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The JAK2-V617Fmutation is an important etiologic factor for
the development of myeloproliferative neoplasms. The mecha-
nismbywhich thismutated tyrosine kinase initiates deregulated
signals in cells is not completely understood. It is believed that
JAK2-V617F requires interactions with homodimeric cytokine
receptors to elicit its transforming signal. In this study, we dem-
onstrate that components of heterodimeric cytokine receptors
can also activate JAK2-V617F. Expression of IL27Ra, a het-
erodimeric receptor component, enhanced the activation of
JAK2-V617F and subsequent downstream signaling to activa-
tion of STAT5 and ERK. In addition, expression of components
of the interleukin-3 receptor, IL3Ra and the common � chain,
activated JAK2-V617F as well as STAT5 and ERK. Importantly,
expression of IL27Ra functionally replaced the requirement of a
homodimeric cytokine receptor to promote the activation and
transforming activity of JAK2-V617F in BaF3 cells. Tyrosine
phosphorylation of IL27Ra was not required to induce activa-
tion of JAK2-V617F or STAT5, or to enhance the transforming
activity of JAK2-V617F. Expression of IL3Ra or the common �
chain in BaF3 cells also enhanced the ability of JAK2-V617F to
transform these hematopoietic cells. However, the het-
erodimeric receptor component IL12RB1 did not enhance the
activation or transforming signals of JAK2-V617F in BaF3 cells.
IL27Ra also activated the K539L and R683G JAK2 mutants.
Together our data demonstrate that in addition to
homodimeric receptors, some heterodimeric receptor com-
ponents can support the activation and transforming signals
of JAK2-V617F and other JAK2 mutants. Therefore, het-
erodimeric receptors may play unappreciated roles in JAK2
activation in the development of hematopoietic diseases
including myeloproliferative neoplasms.

Myeloproliferative disorders are diseases affecting the pro-
duction of myeloid cells of the hematopoietic system. These
disorders include, among others, polycythemia vera, essential
thrombocytosis, and primary myelofibrosis, resulting in an
accumulation of excess red blood cells, an accumulation of

platelets, and fibrosis of the bone marrow, respectively (1). In
2008 (2, 3) polycythemia vera, essential thrombocytosis, and
primary myelofibrosis were renamed as myeloproliferative
neoplasms (MPNs).3 Although these disorders can be deadly on
their own, they can also transform to acute myeloid leukemia
(1). In 1951, William Dameshek (4) suggested these disorders
were related, and in 2005 (5–10), a single pointmutation linked
these disorders to a potentially common etiological factor. This
mutation results in a valine to phenylalanine amino acid change
at residue 617 (V617F) in the JAK2 tyrosine kinase, leading to
deregulation of this important intracellular signaling protein
(5–10).
Members of the Janus kinase (JAK) family of non-receptor

tyrosine kinases are important signal transduction regulators
downstream of various cell surface receptors (11–14). They
interactwith the intracellular regions of a large repertoire of cell
surface cytokine receptors. This complex mimics the single
chain receptor tyrosine kinases that relay signals in response to
growth factor stimulation. Ligand binding activates JAK family
members through a mechanism that involves receptor dimer-
ization, including both homo- and heterodimeric receptor
interactions, receptor conformational changes, conformational
changes in receptor-associated JAK familymembers, and trans-
phosphorylation of receptor-bound JAKmolecules. Thus, cyto-
kine receptors have a scaffolding as well as amechanistic role in
JAK activation following ligand binding to the receptor.
Activated JAK family members subsequently phosphorylate
STAT family proteins, which leads to transcriptional regu-
lation of STAT target genes that regulate a diverse array of
cellular properties including growth, death, and differentia-
tion (11, 12, 14, 15).
The tyrosine kinase activity of JAKproteins is associatedwith

a functional tyrosine kinase domain (also called the JH1
domain) located at the carboxyl terminus of the protein (11, 13).
Just upstream of this domain is the pseudokinase domain (also
called the JH2 domain), which has homology to the functional
kinase domain but has no apparent kinase activity. Within JAK
family members, the pseudokinase domain is believed to func-
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tion as an autoregulatory region of the kinase. It has been pos-
tulated that intramolecular interactions between the pseudoki-
nase domain and the functional kinase domain play an
inhibitory role toward the kinase activity of the protein. In addi-
tion to limited structuralmodeling information, this hypothesis
is based on work that has observed that mutation or deletion of
the pseudokinase domain leads to increased activity of the
kinase domain (16–20).
The V617Fmutation of JAK2 that is associated withMPNs is

located within the pseudokinase domain of JAK2. JAK2-V617F
demonstrates deregulated kinase activity and it is believed that
the V617F mutation interferes with the ability of the pseudoki-
nase domain to negatively regulate the activity of the kinase
domain (10, 16, 19, 20). Recent molecular dynamic simulations
have further supported the notion that interactions between
the pseudokinase and kinase domains are affected by theV617F
mutation and other JAK2 pointmutations that have been found
in patients (21, 22).
Multiple mouse models have demonstrated that expression

of JAK2-V617F can recapitulate MPN-like disease in animals
(23–27). Such models have also suggested that gene dosage of
JAK2-V617F affects the disease outcome in the animal (25). For
example, higher gene dosage tends to result in the development
of polycythemia vera over other MPNs. This correlates with
clinical studies that indicate in cells from polycythemia vera
patients, recombination leads to uniparental disomy resulting
in two alleles of the JAK2-V617F gene (8, 9).
Although expression of JAK2-V617F alone induces MPN

formation in mouse models, Lu et al. (28) have suggested that
JAK2-V617F requires expression of a homodimeric receptor
complex to become fully activated and to induce activation of
cellular signaling pathways. Although other reports have sug-
gested homodimeric receptors are not needed for JAK2-
V617F-induced signaling (6, 8, 29), it was established that
higher levels of JAK2-V617F expression could bypass the
requirement for homodimeric receptor expression, whereas
lower levels of JAK2-V617F needed homodimeric receptor
expression to elicit signaling by thismutant JAK2 (30). In either
scenario, it is believed that cytokine receptors, either endog-
enously or exogenously expressed, participate in the activation
of JAK2-V617F, presumably by providing a scaffolding function
where two JAK2-V617F molecules could properly be juxta-
posed to allow for transphosphorylation and subsequent full
activation of the tyrosine kinase (30, 31). Lu et al. (28) further
suggests that the ability of other receptors, such as het-
erodimeric receptors, to activate the transforming signals of
JAK2-V617F is unknownandwould be important to determine.
We have previously shown that expression of a single chain

component of a heterodimeric receptor could activate the
kinase activity of JAK2-V617F in a ligand-independent manner
(32). In these studies, expression of the ligand binding subunit
of the receptor for interleukin-27, IL27Ra (also called WSX),
supported the activation of JAK2-V617F activity in cells. There-
fore, we proposed the possibility that non-homodimeric cyto-
kine receptors may play a role in eliciting signal transduction
from JAK2-V617F, and perhaps other activated JAK2 mutants,
leading to cellular transformation (33). In this report, we dem-
onstrate that expression of IL27Ra, a single chain component of

a heterodimeric receptor, can replace the expression of a
homodimeric receptor to support the transforming properties
of JAK2-V617F. This may be a unique property of only some
heterodimeric receptors, as another heterodimeric receptor
component, IL12RB1, is not capable of activating the hemato-
poietic cell transforming properties of JAK2-V617F. In addi-
tion, expression of either of the two components of the inter-
leukin-3 receptor, IL3Ra or the common � subunit, enhanced
JAK2-V617F kinase activity and the ability of JAK2-V617F to
transform hematopoietic cells. Taken together, our data sug-
gest that certain non-homodimeric receptor components can
replace homodimeric receptors in supporting the kinase and
transforming activity of JAK2-V617F. Although it is unknown
which receptors JAK2-V617F utilizes in cells of MPN patients,
our data suggest that in addition to homodimeric receptors,
certain heterodimeric receptor components may also contrib-
ute to JAK2-V617F activation and signaling.

