2 is required to elicit thrombocytosis 112728, The expression
levels of JAK2 mutants are higher in our mice, which may have contributed to the lack of
thrombocytosis.

Next we determined cytokine-independent colony formation, a hallmark of MPN. As shown
in Fig. 1b, BM and spleen cells from mice expressing JAK2 mutants but not WT produced
cytokine-independent erythroid (CFU-E) and/or granulocytic (CFU-G) colonies, in line with
the constitutive activation of JAK2 mutants. Consistent with their distinct CBC phenotypes,
JAK2(K5391) mice showed the highest number of cytokine-independent erythroid colonies,
whereas JAK2(V617F) and JAK2(N6221) mice produced higher numbers of cytokine-
independent granulocytic colonies (Fig. 1b).

We corroborated our findings in human CD347 cells. CD34" cells expressing JAK2(K5391)
and JAK2(V617F) produced more Epo-independent erythroid colonies than cells expressing
JAK2(N6221), whereas JAK2(N6221) and JAK2(V617F) cells produced more cytokine-
independent granulocytic colonies than JAK2(K5391) cells (Fig. 1c).

Our results demonstrated that expression of three activating JAK2 mutants differentially
drive erythrocytosis and/or granulocytosis in mice (Fig. 1d). We believe K539l is
functionally equivalent to the K539L mutation found in MPN patients, and our results are
consistent with clinical data showing that patients with the V617F mutation exhibit
granulocytosis in addition to erythrocytosis, while those with exon 12 mutations (where
K539 resides), exhibit isolated erythrocytosis 12. Thus, our three mutant models provided the
opportunity to investigate differences in JAK2 signaling that might drive erythropoiesis and
granulopoiesis.

JAK?2 mutants differentially affect hematopoietic progenitor and precursor cells

To determine the cellular mechanisms underlying the differential expansion of erythrocytes
and granulocytes in JAK2 mutant mice, we quantified erythroid and granulocytic precursors
as well as earlier progenitors by flow cytometry. GFP* cells were gated for each cell
population.

Consistent with the erythrocytosis phenotype, total Ter119* erythroid precursors per animal
massively expanded over WT in JAK2(K5391) and JAK2(V617F) mice, especially in spleen
(Fig. 2a). Mac1*/Gr1* myeloid precursors increased in all three JAK2 mutant mice, and the
overall Mac1*/Gr1* cell numbers (7, 3, 1.5-fold over WT for JAK2(N6221), JAK2(V617F)
and JAK2(K539l), respectively) are in line with their degree of granulocytosis
(JAK2(N6221)> JAK2(V617F)> JAK2(K5391))(Fig. 2b).

Hematopoietic stem cells and progenitors were reduced in the BM of JAK2 mutant mice and
increased in the spleen (Fig. 2c, supplemental Fig. 4). Similar numbers of CMP were
observed in all three JAK2 mutant mice (Fig. 2¢). JAK2(K5391) mice had the highest
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numbers of MEP, whereas JAK2(N622I) mice the highest numbers of GMP (Fig. 2c).
Compared to WT mice, total CMP, GMP and MEP numbers per animal did not increase in
JAK2 mutant mice (Fig. 2c). The degree of expansion is thus much greater in precursors
than earlier progenitors.

JAK2 mutants differentially regulate apoptosis, proliferation and differentiation of
progenitor and precursor populations

To further probe the mechanisms in different cell populations, we measured apoptosis and
proliferation using Annexin V staining and /7 vivo bromodeoxyuridine (BrdU)
incorporation, respectively.

Apoptosis in CMP, MEP and GMP progenitors was lower in JAK2 mutant mice compared to
WT controls, but the differences between mutants were small (Fig. 3a, supplemental Fig. 5a-
d). Expression of JAK2 mutants did not increase their proliferation compared to WT control
(supplemental Fig. 5e). These effects could not explain the significant differences in BM
GMP and MEP numbers among JAK2 mutant mice (Fig. 2c). We observed that with similar
numbers of CMP cells, the ratio of GMP to MEP progeny populations differed greatly
among JAK2 mutant mice (Fig. 3b). The GMP/MEP ratio in JAK2(V617F) and
JAK2(N6221) mice was drastically greater than WT animals (3-10 fold in BM and spleen),
but normal in JAK2(K5391) mice (Fig. 3b). We sorted BM CMP progenitors prospectively
and after culture enumerated granulocytic and macrophage colonies vs. erythroid and
megakaryocytic colonies. Sorted CMPs from JAK2(V617F) and JAK2(N6221) mice
generated significantly more granulocytic and monocytic lineage colonies than erythroid and
megakaryocytic lineage colonies compared to WT and JAK2(K5391) mice (Fig. 3c),
consistent with the increased GMP/MEP ratios. Therefore, differentiation was skewed
toward granulopoiesis in the early progenitors of JAK2(V617F) and JAK2(N6221) mice.
Alternatively, JAK2(V617F) and JAK2(N6221) may selectively amplify GM-committed
progenitors in the normal CMP gate.

Results in progenitors did not explain erythrocytosis presented in JAK2(K5391) and
JAK2(V617F) mice. We next examined erythrocytic and granulocytic precursors. As
Ter119* and Mac1*/Gr1* precursors are comprised of distinguishable subsets that differ in
survival and proliferative potential, we further classified them into progressively
differentiated subsets. Erythroid precursors were subdivided using Ter119, the transferrin
receptor (CD71)and the “cell size” parameter (FSC), into progressively maturing
proerythroblast (ProE), basophilic erythroblast (EryA), late basophilic and
polychromatophilic erythroblasts (EryB), and orthochromatic erythroblasts (EryC)
(supplemental Fig. 6a-c)2°. Early apoptotic fractions (GFP* AnnexinV*7AAD") decreased
significantly in splenic ProE, EryA and EryB erythroblasts in JAK2(K5391)and
JAK2(V617F) mice to about 30% relative to WT controls (Fig. 4a). Similar observation was
found in the 7AAD™ late apoptotic fractions (supplemental Fig. 6d). These results were
consistent with the large expansion of JAK2(K5391) and JAK2(VV617F) erythroblasts (Fig.
4a, supplemental Fig. 6e). Even though splenic EryA and EryB showed small reduction in
apoptosis, massive increase in EryC accounted for the lack of erythrocytosis in
JAK2(N6221) mice (Fig. 4a, supplemental Fig. 6d). For proliferation, none of the JAK2
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mutants showed increased BrdU incorporation in ProE or EryA precursors compared to WT
cells (supplemental Fig. 6f). Proliferation was not compared in EryB and EryC subsets
because they did not tolerate the fixation/staining process. However, these later erythroblasts
normally have low proliferative potential.

Our results suggested that reduced apoptosis rather than increased proliferation of erythroid
precursors likely contributed to their expansion in JAK2(K5391) and JAK2(V617F) mice.
These results are consistent with the idea that JAK2 mutants exploit the high apoptotic rate
in splenic ProE and EryA erythroblasts, which was shown as a main mechanism to ensure a
reserve of erythroid precursors that can rapidly respond to acute erythropoietic stress 2°.

Granulocyte precursors were further divided into immature Mac1*Gr1!® and mature
Mac1*GriNi subsets (supplemental Fig. 7a-b). Decreased apoptosis was observed for both
subsets in the spleens of JAK2 mutant mice, as well as in BM JAK2(V617F) and
JAK2(N6221) Mac1*Gr1!o cells compared to WT controls (Fig. 4b, supplemental Fig. 7c).
We also observed profoundly increased splenic precursor proliferation in both subsets in
JAK?2 mutant mice (Fig. 4b). Concomitantly, the decreased apoptosis and increased
proliferation resulted in significantly increased granulocyte precursors, especially in
JAK2(V617F) and JAK2(N6221) mice (Fig. 4b, supplemental Fig. 7d).

Together, these results identified the cellular mechanisms underlying the ability of JAK2
mutants to differentially affect hematopoiesis. We concluded that erythrocytosis-driving
JAK2 mutants (K5391, V617F) cause a marked decrease in apoptosis of erythroid
precursors, and that granulocytosis-driving mutants (V617F, N6221) reduce apoptosis and
increase proliferation of granulocytic precursors. In addition, expression of JAK2(V617F)
and JAK2(N6221) favors granulocyte-monocyte commitment of multipotent progenitors.
(Fig. 4c).