EXPERIMENTAL PROCEDURES

Expression Vectors—The following expression plasmids were
utilized for transient transfection and/or retroviral production:
pBabe-Puro-hIL27Ra, pBabe-Puro-hIL27Ra-HA, pBabe-
Neo-hIL27R-HA, pBabe-Puro-hIL27R-myc, pBabe-Puro-
hEpoR-HA, pBabe-Puro-hIL12RB1, pBabe-Puro-CHA-hIL3Ra,
pBabe-Puro-CHA-hIL3/IL5/GM-CSFR common � chain, MSCV-
JAK2-WT, and MSCV-JAK2-V617F. Coding sequences for
epitope tags were added to the carboxyl terminus of hIL27Ra by
PCR. pBabe-Puro-CHA was generated by cloning a coding
sequence for the HA tag into the SalI site of pBabe-Puro (34) to
allow for expression of carboxyl-terminal HA-tagged proteins.
The EpoR and IL12RB1 cDNAswere obtained by PCRof cDNA
derived from human acute myeloid leukemia cells. The hIL3Ra
cDNAwas obtained by PCR from a hIL3Ra containing plasmid
purchased from Open Biosystems Inc. The hIL3/IL5/GM-
CSFR common � chain cDNAwas obtained by PCR from plas-
mid pKH97, a gift fromDr.AtsushiMiyajima (35). The integrity
of all cloned PCR products was confirmed by DNA sequencing.
The pBabe-Puro-hIL27Ra, MSCV-JAK2-WT, and MSCV-
JAK2-V617F plasmids were previously described (32).
Cell Culture, Transient Transfection, and Retroviral Produc-

tion and Infection—293T cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS. BaF3
cells were maintained in RPMI 1640 medium supplemented
with 10% FBS and 5% WEHI cell-conditioned medium as a
source of IL3. All cells were cultured at 37 °C in a humidified
incubatorwith 5%carbondioxide. Transient transfectionswere
performed via calcium-phosphate precipitation. Ecotropic ret-
rovirus was produced in 293T cells using the pVPack system
(Stratagene). Stable cell lines expressing proteins under inves-
tigationwere generated by retroviral infection using the pBabe-
Puro, pBabe-Puro-HA, or MSCVneo retroviral vectors. BaF3
cells (5 � 105) were infected at 37 °C using 0.5–1 ml of retrovi-
rus, 1–1.5 ml of growth medium, and 8 �g/ml of Polybrene
(Sigma) in a final volume of 2 ml for 3 h. Growth medium was
then added to 10 ml total. Two days later, cells were selected in
0.5 �g/ml of puromycin (Sigma) or 0.5 mg/ml of G418 (Fisher).
Immunoblot Analyses—293T cells were processed for immu-

noblotting 2 days after transfection. BaF3 cells were washed
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twice with RPMI 1640 medium supplemented with 10% FBS to
remove IL3. These cells were incubated for 3 h in RPMI 1640
medium supplemented with 10% FBS at a concentration of 4 �
105 cells/ml. 293T or BaF3 cells were washed in phosphate-
buffered saline and lysed in lysis buffer (25mMTris, pH 7.4, 150
mM NaCl, 25 mM NaF, 1% Triton X-100) supplemented with 1
mM sodium vanadate, 2 mM sodium pyrophosphate, 10 �g/ml
of leupeptin, 2 �g/ml of aprotinin, and 1 mM phenylmethylsul-
fonyl fluoride. Protein concentrations of clarified lysates were
determined using a BCA protein assay kit (Pierce), and equal
amounts of protein were analyzed by SDS-PAGE. The follow-
ing antibodies were used as primary antibodies for immuno-
blotting in these studies: pJAK2 (Tyr1007/Tyr1008) (sc-16566-R),
STAT5 (sc-835), Akt (sc-8312), ERK1 (sc-93), IL12RB1
(sc-658), and IL3/IL5/GM-CSFRB (sc-678) (Santa Cruz Bio-
technology); JAK2 (3229), P-ERK (Thr202/Tyr204) (4370), p-Akt
(Ser473) (4060), and Myc tag (2276) (Cell Signaling Technol-
ogy); pSTAT5 (Tyr694) (611964) (BD Biosciences); HA (to
detect IL27Ra, EpoR, and IL3Ra, where indicated) MMS-101R
(Covance); and IL27Ra (T5823) (Sigma). Primary antibodies
were detected using appropriate secondary antibodies conju-
gated to horseradish peroxidase (Pierce Thermo Scientific) and
blots were developed with chemiluminescent reagents (Pierce
Thermo Scientific).
Cell Growth Analyses—BaF3 cells stably expressing proteins

of interest were washed two times with RPMI 1640 medium
supplemented with 10% FBS to remove IL3 from the growth
medium. Washed cells were resuspended at 2 � 105 cells/ml
in RPMI 1640 supplemented with 10% FBS. Cell growth was
determined by trypan blue exclusion. Data from cell growth
experiments were reproducible on multiple (n of at least 3,
unless otherwise indicated) independently derived cell lines.
Immunoprecipitation—Immunoprecipitations were per-

formed using antibodies that recognize theMyc tag (2276) (Cell
Signaling Technology), the HA tag (MMS-101R) (Covance),
actin (A5316), and FLAG (F3165) (Sigma). Immune complexes
were captured on protein G-agarose beads (Pierce Thermo Sci-
entific). Immunoprecipitated proteins were analyzed by SDS-
PAGE and immunoblotting.
Chemical Cross-linking Studies—Disuccinimidyl suberate

(Pierce Thermo Scientific) chemical cross-linking was done
essentially as instructed by the supplier. Briefly, cells expressing
IL27Ra were washed twice in phosphate-buffered saline and
resuspended in phosphate-buffered saline. Disuccinimidyl
suberate (Pierce Thermo Scientific) was added to 5mM and this
cell suspension was incubated at room temperature for 30 min.
Tris-HCl (pH 7.5) was then added to 20 mM and the cell sus-
pension incubated for 15 min at room temperature. Cells were
then lysed and analyzed by immunoblotting.
Site-directed Mutagenesis—Site-directed mutagenesis of

IL27Ra and JAK2 was performed using standard PCR-based
methods. The complete sequence of the mutated cDNAs was
confirmed by DNA sequencing.

RESULTS

IL27Ra Activates the Transforming Properties of JAK2-V617F—
In our previous study we investigated the ability of IL27Ra, a
JAK-binding Box 1 motif-containing component of a het-

erodimeric receptor, to activate JAK2-V617F (32). This work
demonstrated that the expression of IL27Ra in 293T cells
greatly enhanced the phosphorylation of JAK2-V617F at
tyrosines 1007–1008, without significantly affecting the phos-
phorylation of wild type JAK2. Phosphorylation at these
tyrosines is associated with a high catalytic state (36) and is
utilized as an indicator of activation of the kinase. We also
showed that IL27Ra required a functional Box 1 motif to acti-
vate JAK2-V617F (32). It has been suggested that homodimeric
receptors are required to support, presumably through a scaf-
folding role, the activation and transforming function of JAK2-
V617F (28, 30). However, IL27Ra is a component of a
heterodimeric receptor and our work suggested that hetero-
dimeric receptors might contribute to JAK2-V617F activity
(32). We further examined the ability of IL27Ra to activate
JAK2-V617F and JAK2-V617F-dependent signals, along with
EpoR as the prototypical homodimeric cytokine receptor that
supports the activation of this mutant kinase. Expression of
IL27Ra, as well as EpoR, activated JAK2-V617F in 293T cells
(Fig. 1A, lanes 4 and 6). Neither IL27Ra nor EpoR activatedwild
type JAK2 (lanes 3 and 5), and JAK2-V617F did not exhibit
detectable phosphorylation in the absence of a co-expressed
receptor (Fig. 1A, lane 2). IL27Ra-mediated activation of JAK2-
V617F was also associated with enhanced phosphorylation of
tyrosine 694 of STAT5 aswell as threonine 202 and tyrosine 204
of ERK, demonstrating IL27Ra expression was able to support
the activation of known downstream components of JAK2-
V617F activation (Fig. 1A, lane 4).
To determine whether IL27Ra could activate JAK2-V617F in

hematopoietic cells, we utilized cytokine-dependent BaF3 cells
(37). These cells fail to proliferate and undergo apoptosis in the
absence of cytokine. We developed BaF3 cells that express
IL27Ra and JAK2-V617Forwild type JAK2 as a control. In these
stable cells, the levels of exogenously expressed wild type and
JAK2-V617F proteins are less than endogenous levels of JAK2
(Fig. 1B, compare JAK2 immunoblot lane 1-6 to lane 8, which
shows the endogenous level of JAK2). This low level of expres-
sion is in agreement with previous studies that have utilized
JAK2 expression from this same MSCV promoter-driven ret-
roviral construct in these cells (28, 30). In these BaF3 cell lines,
co-expression of JAK2-V617F with IL27Ra led to activation of
JAK2, as measured by JAK2 tyrosine phosphorylation after a
3-h period of cytokine deprivation (Fig. 1C, top panel, lane 4).
Wild type JAK2 was not significantly activated under these
same conditions (Fig. 1C, top panel, lane 3). Expression of
JAK2-V617F with IL27Ra also led to strong activation of
STAT5 as measured by STAT5 tyrosine phosphorylation (Fig.
1C, top panel, lane 4). Similar results were obtained with
expression of JAK2-V617F andEpoR (Fig. 1C, lane 6). Although
the activation of STAT5 observed in Fig. 1C is higher in IL27R/
JAK2-V617F cells than EpoR/JAK2-V617F cells, this relative
activation was not consistent across multiple independently
derived cell lines. ERK was also activated in cells expressing
JAK2-V617F and IL27Ra (Fig. 1C, bottom panel, lane 4). These
data suggest IL27R expression can functionally replace a
homodimeric receptor, such as EpoR, inmediating activation of
JAK2-V617F signaling in hematopoietic cells.

JAK2-V617F Activation by Heterodimeric Receptors

MAY 28, 2010 • VOLUME 285 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 16653



Previous studies have demonstrated that JAK2-V617F, when
expressed at low levels, only transforms BaF3 cells to cytokine
independence when expressed with a homodimeric receptor
(28, 30). Even in the absence of ligand, expression of
homodimeric receptors such as EpoR, GCSFR, or TpoR, is suf-
ficient to promote cell transformation by JAK2-V617F (28).
Removal of cytokine from BaF3 cells that co-express IL27Ra

and JAK2-V617F led to transforma-
tion of these cells to cytokine inde-
pendence (Fig. 1D,middle). This is a
standard outcome of activation of
JAK2-V617F in these cells. Only
BaF3 cells that expressed JAK2-
V617F and IL27Ra together resulted
in rapid cytokine-independent pro-
liferation, as expression of IL27Ra
and wild type JAK2 did not (Fig. 1D,
center). This demonstrates that the
effect of IL27R on JAK2 activation is
dependent on the V617F mutation.
The effect of IL27Ra in this assay
was similar to EpoR in mediating
cytokine-independent transforma-
tion of BaF3 cells (Fig. 1D, right).
Expression of JAK2-V617F with a
control vector did not lead to rapid
transformation to cytokine inde-
pendence, as was expected, due to
the low level of exogenous JAK2-
V617F expression (Fig. 1D, left).
This supports previous work dem-
onstrating that JAK2-V617F ex-
pression at or below endogenous
levels of JAK2 requires expression of
a receptor to induce its transform-
ing activity (28, 30). It is worth not-
ing that we do sometimes see cyto-
kine-independent growth, after an
extended period of time, of JAK2-
V617F cells that do not express an
exogenous receptor, presumably
due to the selection for growth of a
small fraction of cells that have
higher JAK2-V617F levels.
Although we have not detected

an increase in Akt phosphoryla-
tion in cytokine-dependent cells
expressing JAK2-V617F and either
IL27Ra or EpoR receptor, enhanced
Akt phosphorylation was present in
these cells upon transformation to
cytokine independence by JAK2-
V617F and either IL27Ra or EpoR
(Fig. 1C, top panel, lanes 8 and 9).
Likewise, there was a significant
enhancement of activated JAK2 and
STAT5 (Fig. 1C, top panel, lanes 8
and 9) in cytokine-independent

cells and elevated ERK activation remained present (Fig. 1C,
bottom panel, lane 6). Treatment of BaF3 cells that are trans-
formed to cytokine independence by the expression of IL27Ra
and JAK2-V617F with a small molecule JAK inhibitor, JAK
inhibitor I (38), led to rapid cell death and loss of proliferation,
demonstrating a dependence on JAK activity for the transform-
ing signal (data not shown and supplemental Fig. S1).

FIGURE 1. Activation of JAK2-V617F signaling and transforming properties by a heterodimeric receptor
component, IL27Ra. A, an empty expression vector (lanes 1 and 2), and expression vectors for IL27Ra (lanes
3 and 4) or EpoR (lanes 5 and 6) were transfected into 293T cells along with a wild type JAK2 (WT)
expression vector (lanes 1, 3, and 5) or a JAK2-V617F (VF) expression vector (lanes 2, 4, and 6). Two days
after transfection, cells were lysed and an equal amount of lysate protein was analyzed by immunoblot-
ting using antibodies to detect pJAK2 (Tyr1007/Tyr1008), pSTAT5 (Tyr694), pERK (Thr202/Tyr204), JAK2, STAT5,
ERK, IL27Ra, and EpoR (via HA), as indicated. B, BaF3 cells co-expressing empty vector (lanes 1 and 2),
IL27Ra (lanes 3 and 4), or EpoR (lanes 5 and 6) with wild type JAK2 (WT) (lanes 1, 3, and 5) or JAK2-V617F (VF)
(lanes 2, 4, and 6) were blotted with antibodies to detect JAK2 and STAT5 (as a loading control). Lysate of
BaF3 cells expressing an empty vector control was included (lane 8) to ascertain the approximate level of
exogenous JAK2 expression in BaF3 cells expressing either wild type JAK2 or JAK2-V617F in lanes 1– 6.
C, cytokine-dependent BaF3 cells co-expressing an empty vector (lanes 1 and 2), IL27Ra (lanes 3 and 4), or
EpoR (lanes 5 and 6) with wild type JAK2 (WT) (lanes 1, 3, and 5) or JAK2-V617F (VF) (lanes 2, 4, and 6) were
starved of cytokine for 3 h. Cells were then lysed and an equal amount of lysate protein was analyzed by
immunoblotting for pJAK2 (Tyr1007/Tyr1008), pSTAT5 (Tyr694), pAKT (Ser473), JAK2, STAT5, and AKT. Lysate
from cytokine-independent cells expressing IL27Ra with JAK2-V617F and EpoR with JAK2-V617F are
shown in lanes 8 and 9, respectively. In the lower panel, similar lysates are immunoblotted for pERK
(Thr202/Tyr204) and ERK, with the lysate from cytokine-independent IL27Ra/JAK2-V617F cells shown in lane
6. D, BaF3 cells co-expressing control vector (left), IL27Ra (center), or EpoR (right) with wild type JAK2
(circles) or JAK2-V617F (squares) were washed and plated in the absence of cytokine on day 0. Total viable
cells were determined by trypan blue exclusion over time. The broken line indicates the viable cell count
dropped below the limit of detection of the hemocytometer.
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IL27Ra-mediated Activation of JAK2-V617F Requires JAK2-
V617F Kinase Activity and a Functional FERM Domain—To
confirm that activation of JAK2-V617F required its intrinsic
kinase activity we mutated lysine 882 in the JAK2 kinase
domain to glutamic acid, a mutation that renders the JAK2
kinase inactive (39). As expected, this JAK2-V617F,K882E pro-

tein was not activated by expression
of IL27Ra as measured by JAK2
phosphorylation and phosphoryla-
tion of its downstream signaling
mediator, STAT5 (Fig. 2A, lane 7).
Because we have previously shown
that IL27Ra requires a functional
JAK-binding Box 1 motif to activate
JAK2-V617F (32), we presumed
that JAK2 has to maintain its recep-
tor-binding capacity for its activa-
tion by IL27Ra. We further investi-
gated this by introducing a tyrosine
to alanine mutation at residue 114
within the FERM domain of JAK2-
V617F. This mutation is known to
disrupt the binding of JAK2 to
receptors and prevents activation of
signaling downstream of JAK2-
V617F (31). JAK2-V617F,Y114A and
STAT5were not activated by expres-
sion of IL27Ra with this mutant
JAK2-V617F (Fig. 2A, lane 6).
The activation of JAK2-V617F by