JAK2 mutants differentially couple to EpoR and GCSFR

Having defined cellular mechanisms underlying the phenotypic differences, we next
examined the molecular mechanisms. Because JAK2(V617F) signaling requires the co-
expression of cytokine receptors that serves as scaffolds for downstream signaling 16-18, we
surmised that differences in interaction between JAK2 mutants and cytokine receptors might
account for the different phenotypic outcomes. Specifically, we hypothesized that JAK?2
mutants differentially couple to EpoR and GCSFR, as functions of these two receptors
mirror the effects seen in the specific progenitors/precursors 29-32,

We first tested this hypothesis in BaF3 cells, in which activating JAK2 mutants required the
co-expression of either EpoR or GCSFR to grow in an IL3-independent manner. BaF3 cells
stably expressing WT or mutant JAK2 with HA-tagged EpoR or GCSFR were maintained in
media containing IL3. Here, instead of JAK2, HA-EpoR and HA-GCSFR were expressed
bicistronically with GFP, so median GFP fluorescence intensity can be used to quantify total
receptor expression levels. Cells were washed and cultured without IL3 and the amount of
receptors necessary for each JAK2 mutant to grow IL3-independently was compared. Prior
to IL3 withdrawal, all cells expressed similar levels of receptors, and IL3 withdrawal
selected for cells with higher receptor levels (Fig. 5a). Interestingly, erythrocytosis-driving
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JAK2(K5391) required the least amount of EpoR, while granulocytosis-driving
JAK2(N6221) the least amount of GCSFR. Levels of EpoR and GCSFR in cells expressing
JAK2(V617F), which drives both erythrocytosis and granulocytosis, were medium (Fig. 5a).
Receptor expression levels were confirmed by immunoblotting (supplemental Fig. 8a).
These results suggest that JAK2 mutants may bind to receptors with different affinities,
and/or differentially activate signaling in a receptor-JAK2 complex. Similar results were
obtained in another hematopoietic cell line, 32D (supplemental Fig. 8b), except that
JAK2(K5391) was not able to effectively promote IL3-independent growth in 32D cells co-
expressing GCSFR, consistent with its inferior binding to GCSFR (discussed below).

The ability of JAK2 mutants to bind EpoR or GCSFR was examined using co-
immunoprecipitation assays in BaF3 cells and y2A cells that lack endogenous JAK2. As
shown in Fig. 5b-c, more EpoR co-immunoprecipitated with JAK2(K5391) and
JAK2(V617F) than JAK2(N622l), and more GCSFR co-immunoprecipitated with
JAK2(V617F) and JAK2(N622I) than JAK2(K5391). Despite differences in receptor
binding, all three mutants required the FERM domain to interact with EpoR and GCSFR,
similar to wild-type JAK?2, because a point mutation in JAK2 FERM domain (Y119E),
previously shown to disrupt receptor binding 3334, abolished their ability to cause IL3-
independent growth in BaF3/EpoR and BaF3/GCSFR cells (supplemental Fig. 9).

To corroborate these results, we tested whether EpoR or GCSFR is required for JAK2
mutants to promote cytokine-independent colonies. BM cells from wild-type mice or
EpoRfloX/flox mice were transduced with retroviruses expressing JAK2 mutants and GFPCre
(GFP-fused cre recombinase) bicistronically, so that transduced EpoRfoX/floX cells but not
wild-type cells will also be devoid of EpoR. We found that JAK2(K5391) and JAK2(V617F)
exhibited Epo hypersensitivity in forming BFU-E colonies, which was normalized when
EpoR was deleted (Fig 5d). To test for requirement of GCSFR, BM cells from GCSFR™- or
control (GCSFR*/*) mice were transduced to express JAK2 mutants. Cells from GCSFR™-
mice were strongly inhibited in forming JAK2 mutant mediated cytokine-independent
granulocytic colonies, in contrast to control cells (Fig. 5d). These results are consistent with
an essential role of EpoR and GCSFR in JAK2 mutant-mediated erythrocytosis and
granulocytosis, respectively.