IL27Ra in BaF3 cells was also
dependent on JAK2-V617F kinase
activity and a functional FERM
domain. These mutations impaired
the ability of JAK2-V617F to induce
cytokine-independent transforma-
tion of BaF3 cells expressing IL27Ra
(Fig. 2B). This correlated with a loss
of JAK2-V617F activation and a loss
of activation of its downstream sig-
naling mediators STAT5 and ERK
(Fig. 2C, lanes 5 and 6), in cells
expressing IL27Ra and these
JAK2-V617F mutants. Likewise, an
IL27Ra containing a mutated Box 1
motif (32) is not capable of inducing
the transforming activity of JAK2-
V617F (supplemental Fig. S2).
IL27Ra Mediates Activation of

JAK2-K539L and JAK2-R683G—A
lysine to leucine mutation at amino
acid 539 of JAK2 is a JAK2 exon 12
mutation that is also present in
MPNs. Point mutations of arginine
683 are associatedwith certain cases
of acute lymphoblastic leukemia
(ALL) (40, 41). In our experiments
in Fig. 2, we also show that IL27Ra

could support the activation of JAK2-K539L and JAK2-R683G.
This is demonstrated in 293T cells for both of these mutants
(Fig. 2A, lanes 8 and 9), as well as in BaF3 cells for JAK2-R683G
(Fig. 2, B, bottom graph, and C, lanes 8 and 9). These data dem-
onstrate that IL27Ra-mediated activation ofmutant JAK2 is not
restricted to JAK2-V617F, because similar results are obtained

FIGURE 2. Activation of JAK2-V617F by IL27Ra requires functional JAK2-V617F kinase and FERM
domains. A, an empty expression vector (lanes 1–3) and an expression vector for IL27Ra (lanes 4 –9) were
transfected into 293T cells along with expression vectors for JAK2-V617F (VF) (lanes 1 and 5), JAK2-R683G (RG)
(lanes 2 and 8), JAK2-K539L (KL) (lanes 3 and 9), wild type JAK2 (WT) (lane 4), a FERM domain mutant JAK2-
V617F,Y114A (VF-YA) (lane 6), and a kinase domain mutant JAK2-V617F,K882E (VF-KE) (lane 7). Two days after
transfection, cells were lysed and an equal amount of lysate protein was analyzed by immunoblotting using
antibodies to detect pJAK2 (Tyr1007/Tyr1008), JAK2, pSTAT5 (Tyr694), STAT5, and IL27Ra, as indicated. B, BaF3 cells
co-expressing either control vector (top graph) or IL27Ra (center graph), with wild type JAK2 (closed circles),
JAK2-V617F (closed squares), JAK2-V617F,K882E (open circles), or JAK2-V617F,Y114A (open triangles) were
washed and plated in the absence of cytokine on day 0. Total viable cells were determined by trypan blue
exclusion over time. In the same experiment, BaF3 cells co-expressing a control vector with JAK2-R683G (closed
circles) or IL27Ra with JAK2-R683G (closed squares) were washed of cytokine and viability was assessed over
time (bottom graph). The broken lines indicate the viable cell count dropped below the limit of detection of the
hemocytometer. C, cytokine-dependent BaF3 cells co-expressing either an empty vector (lanes 1, 2, and 8) or
IL27Ra (lanes 3– 6 and 9) with wild type JAK2 (WT) (lanes 1 and 3), JAK2-V617F (VF) (lanes 2 and 4), JAK2-
V617F,K882E (lane 5), JAK2-V617F,Y114A (lane 6), or JAK2-R683G (lanes 8 and 9) were starved of cytokine for 3 h.
Cells were then lysed and an equal amount of lysate protein was analyzed by immunoblotting for pJAK2
(Tyr1007/Tyr1008), JAK2, pSTAT5 (Tyr694), STAT5, pERK (Thr202/Tyr204), ERK, and IL27Ra, as indicated.
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with the exon 12 JAK2 mutation K539L, as well as the JAK2-
R683G mutation that is associated with ALL. However, activa-
tion of these mutants and downstream signaling by IL27Ra
appears to be less efficient than activation of JAK2-V617F.
Identification of IL27Ra Homodimeric Complexes—One

explanation for the ability of the heterodimeric receptor IL27Ra
to replace the requirement of a homodimeric receptor tomedi-
ate JAK2-V617F activation is simply that IL27Ra may be capa-
ble of forming homodimers. This concept has recently been
suggested by Hashimoto et al. (42). To test if IL27Ra could
interact with itself, we generated HA and Myc epitope-tagged
versions of the protein. Co-expression of these proteins in 293T
cells followed by immunoprecipitation with epitope tag anti-
bodies revealed that IL27Ra proteins could interact with each
other (Fig. 3A). Similar results were obtained when immuno-
precipitations were carried out with either epitope tag antibody
and were also obtained utilizing BaF3 cells engineered to

express HA- and Myc-tagged
IL27Ra proteins (Fig. 3B). This sug-
gests that IL27Ra may form
homodimers in cells. Although the
IL27Ra proteinmigrates as a doublet,
it is primarily only the higher molec-
ular weight band, which corresponds
to the mature, fully glycosylated
(endoglycosidase H-resistant) (data
not shown) plasma membrane-
bound form of the receptor, that
co-immunoprecipitates in our exper-
iments.Also, cross-linking of IL27Ra-
expressing 293T cells led to the for-
mation of an IL27Ra-antibody
reactive protein that is approximately
twice the molecular weight of mono-
meric IL27Ra (Fig. 3C). Immunoblot-
ting for JAK proteins and gp130, the
co-receptor for IL27, did not detect
these proteins in these higher molec-
ular weight complexes (data not
shown). Similar data were obtained
usingBaF3-expressing IL27Ra cells as
well as using a membrane-imperme-
able cross-linker (data not shown).
IL27Ra-mediated Activation of

JAK2-V617F Signaling Does Not
Require Cytoplasmic Domain Tyrosine
Phosphorylation—Cytokine recep-
tors are believed to play a scaffold-
ing role for activation of the trans-
forming signal of JAK2-V617F (28,
30). JAK2 proteins interacting with
cytokine receptor scaffolds are pre-
sumed to be properly juxtaposed
with other JAK2 proteins to allow
for proper trans-phosphorylation
and activation of the tyrosine kinase
domains upon ligand stimulation of
the receptors. However, in the case

of the MPN-associated JAK2-V617F mutant, the ligand is not
necessary. The combination of the point mutation relieving, to
a certain extent, the autoinhibition that is inherent in the
kinase, and the juxtaposing of the mutant kinase near another
mutant kinase through the scaffolding effect of interacting
cytokine receptors, leads to transphosphorylation of the
kinases. This results in hyperactivation of the kinase activity
and subsequent downstream signaling, all in the absence of
ligand stimulation. It has been suggested that a cytokine recep-
tor not only provides a scaffold for interacting proteins but also
provides an important substrate for transformation by JAK2-
V617F (28). Tyrosine phosphorylation of cytokine receptors by
JAK family members provides binding sites for STAT proteins,
which are subsequently activated by tyrosine phosphorylation
and translocate into the nucleus to regulate target gene expres-
sion (11–14). IL27Ra has a single tyrosine (Tyr613) that is pre-
dicted to be a phosphorylation site (Fig. 4A). This tyrosine has