Because MPN patients with V617F but not exon 12 mutations exhibit thrombocytosis, we
also compared interaction between JAK2 mutants and the thrombopoietin receptor (TpoR).
JAK2(K5391) consistently co-immunoprecipitated less TpoR compared to JAK2(V617F)
(Fig. 5¢), suggesting a weaker interaction. Because our mice did not exhibit thrombocytosis,
and we found that expression of TpoR alone or with WT JAK2 in BaF3 cells caused factor-
independent growth that interfered with experimental interpretation, we focused on signaling
from EpoR and GCSFR below.

We compared receptor tyrosine phosphorylation in cells expressing JAK2 mutants, the first
step in canonical cytokine receptor signaling. As shown in Fig. 5e, EpoR was tyrosine-
phosphorylated in JAK2(K5391)/EpoR and to a lesser extent JAK2(V617F)/EpoR cells but
not in JAK2(N6221)/EpoR cells, indicating that EpoR was differentially phosphorylated by
JAK2 mutants. Tyrosine phosphorylation of GCSFR was not observed using anti-

Leukemia. Author manuscript; available in PMC 2017 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yao et al.

Page 9

phosphotyrosine antibodies (data not shown), which may be below detection limit. Together,
these data established that JAK2 mutants differentially bind cytokine receptors and form
unique signaling platforms (phosphorylated forms of receptors)to mediate IL3-independent
growth in BaF3 cells.

Different receptor-JAK2 complexes elicit distinct downstream signaling

To interrogate downstream signaling generated by these unique receptor-JAK2 complexes,
BaF3 cells expressing the different complexes were incubated with MEK inhibitor (U0126),
PI3K inhibitor (LY294002), and STAT3/5 inhibitor (pimozide) 3° and their growth was
monitored. These inhibitors blocked activities of their target proteins (supplemental Fig. 10).
IL3-independent cells co-expressing EpoR with any of the three JAK2 mutants were
sensitive to PI3K and STAT3/5 inhibitors, but only JAK2(N6221)/EpoR cells died in the
presence of the MEK inhibitor (Fig. 6a). By contrast, IL3-independent cells co-expressing
GCSFR and any of the three JAK2 mutants were sensitive to MEK and STAT3/5 inhibitors,
but only JAK2(N6221)/GCSFR cells were also sensitive to PI3K inhibition (Fig. 6a).
Therefore, receptor-JAK2 complexes formed with different JAK2 mutants relied on distinct
downstream signaling pathways.

We corroborated our findings using primary cells from JAK2 mutant mice as well as PV
patients. Consistent with previous results, growth of cytokine-independent erythroid colonies
from JAK2 mutant mice and from JAK2(V617F)-positive PV patients was sensitive to AKT
inhibition, whereas growth of cytokine-independent granulocytic colonies from JAK2
mutant mice and from JAK2(V617F)-positive PV patients was sensitive to MEK inhibition
(Fig. 6b-c). As controls, both types of colonies were sensitive to JAK2 inhibition. In line
with data from BaF3 cells, MEK inhibitors did not curb cells from JAK2(K391) and
JAK2(V617F) mice and from JAK2(V617F) PV patients to form cytokine-independent
erythroid colonies. MEK inhibitors actually caused an increase of cytokine-independent
erythroid colonies from JAK2(K391) mice, perhaps because constitutive MEK/ERK
activation inhibits erythroid differentiation 36. Cytokine-independent erythroid colonies were
too few in JAK2(N6221) mice to verify whether they were MEK inhibitor-sensitive.
Consistent with our observations in BaF3 cells, cytokine-independent granulocytic colonies
from JAK2(N622I) but not JAK2(K5391) mice were sensitive to AKT inhibitors (Fig. 6b).
Different from results in BaF3 cells, cytokine-independent granulocytic colonies from
JAK2(V617F) mice as well as from PV patients were also sensitive to AKT inhibitors,
possibly reflecting differences between cell lines and primary cells.

Consistent with the high EpoR phosphorylation level, we observed high levels of activated
STATS in EryA cells of JAK2(K539I) mice (Fig. 6d). Consequently, expression levels of one
STATS target gene, the transferrin receptor (CD71), was also highest in JAK2(K5391) EryA
cells (Fig. 6d). This is in line with findings that exon 12 mutations induce more robust
activation of STAT5 than the VV617F mutation 12, and a recent report of an exon 12 knock-in
mouse model, showing higher levels of the transferrin receptor as well as enzymes in iron
metabolism, which may optimize iron availability 13. We also observed that
GFP*Lin-Scal*Kit* cells from JAK2(N622I) mice exhibited higher basal level activation of
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AKT, ERK and STATS5 than those from JAK2(K539l), JAK2(V617F) or WT mice
(supplemental Fig. 11).
Together, our results demonstrated that interactions between JAK2 mutants and cognate
cytokine receptors are fundamentally different, forming unique receptor/JAK2 complexes
that elicit distinct downstream signaling, thereby dictating pathophysiological consequences
in mice.