FIGURE 3. Co-immunoprecipitation and cross-linking studies suggest IL27Ra can form homodimers.
A, 293T cells were left untransfected (indicated by �) or transfected with expression vectors for both Myc- and
HA-tagged versions of IL27Ra (indicated by �). Myc tag immunoprecipitations (IP) (lanes 1 and 2, top two blots)
and HA tag immunoprecipitations (lanes 1 and 2, bottom three blots) were performed on untransfected cell
lysates (lane 1) and lysates containing epitope-tagged versions of IL27Ra (lane 2). A control immunoprecipita-
tion (�) of IL27Ra-containing lysate is shown in lane 3 using an equal amount of a Myc tag isotype-matched
antibody that recognizes actin (top two blots) or an equal amount of a HA tag isotype-matched antibody that
recognizes the FLAG epitope tag (bottom three blots). Lysates from untransfected and IL27R-expressing cells
used in the immunoprecipitations are shown in lanes 4 and 5, respectively. Immunoblots were performed using
HA and Myc epitope tag antibodies as well as IL27Ra antibodies, as indicated. The band (*) in the control
immunoprecipitation of the middle blot is a nonspecific band, as it is not detected by IL27Ra antibodies (bottom
blot). B, Myc tag antibodies were used in immunoprecipitations of lysates from parental BaF3 cells (�) (lane 1)
and cytokine-dependent BaF3 cells co-expressing HA- and Myc-tagged IL27Ra proteins (�) (lane 2). A control
immunoprecipitation (�) of lysate of BaF3 cells expressing HA- and Myc-tagged IL27Ra proteins is shown in
lane 3 using an equal amount of a Myc tag isotype-matched antibody that recognizes actin. Lysates from
parental BaF3 cells and IL27R-expressing cells used in the immunoprecipitations are shown in lanes 4 and 5,
respectively. Immunoblots were performed using HA and Myc epitope tag antibodies, as indicated. C, 293T
cells were transfected with an empty control expression vector (lanes 1 and 3) or an expression vector for
IL27Ra (lanes 2 and 4). Two days after transfection the cells were cross-linked with the chemical cross-linker
disuccinimidyl suberate (lanes 3 and 4) or not cross-linked (DMSO treated) (lanes 1 and 3) and lysates were
analyzed by immunoblotting for IL27Ra.
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been suggested to be important for the activation of STAT1
following receptor activation (43). We mutated this tyrosine to
phenylalanine, and expressed it along with JAK2-V617F in
293T cells. This mutation did not affect the ability of IL27Ra to
activate JAK2-V617F but did reduce the levels of activated/
phosphorylated STAT5 (Fig. 4B, lane 7), compared with wild
type IL27Ra (lane 6). To ascertain the requirement of this tyro-
sine in IL27R-mediated activation of JAK2-V617F transform-
ing signals in hematopoietic cells, we expressed it in BaF3/
JAK2-V617F cells. This mutant IL27Ra was capable of
supporting the transforming signals of JAK2-V617F in BaF3
cells similar to wild type IL27Ra, suggesting this tyrosine resi-
due is not required to be phosphorylated for JAK2-V617F-me-
diated transformation (Fig. 4C). It is possible an alternative
tyrosine is utilized in the absence of tyrosine 613. IL27Ra has an
additional tyrosine in its cytoplasmic domain. Like mutation of
Tyr613, mutation of this second tyrosine (Tyr543) did not affect
the ability of IL27Ra to facilitate the activation of JAK2-V617F
in 293T cells (Fig. 4B, lane 8). Unlike mutation of Tyr613, how-

ever, it did not reduce the ability of
JAK2-V617F to activate STAT5
(Fig. 4B, lane 8). In addition, muta-
tion of Tyr543 did not affect the abil-
ity of IL27Ra to support the activa-
tion of JAK2-V617F transforming
activity in BaF3 cells (Fig. 4C).
Mutation of both tyrosine residues
(Tyr543 and Tyr613) together did not
inhibit the ability of IL27Ra to sup-
port JAK2-V617F activation in
293T cells, although again STAT5
activationwas lower thanwhenwild
type IL27Ra was used to activate
JAK2-V617F (Fig. 4B, lane 9). This
double tyrosine mutant of IL27Ra
was still able to support JAK2-
V617F-mediated transformation of
BaF3 cells to cytokine-independent
growth (Fig. 4C). Although we have
not detected tyrosine phosphoryla-
tion of IL27Ra, mutation of Tyr613
to phenylalanine prevents IL27Ra/
JAK2-V617F-mediated activation
of STAT1 in both 293T and BaF3
cells (supplemental Fig. S3) and also
diminishes activation of STAT5
(Fig. 4B). This suggests thatTyr613 is
required to fully activate down-
stream STAT proteins, presumably
through phosphorylation of this
residue, which is consistent with the
current knowledge of IL27Ra sig-
naling (43).
IL12RB1 Does Not Support the

Transforming Activity of JAK2-
V617F—We next wanted to deter-
mine whether the ability of IL27Ra
to activate JAK2-V617F was shared

with other heterodimeric receptor components orwas a unique
feature of IL27Ra. To investigate this we utilized interleukin-12
receptor �1 (IL12RB1) because it, like IL27Ra, is a member of
the IL6/IL12 receptor family (44). IL12RB1 is structurally sim-
ilar to IL27R, containing similar organization of extracellular
domains, and has a short cytoplasmic tail with JAK-binding
motifs (Fig. 5A). Expression of IL12RB1 in JAK2-V617F-ex-
pressing BaF3 cells did not lead to an enhanced rate of cytokine-
independent transformation of these cells (Fig. 5B). In the same
experiment, IL27Ra expression in the same BaF3-JAK2-V617F
cells did support JAK2-V617F-mediated transformation (Fig.
5B). Following a brief 3-h period of cytokine deprivation of
BaF3-JAK2-V617F cells expressing IL27Ra or IL12RB1, only
the cells that express IL27Ra and JAK2-V617F had detectable
levels of activated JAK2, STAT5, and ERK (Fig. 5C, lane 4). This
correlated with the ability of only this cell line to undergo rapid
proliferation in the absence of cytokine (Fig. 5B). Surprisingly,
we did detect activation of JAK2-V617F by IL12RB1 in 293T
cells. This activation, however, led to significantly weaker

FIGURE 4. Tyrosines in the cytoplasmic region of IL27Ra are not required for activation of JAK2-V617F-
mediated signaling and transformation. A, a schematic diagram of IL27Ra is shown. The tyrosines in the
cytoplasmic tail of the receptor are indicated. One tyrosine (Y543) is between the transmembrane domain and
the JAK-binding Box 1 motif, whereas the other (Y613) is near the carboxyl terminus. B, a control empty
expression vector (V) (lanes 1–3), or expression vectors for wild type IL27R (WT) (lanes 4 – 6), IL27R-Y613F (Y613F)
(lane 7), IL27R-Y543F (Y543F) (lane 8), or IL27R-Y613F,Y543F (Y613F,Y543F) (lane 9) were transfected into 293T
cells along with either an empty vector (V) (lanes 1 and 4), or expression vectors for wild type JAK2 (WT) (lanes
2 and 5) or JAK2-V617F (VF) (lanes 3 and 6 –9). Two days after transfection, cells were lysed and an equal amount
of lysate protein was analyzed by immunoblotting using antibodies to detect IL27Ra, pJAK2 (Tyr1007/Tyr1008),
JAK2, pSTAT5 (Tyr694), and STAT5, as indicated. The arrow indicates the mobility of phosphorylated JAK2 on the
immunoblot. C, BaF3 cells generated to express JAK2-V617F along with an empty control expression vector
(closed circles), IL27R-WT (closed squares), IL27R-Y613F (open triangles), IL27R-Y543F (open circles), or IL27R-
Y613F,Y543F (closed triangles) were washed and plated in the absence of cytokine on day 0. Total viable cells
were determined by trypan blue exclusion over time.
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STAT5 activation than that observed for IL27Ra (supple-
mental Fig. S4), yet demonstrates, like IL27Ra and EpoR,
IL12RB1 can functionally interact with JAK2-V617F. Nonethe-
less, unlike IL27Ra, IL12RB1 could not activate the transform-
ing properties of JAK2-V617F in hematopoietic cells.
Components of the Receptor for IL3Activate JAK2-V617F and

Enhance Its Transforming Properties—We next investigated
the ability of heterodimeric receptor components, which are
not members of the IL6/IL12 receptor family, to support the
activation of JAK2-V617F and its ability to transform cells to
cytokine independence. To this end, we utilized IL3Ra and the
common � chain for the heterodimeric receptors for IL3, IL5,
andGM-CSF (45), and expressed these receptor components in
293T cells. When co-expressed with JAK2-V617F, IL3Ra led to
high levels of activated JAK2-V617F as well as activation of the
JAK2 downstream signaling targets STAT5 and ERK (Fig. 6A,
lane 5). IL3Ra did not activate wild type JAK2, STAT5, or ERK

in the presence of wild type JAK2, in
the same experiment (Fig. 6A, lane
4). Expression of the common �
chain receptor also led to activation
of JAK2-V617F, STAT5, and ERK
(Fig. 6A, lane 8). The common �
chain receptor also activated wild
type JAK2 and STAT5 in the pres-
ence of wild type JAK2. However,
taking into account the relative
amount of the common � chain
expressed, this activation was less
efficient than when the common �
chain was expressed with JAK2-
V617F (Fig. 6A, lanes 7 and 8).
Expression of IL3Ra enhanced
JAK2-V617F-mediated transforma-
tion of BaF3 cells (Fig. 6B, bottom),
whereas co-expression of IL3Ra and
JAK2 wild type did not transform
these cells (Fig. 6B, top). Transfor-
mation of BaF3 cells to cytokine
independence by co-expression of
JAK2-V617F with IL3Ra occurred
at a slower rate than expressionwith
IL27Ra or EpoR (Fig. 6B, bottom,
and also see Fig. 1). Expression of
the common � chain in BaF3 cells
expressing JAK2-V617F had a simi-
lar effect as expression of IL3Ra (Fig.
6B, bottom). That is, cytokine-
independent transformation was
enhanced, but at a slower rate than
expression of JAK2-V617F with
IL27Ra or EpoR (Fig. 6B, and see Fig.
1). Analysis of STAT5 activation in
these cells, prior to cytokine-inde-
pendent transformation, demon-
strated that expression of IL3Ra or
the common � chain along with
JAK2-V617F led to activation of

STAT5 as detected by tyrosine phosphorylation of STAT5 fol-
lowing a brief cytokine deprivation period of 3 h (Fig. 6C, lanes
6 and 8). This STAT5 phosphorylation was less than what was
seen in cells co-expressing IL27Ra and JAK2-V617F (Fig. 6C,
lane 4). This correlates with the decreased ability of IL3Ra or
the common � chain to enhance the rate of JAK2-V617F-me-
diated transformation compared with IL27Ra (Fig. 6B, bottom).
As seen in other experiments (Fig. 1C), significant enhance-
ment of Akt phosphorylation by receptor and JAK2-V617F
expression was not evident following transient cytokine
removal (Fig. 6C).

DISCUSSION

The identification of the JAK2-V617Fmutation as an impor-
tant etiologic factor in the development of MPNs has provided
an opportunity to attempt to target a mutationally activated
disease-causing tyrosine kinase, akin to imatinib treatment for

FIGURE 5. Transforming properties of JAK2-V617F are not activated by expression of IL12RB1. A, a sche-
matic diagram comparing IL27Ra and IL12RB1 is shown. The white regions of the extracellular region of the
receptors represent cytokine receptor homology domains, whereas the gray regions represent fibronectin-like
domains. The transmembrane (tm) domain of each receptor is indicated. Within the cytoplasmic tail of each
receptor the Box 1 motif for IL27Ra and the Box 1 and 2 motifs of IL12RB1 are indicated. B, BaF3 cells co-
expressing wild type JAK2 (JAK2 WT, left) or JAK2-V617F (right) with a control empty vector (filled circles), IL27Ra
(filled squares), or IL12RB1 (open triangles) were washed and plated in the absence of cytokine on day 0. Total
viable cells were determined by trypan blue exclusion over time. C, BaF3 cells co-expressing empty vector
(lanes 1 and 2), IL27Ra (lanes 3 and 4), or IL12RB1 (lanes 5 and 6) with wild type JAK2 (WT) (lanes 1, 3, and 5), or
JAK2-V617F (VF) (lanes 2, 4, and 6) were starved of cytokine for 3 h. Cells were then lysed and an equal amount
of lysate protein was analyzed by immunoblotting for pJAK2 (Tyr1007/Tyr1008), JAK2, pSTAT5 (Tyr694), STAT5,
pERK (Thr202/Tyr204), ERK, IL27Ra, and IL12RB1, as indicated.
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Bcr-Abl-positive leukemias. How-
ever, the exact mechanism by which
this mutation induces constitu-
tive signaling remains unknown.
Althoughtherehasbeennostructural
determination of the consequence of
the V617Fmutation, which resides in
the pseudokinase domain, it likely
impairs the ability of the pseudoki-
nase domain to impart its negative
regulatory function on the tyrosine
kinase domain. Recent molecular
dynamic simulations of JAK2 muta-
tions that have been identified in
MPN patients support this hypothe-
sis (22). However, the mechanism by
which JAK2-V617F becomes fully
activated is unclear, as it is con-
founded by the requirement of other
cellular proteins, namely, homo-
dimeric cytokine receptors that con-
tain JAK-bindingmotifs.
There have been contradicting

data reported regarding the require-
ment of a homodimeric cytokine
receptor for JAK2-V617F-mediated
transformation of hematopoietic
cells. Lu et al. (28) suggested a
homodimeric receptor was required,
whereas earlier studies did not utilize
a receptor to demonstrate JAK2-
V617F-mediated transformation (6,
8, 29). In amore recent study, Lu et al.
(30) demonstrated that the level of
JAK2-V617F expression dictates the
requirement, or not, of the exogenous
expression of a homodimeric
receptor. High levels of expression
of this mutant kinase can over-
come the need for expression of a
receptor, whereas low levels of
expression requires expression of a
homodimeric receptor. The exact
reason for this is not known, but it
has been suggested that JAK2-
V617F has to compete with endoge-
nous wild type JAK2 binding to
endogenous receptors (30). If so,
enhancing the number of receptors
might alleviate this competition and
allow for more productive JAK2-
V617F�receptor complexes to form.
To initiate transforming signals,
JAK2-V617F must bind to a Box 1
motif of a cytokine receptor, as
mutant JAK2-V617F proteins that
cannot interactwithBox 1motifs on
cytokine receptors do not exhibit