DISCUSSION

We report that selective coupling with cytokine receptors contributes to the different
phenotypes elicited by three activating JAK2 mutants. Specifically, decreased binding of
particular JAK2 mutants toward specific receptors impairs constitutive downstream signaling
from that receptor-JAK2 complex. Moreover, unique receptor signaling platforms are
created by different JAK2 mutants to elicit qualitatively distinct downstream pathways.
These mechanisms, which act in concert and are not mutually exclusive, amplify single
amino acid changes in JAK?2 to yield immensely different disease phenotypes /n vivo.

We show that JAK2 mutants bind to cytokine receptors differently. JAK2(N6221), which
failed to elicit erythrocytosis in mice, binds less to EpoR than JAK2(K539I) and
JAK2(V617F). JAK2(K5391), which generates the mildest granulocytosis among the 3
mutants, binds less to GCSFR than JAK2(N6221) and JAK2(V617F). Because JAK2 mutants
still depend on their FERM domain for IL3-independent BaF3 cell growth, JAK2 mutations
may directly or indirectly cause specific structural changes in the FERM domain to
influence receptor binding.

Besides binding receptors differently, JAK2 mutants were able to form unique receptor-JAK
complexes to activate qualitatively different downstream signaling. This is demonstrated by
differences in receptor tyrosine phosphorylation, and downstream pathways required to
cause IL3-independent BaF3 cell growth or to produce cytokine-independent colonies. We
surmise that structural variations in JAK2 mutants might alter the position/orientation of the
kinase domain relative to receptor tails, thus influencing the accessibility and efficiency to
phosphorylate particular receptor tyrosines. The lowered affinity of specific JAK2 mutants
towards a receptor may also impede phosphorylation.

Our study sheds light on some long-standing puzzles of phenotypic pleiotropy in MPN.
First, polycythemia vera (PV) patients with either the JAK2 V617F mutant or exon 12
mutants present with erythrocytosis, but only those with VV617F exhibit granulocytosis and
thrombocytosis. Our results showed that JAK2(K5391) interacted less than JAK2(V617F) to
GCSFR and TpoR, which may have limited its constitutive signaling from these receptors
and prevented granulocytosis and thrombocytosis in MPN. Second, while most PV patients
with the V617F mutation have at least a portion of mutation-homozygous clones,
homozygosity is rare in exon 12 patients 37. We observed that JAK2 mutants bind less to the
EpoR than WT JAK?2, and JAK2(V617F) was inferior than JAK2(K5391) in binding and
signaling from the EpoR. Therefore, bi-allelic expression of JAK2(V617F) may be required
to overcome competition with WT JAK2 to cause erythrocytosis. Third, patients with the
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V617F mutation can present with PV, essential thrombocytosis (ET) or primary
myelofibrosis. Because PV progenitors tend to be homozygous for the mutation while ET
progenitors are nearly always heterozygous 38, a “mutational dosage” hypothesis was put
forth 39. Our data suggest a new model in which activating mutations differentially affect
JAK?2 interaction with various receptors. This model aligns with the “dosage” hypothesis. As
discussed, reduced coupling of JAK2(V617F) to the EpoR may necessitate bi-allelic
expression for erythrocytosis, but the heterozygous state may be sufficient for JAK2(V617F)
to couple to the TpoR to cause thrombocytosis. Our model is not confined to the receptors
tested here, and does not preclude the possibility of signaling differences resulting from
JAK?2 mutants themselves not in complex with receptors. These may affect STAT1
activation, previously shown to differentiate JAK2(V617F)-heterozygous erythroid cells
from ET or PV patients 4. It should also be noted that MPNs are clonal diseases, and other
signaling events besides constitutive JAK-STAT signaling may be necessary for the
expansion of a mutated HSC clone.