FIGURE 6. Components of the IL3R activate JAK2-V617F signaling and enhance transforming properties
of JAK2-V617F. A, an empty expression vector (lanes 1 and 2), an expression vector for IL3Ra-HA (lanes 3–5),
and an expression vector for the common � chain (Bc) (lanes 6 – 8) were transfected into 293T cells along with
an empty vector (lanes 3 and 6), a wild type JAK2 (WT) expression vector (lanes 1, 3, and 6), or a JAK2-V617F (VF)
expression vector (lanes 2, 5, and 8). Two days after transfection, cells were lysed and an equal amount of lysate
protein was analyzed by immunoblotting using antibodies to detect pJAK2 (Tyr1007/Tyr1008), pSTAT5 (Tyr694),
pERK (Thr202/Tyr204), JAK2, STAT5, ERK, IL3Ra (via HA), and the common � chain (Bc), as indicated. B, BaF3 cells
co-expressing wild type JAK2 (JAK2 WT, top) or JAK2-V617F (bottom) with a control empty vector (filled circles),
IL27Ra (filled squares), IL3Ra (filled triangles), or the common � chain (Bc) (open triangles) were washed and
plated in the absence of cytokine on day 0. Total viable cells were determined by trypan blue exclusion over
time. The growth curve of cells expressing JAK2-V617F and the common � chain overlaps the growth curve for
cells expressing JAK2-V617F and IL3Ra as these cells grew at nearly identical rates. Standard deviation error
bars derived from triplicate counts are not visible at this scale. C, BaF3 cells co-expressing empty vector (lanes
1 and 2), IL27Ra (lanes 3 and 4), IL3Ra (lanes 5 and 6), or the common � chain (Bc) (lane 7 and 8) along with wild
type JAK2 (WT) (lanes 1, 3, 5, and 7), or JAK2-V617F (VF) (lanes 2, 4, 6, and 8) were starved of cytokine for 3 h. Cells
were then lysed and an equal amount of lysate protein was analyzed by immunoblotting for JAK2, pSTAT5
(Tyr694), pAKT (Ser473), STAT5, AKT, IL27Ra, IL3Ra (via HA), and the common � chain (Bc), as indicated.
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transforming activity (30, 31). Although it appears JAK2-V617F
likely requires interactions with receptors to elicit its signaling,
the exact receptors that JAK2-V617F utilizes in cells of MPN
patients remains unknown.
In a previous study, we demonstrated that a single chain of a

heterodimeric receptor, IL27Ra, could enhance the activity of
JAK2-V617F in 293T cells (32). This activation was in a ligand-
and co-receptor-independent manner and required a func-
tional JAK-binding Box 1 motif of the receptor. Our work was
the first to suggest that heterodimeric receptor components
were capable of activating JAK2-V617F. In the current study,
we extend these observations and investigate the extent to
which heterodimeric receptors could functionally replace
homodimeric cytokine receptors to mediate activation of the
transforming capacity of JAK2-V617F.
In this study, we demonstrate that IL27Ra can activate JAK2-

V617F in hematopoietic cells as well as activate transforming
signals mediated by JAK2-V617F. The coexpression of IL27Ra
with JAK2-V617F in BaF3 cells led to an increase in activated
JAK2 signaling (Fig. 1C), correlating with the rapid cytokine-
independent outgrowth of these cells (Fig. 1D). IL27Ra-medi-
ated activation of JAK2-V617F was dependent on JAK2-V617F
kinase activity and a functional FERM domain of the mutant
JAK2 (Fig. 2). Although the transforming effect was greater for
JAK2-V617F, IL27Ra also supported the activation of the JAK2-
K539L exon 12 mutant and the ALL-associated JAK2-R683G
mutant (Fig. 2). These data demonstrate that it is possible for
heterodimeric receptors, in addition to homodimeric recep-
tors, to contribute to the activation of mutant JAK2 signaling
and transforming activity in hematopoietic cells.
In addition to providing a scaffolding function to properly

juxtapose JAK2-V617F molecules near each other to allow for
transphosphorylation, JAK2-V617F-bound cytokine receptors
also likely provide an important substrate for the kinase activity
of the mutant JAK2 (28, 30). Tyrosine phosphorylation of cyto-
kine receptors provides binding sites for downstream effectors
of JAK signaling (11, 15). Interestingly, in our experiments in
293T cells, IL27Ra did not activate STAT5 to the same extent as
EpoR, even though there was more activated JAK2 in the
IL27Ra expressing cells (Fig. 1A, lanes 4 and 6). IL27Ra has a
short cytoplasmic tail that has only two tyrosine residues, one of
which has been suggested to be a site of importance to STAT
signaling (43). EpoR on the other hand has eight tyrosines that
may contribute to downstream signaling, at least four of which
have been implicated in activation of STAT5 (46). Therefore, in
this system, it may be that EpoR is functioning as a more efficient
activator of STAT5 than IL27Ra due to the elevated potential to
recruit STAT5 to the receptor. Alternatively, the difference in the
relative levels of functional JAK2�receptor complexes, or a differ-
ence in the negative regulation of such complexes,may be impact-
ing the amount of STAT5 activation observed in these
experiments.
We investigated the role of the tyrosines within the cytoplas-

mic region of IL27Ra in supporting JAK2-mediated STAT5
phosphorylation as well as JAK2-V617F-mediated transforma-
tion. Tyrosine to phenylalanine mutants of IL27Ra all activated
JAK2-V617F in 293T cells (Fig. 4B) and supported the trans-
forming signal of JAK2-V617F (Fig. 4C). Mutation of the two

tyrosines within the cytoplasmic domain of IL27Ra inhibited,
but did not prevent STAT5 activation following expression
with JAK2-V617F (Fig. 4B). Tyrosine 613 of IL27Ra has been
implicated in STAT signaling and in our experiments mutation
of this residue to phenylalanine appeared to have a greater
effect on STAT5 phosphorylation than mutation of tyrosine
543, which did not decrease STAT5 phosphorylation (43).
These data are in line with previous work that demonstrated that
removal of EpoR tyrosine phosphorylation sites impaired, but did
notprevent, theabilityofEpoRto support the transformingcapac-
ity of JAK2-V617F in BaF3 cells (28). Thus, whereas STAT5 acti-
vation downstream of JAK2-V617F�cytokine receptor complexes
can be influenced by tyrosine phosphorylation of the receptor,
there appears to be mechanisms that are independent of scaf-
folding receptor phosphorylation for STAT5 activation down-
stream of JAK2-V617F. In the scenario where EpoR or IL27Ra
have no phosphorylatable tyrosines, but can still support the
activation of and transformation by JAK2-V617F, it is possible
that JAK2-V617F may phosphorylate STAT5 directly. Also,
perhaps other kinases that are activated subsequent to JAK2-
V617F activation can phosphorylate STAT5. In addition, other
proteins, such as another cytokine receptor, may be phosphor-
ylated by activated JAK2-V617F, resulting in recruitment and
phosphorylation of STAT5. Such a scenario of receptors acti-
vated by a receptor to receptor cross-talking signal has been
suggested in insulin-like growth factor 1 receptor signaling in
cells expressing JAK2-V617F (29). Although the � subunit of
the GM-CSF receptor is not tyrosine phosphorylated upon
GM-CSF stimulation, mutation of all tyrosines in the cytoplas-
mic region of the common � chain does not inhibit STAT5
phosphorylation in response to GM-CSF (47, 48). In addition,
mutation of all tyrosines on the cytoplasmic region of EpoR
does not completely prevent Epo-induced STAT5 tyrosine
phosphorylation (46). Thus, it appears that receptor scaffold
phosphorylation is not necessarily required for JAK2 to trans-
duce a signal to activate STAT5.
The ability of IL27Ra to activate the kinase as well as trans-

forming activity of JAK2-V617F suggested that other het-
erodimeric receptor components might do the same. Like
IL27Ra, IL12RB1 is amember of the IL6/IL12 cytokine receptor
family and is expressed in hematopoietic cells of the lymphoid
and myeloid lineages (44, 49, 50). However, unlike IL27Ra,
IL12RB1 was not able to activate JAK2-V617F to transform
BaF3 cells to cytokine independence (Fig. 5, B and C). This
suggests not all heterodimeric receptor components can acti-
vate JAK2-V617F in hematopoietic cells, and that there may be
something unique about certain heterodimeric receptors such
as IL27Ra in this regard.
JAK2 has been shown to interact with each single chain com-

ponent of the receptor for IL3, IL3Ra, and the common � chain
(shared among the receptors for IL3, IL5, and GM-CSF) (51,
52). Each of these receptors was able to activate JAK2-V617F
when expressed in 293T cells (Fig. 6A). STAT5 was phosphor-
ylated downstream of JAK2-V617F that was activated by either
IL3Ra or the common � chain. STAT5 phosphorylation was
significantly greater following activation of JAK2-V617F by the
common � chain compared with activation by IL3Ra (Fig. 6A).
This may be due to the inherent ability of the common � chain
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to function as the signal transducer in heterodimeric receptors
in which it participates. In this respect, the human common �
chain has eight tyrosine residues that can participate in signal-
ing, whereas IL3Ra has just one (45). Expression of IL3Ra or the
common � chain with JAK2-V617F led to an enhanced rate of
cytokine independence compared with JAK2-V617F expres-
sion alone (Fig. 6B). This enhancement of cytokine-indepen-
dent growth was significantly delayed compared with that of
IL27Ra, with this delay being consistently reproducible in inde-
pendently derived lines. Correspondingly, expression of IL27Ra
and JAK2-V617F led to significantly greater activation of
STAT5 than expression of IL3Ra or the common � chain with
JAK2-V617F (Fig. 6C). These data are consistent with a recent
report demonstrating that STAT5 activation is required for
JAK2-V617F-mediated transformation and that knockdown of
STAT5 inhibits this transformation (53). The delay in activa-
tion of JAK2-V617F-mediated transformation may be due to
JAK2 competition with the endogenous components for the
IL3 receptor in these cells. It is difficult to ascertain the relative
levels of endogenously versus exogenously expressed IL3Ra in
these cells, because we utilized a human cDNA in mouse cells.
Cross-reactivity between species is generally not seen for anti-
bodies raised against IL3Ra. Nonetheless, our data suggest that
raising the levels of IL3Ra and common � receptors can
enhance the activation of JAK2-V617F-mediated signaling and
transformation.
It has been shown that even when highly expressed, JAK2-

V617F still requires a functional interaction with receptors to
transform cells (30). Thus, it has been speculated that signaling
by JAK2-V617F, when expressed at high levels in the absence of
an exogenously expressed homodimeric receptor, may involve
interactions with endogenously expressed receptors such as
IL3R. Our work suggests that indeed components of the IL3R
are capable of activating JAK2-V617F and that it is possible that
transformation to cytokine independence, driven by high levels
of JAK2-V617F, could potentially utilize a mechanism involv-
ing components of the IL3R.
A possible explanation for the ability of a heterodimeric

receptor component to functionally replace a homodimeric
receptor in the activation of JAK2-V617F is that certain het-
erodimeric receptors have the ability to homodimerize or het-
erodimerize with unknown receptor components. In our cur-
rent studies, only IL27Ra had a significant ability to activate the
transforming signals of JAK2-V617F. It has recently been sug-
gested by Hashimoto et al. (42) that IL27Ramay form signaling
competent homodimers. Indeed, we present evidence through
co-immunoprecipitation and chemical cross-linking studies
that IL27Ra can undergo homodimerization (Fig. 3). This data
along with the requirement for the FERM domain of JAK2-
V617F (Fig. 2) and the Box 1 motif of IL27R (32)
(supplemental Fig. S2) to mediate activation of JAK2-V617F
supports the hypothesis that IL27Ra forms dimeric complexes
that functionally lead to JAK2-V617F activation.
The ability of the common � chain to homodimerize may

explain its ability to functionally replace a homodimeric recep-
tor to activate JAK2-V617F (54–56). However, it has been sug-
gested that the cytoplasmic domains of a common � chain
homodimer are too far apart for activation of signaling without

association with a ligand-bound IL3Ra subunit (57). It is possi-
ble that the autoinhibition relieved by the V617F mutation
allows for amore open or extended JAK2 confirmation that can
utilize the common � chain as a scaffold for activation. In addi-
tion,Hornakova etal. (58)havedemonstrated that the� subunitof
the IL9 receptor, which normally functions with the common �
chain to form the receptor for IL9, can form homodimers that
function to support the activation of clinically derived JAK1 point
mutations. Importantly, while our study was under revision, mul-
tiple groups reported the aberrant expression of cytokine recep-
tor-like factor 2 (CRLF2) and its ability to activate JAK2-R683
mutations inALL(59–62).Like thereceptorsutilized inourstudy,
CRLF2 is a component of a heterodimeric receptor. Thus, these
reports strongly support our observations that certain het-
erodimeric receptor components are capable of supporting the
activation of mutated JAK proteins.
As Gakovic et al. (63) suggest, specific interactions of the

FERM domains of JAK molecules with various cytokine recep-
tors may differentially position/orient the JAK kinase domain
for activation and access to downstream substrates. Thus,
interaction ofmutated JAKproteinswith certain heterodimeric
receptor components may allow for proper orientation and
activation of kinase activity and downstream signaling, whereas
interaction with other heterodimeric receptor components
may not. Thus, signaling from mutated JAK proteins could be
affected by the repertoire and abundance of JAK-binding cyto-
kine receptors expressed in a given cell.
We recently reported that IL27Ra is expressed on the surface

of myeloid cells of AML patients (32). In addition, more recent
work has identified IL27Ra expression on hematopoietic stem
cells (64). This same study demonstrated that IL27 is a cytokine
that can enhance myelopoiesis and CD34� cell growth. Thus,
IL27Ra is a heterodimeric receptor component expressed in
various cells within the correct hematopoietic lineage to poten-
tially contribute to JAK2-V617F activation in MPNs. It is
unknownwhether or not IL27Ra or other heterodimeric recep-
tor components contribute to mutated JAK2 activation in
MPNs. However, it is important to note that whereas
homodimeric receptors such as EpoR, TpoR, and GCSFR sup-
port the activation of JAK2-V671F in cells, the receptors that
JAK2-V617F utilize in its causative role inMPNs (as well as the
requirement for any specific cytokine receptor) remain to be
determined (28).
TpoR is a cytokine receptor that supports the activation of

JAK2-V617F and transforming mutations of TpoR are present
in a small percent of JAK2-V617F-negative MPN patients (28,
65, 66). Likewise a gain-of-function mutation in CRLF2 has
been identified inALL (59, 62). Interestingly, we have identified
in vitro derivedmutations in IL27Ra that render it highly trans-
forming.4 These data suggest that unknownmutations in addi-
tional cytokine receptors, including heterodimeric receptor
components, may activate JAK2 signaling pathways in JAK2
mutation-negative hematopoietic disorders.
In summary, whereas it has been demonstrated that JAK2-

V617F requires a cytokine receptor to become functionally acti-

4 Q. T. Lambert and G. W. Reuther, unpublished data.
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vated and to elicit its transforming signal, the exact role of cyto-
kine receptors and the exact repertoire of receptors utilized in
JAK2-V617F-positive cells of MPN patients is not known. Our
work demonstrates that components of some heterodimeric
receptors have the ability to functionally replace homodimeric
receptors to activate JAK2-V617F, and other JAK2 mutants,
leading to the transformation of hematopoietic cells. Thus, we
propose that receptors that are classified as heterodimeric
receptor components may participate in activation of mutated
JAK2 proteins in MPNs. The very recent reports of CRLF2-
mediated activation of JAK2 mutants validate this proposal,
albeit in ALL, a lymphoid disease (59–62).

Acknowledgments—We thank Dr. Atsushi Miyajima for the generous
gift of the pKH97 plasmid and Dr. J. Devon Roll for critically reading
the manuscript.

REFERENCES
1. Campbell, P. J., and Green, A. R. (2006) N. Engl. J. Med. 355, 2452–2466
2. Tefferi, A., Thiele, J., and Vardiman, J. W. (2009) Cancer 115, 3842–3847
3. Tefferi, A., and Vardiman, J. W. (2008) Leukemia 22, 14–22
4. Dameshek, W. (1951) Blood 6, 372–375
5. Baxter, E. J., Scott, L.M., Campbell, P. J., East, C., Fourouclas, N., Swanton,

S., Vassiliou, G. S., Bench, A. J., Boyd, E.M., Curtin, N., Scott,M. A., Erber,
W. N., and Green, A. R. (2005) Lancet 365, 1054–1061

6. James, C., Ugo, V., Le Couédic, J. P., Staerk, J., Delhommeau, F., Lacout, C.,
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