JAKZ2 inhibitors have been developed for MPN but toxicity is a common problem, calling for
novel therapeutics that can target only the affected lineage while sparing others. We surmise
that receptor-JAK2 interactions may represent targets of new lineage-specific therapeutic
approaches. Alternatively, combining JAK inhibitors with inhibitors targeting aberrant
downstream signaling that are specific to only the affected lineage may offer better
specificity and reduced toxicity. Our results suggest that lineage-specific signaling nodes
downstream of JAK2 mutants can be identified; oncogenic signaling from the EpoR depends
on PIBK/AKT and STAT3/5 activity, whereas from the GCSFR depends on MEK and
STAT3/5 activity. Consistent with these results, JAK2(V617F) expression fails to cause
erythrocytosis and granulocytosis in STAT5-deficient mice 4142, and PI3K inhibitors
showed synergy with JAK inhibitors to curb cytokine-independent erythroid colony
formation from JAK2(V617F) patient cells 43,

Our findings provide a molecular basis for MPN pathophysiology, and reveal a new way for
constitutively active tyrosine Kinases to generate oncogenic signaling. We suggest that
previously unrecognized complexities in receptor-JAK interaction significantly impact
signaling and pathology and may point to new therapeutic strategies in cancers with
activated JAK/STAT pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A(?tivating JAK2 mutants confer distinct hematological phenotypes in mice. (a)
Hematological parameters of mice assessed at indicated times post transplantation. Grey
zones indicate normal range. w: weeks post transplantation. *p<0.01 (vs. WT). Mice
expressing JAK2 mutants exhibited splenomegaly at 12 weeks post transplantation. (b) Cells
from JAK2 mutant mice but not WT mice generated cytokine-independent erythroid and
granulocytic colonies. *p<0.05, **p<0.01, ***p<0.001. n=3 in each group.ND: not detected.
(c) Expression of JAK2 mutants in human CD34" cells differentially affects erythroid vs.
granulocytic lineages. Normal CD34* cells were transduced with lentiviruses expressing WT
or mutant JAK2 and plated in methylcellulose media with puromycin to select for
transduced cells. Epo-independent BFU-E colonies and cytokine-independent CFU-G/M
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colonies, which include CFU-G, CFU-M and CFU-GM colonies are shown. Colonies were
enumerated on day 14. n=3 in each group. *p<0.05, **p<0.01, ***p<0.001 (vs. WT unless
specified). (d) Summary of blood phenotypes. The degree of erythrocytosis and
granulocytosis are indicated by plus signs.Results represent at least three independent
experiments.
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Fig. 2.

Erythroid and granulocytic precursors are differentially expanded in JAK2 mutant mice. (a-
b)Frequency and total number of Ter119* erythroid (a) and Mac1*/Gr1* granulocytic (b)
precursors were increased in JAK2 mutant mice. Because hind limbs BM represents
approximately 25% of total bone marrow 32, total number of precursors per animal was
calculated as the sum of the number from spleen and four fold the number from hind limbs
BM. (c) Frequency and total number of BM and splenic CMP, MEP, and GMP progenitors
from mice expressing JAK2 mutants or WT mice. In all panels, GFP* indicates that GFP*
cells are gated for analyses. n=3 in each group. *p<0.05, **p<0.01, ***p<0.001 (vs. WT
unless specified). Results represent at least three independent experiments.
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Survival and differentiation analyses of myeloid progenitors from JAK2 mutant mice. ()
Annexin V-binding analyses in CMP, MEP, and GMP progenitors normalized to WT
controls.Apoptotic cells (GFP*AnnexinV*7AAD" plus GFP*AnnexinV*7AAD™") were
quantified. (b) GFP* GMP to MEP ratio is significantly higher in JAK2(V617F) and
JAK2(N6221) mice compared to WT mice. (c) Sorted GFP* CMP from JAK2(V617F) and
JAK2(N6221) mice generated more granulocytic and macrophage colonies (G-colonies) than
erythroid and megakaryocytic colonies (E-colonies) compared to WT mice. n=3 in each
group, *p<0.05, **p<0.01, ***p<0.001 (vs. WT unless specified). Results represent at least

three independent experiments.
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Fig. 4.

Sugrvival and proliferation analyses of erythroid and myeloid precursor subsets from JAK2
mutant mice. (a) Quantitative analyses of Annexin V-binding in erythroblast subsets
normalized to WT controls. Early apoptotic cells (GFP*AnnexinV*7AAD"), and frequency
of BM and splenic erythroblast subsets were quantified. (b)Quantitative analyses of Annexin
V-binding and BrdU incorporation in granulocytic precursor subsets normalized to WT
controls. Early apoptotic cells (GFP*AnnexinV*7AAD") were shown. Frequency of BM and
splenic granulocytic precursor subsets were quantified. (¢) Summary of cellular effects of
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JAK2 mutants.n=3 in each group. *p<0.05, **p<0.01, ***p<0.001 (vs. WT unless
specified). Results represent two independent experiments.
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Fig. 5.

JAK2 mutants interact with cytokine receptors in different ways. (a) The amount of co-
expressed receptors necessary for each JAK2 mutant to transform BaF3 is different. BaF3
cells stably expressing WT or mutant JAK2 with HA-tagged EpoR or GCSFR
(bicistronically co-expressed with GFP) were selected in media without IL3. Median GFP
fluorescence intensities (numbers in parentheses) indicate receptor expression level before
and after 1L3 withdrawal. (b) JAK2 mutants bind to receptors with different affinities. Co-
immunoprecipitation analyses of JAK2 mutants and HA-tagged receptors in BaF3 cells
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using either JAK?2 or HA antibodies.Immunoblot band intensity was quantified by ImageJ
software and normalized to JAK2(K539I). (c) JAK2 mutants differentially bind to receptors
in JAK2-deficient y2A cells. JAK2 mutants were transiently expressed in y2A cells in
which HA-tagged EpoR, GCSFR, or TpoR were stably expressed. Interaction was examined
by co-immunoprecipitation with JAK2 antibodies. Immunaoblot band intensity was
quantified by ImageJ software and normalized to loading control and wild-type JAK2.
W:WT, K: K5391, V: V617F, N: N622I. (d) Deletion of EpoR or GCSFR impairs
hypersensitive erythroid colonies and cytokine-independent granulocytic colonies produced
by JAK2 mutants. Bone marrow cells from wild-type or EpoRfIoX/flox mice, transduced to
express JAK2 mutants and GFPCre, and bone marrow cells from wild-type or GCSFR™-
mice, transduced to express JAK2 mutants, were plated in methylcellulose media (M3234)
with 0.3U/ml Epo (for BFU-E) or with no cytokine (for CFU-G). Colonies were enumerated
on day 5 and 7. (e) EpoR is tyrosine phosphorylated in cells expressing JAK2(K5391) and
JAK2(V617F) but not JAK2(N622I). HA-EpoR immunoprecipitated via HA agarose was
probed with anti-phosphotyrosine antibody 4G10. *p<0.05, **p<0.01, ***p<0.001 (vs. WT
unless specified). ND: not detected. IP: immunoprecipitation. IB: immunoblot. Results
represent at least three independent experiments.
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Fig. 6.

JA?KZ mutants elicit distinct downstream signaling from receptor-JAK2 complex. (a)
Sensitivity of BaF3 cells expressing JAK2 mutants with EpoR (top panels) or GCSFR
(bottom panels) to inhibitors of PI3K (LY294002), STAT3/5 (pimozide) and MEK (U0126).
(b) Cytokine-independent erythroid colonies and granulocytic colonies from JAK2 mutant
mice grown in the presence of inhibitors to MEK (AZD6244), AKT (MK2206) or JAK2
(AZD1480) were enumerated.n=3 in each group. (c) Effects of inhibitors on the formation of
Epo-independent BFU-E and cytokine-independent granulocytic colonies from
JAK2(V617F)-positive PV patient mononuclear cells (MNC). Colonies were enumerated on
day 14. n=3 in each group. (d) Levels of phospho-STATS5 and its target gene transferrin
receptor are highest in sorted EryA cells expressing JAK2(K5391) among the three mutants.
Immunoblot band intensity was quantified by ImageJ software and normalized to
JAK2(K5391). *p<0.05, **p<0.01, ***p<0.001 (vs. vehicle (DMSOQO) in (b-c) or WT (d)).
ND: not detected. Results represent at least three independent experiments.
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