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Background: Jak2 mediates cytokine-stimulated physiological events, but the mechanism of its activation is still unknown.
Results: IL-3 stimulated c-Abl kinase activity leading to Jak2 activation through direct interaction with c-Abl.
Conclusion: c-Abl activates Jak2 in response to IL-3 in normal hematopoietic cells.

Significance: Our findings reveal a novel role of c-Abl kinase in Jak2 activation.

Jak2 is involved in cytokine growth factor-stimulated signal
transduction, but the mechanism of its activation is largely
unknown. Here, we investigated Jak2 activation in a normal
hematopoietic cell line, 32D mouse myeloid cells. The bimolec-
ular fluorescence complementation studies showed that c-Abl
formed a stable complex with Jak2 in live cells. Co-immunopre-
cipitation results showed that c-Abl bound to the f3c chain of
IL-3/IL-5/GM-CSF receptors. The kinase activities of both
c-Abl and Jak2 were stimulated by IL-3 in 32D cells. Decreasing
c-Abl protein expression in 32D cells by inducible shRNA
decreased Jak2 activity and resulted in the failure of Jak2 activa-
tion in response to IL-3. Treatment of IL-3 and serum-starved
32D cells with 1 um imatinib mysylate inhibited IL-3 stimulated
kinase activities of both c-Abl and Jak2. In addition, the kinase-
deficient Bcr-Abl mutant (p210K1172R) was defective for acti-
vation of Jak2 in 32D cells and impaired IL-3 independent
growth, which was rescued by overexpression of c-Abl (+Abl).
IL-3 efficiently inhibited apoptosis of 32Dp210K/R+Abl cells
induced by imatinib mysylate but not Jak2 kinase inhibitor
TG101209. In summary, our findings provide evidence that the
kinase function of c-Abl and its C-terminal CT4 region is crucial
for its interaction with Jak2 and its activation. c-Abl kinase
activity induced by IL-3 is required for IL-3-stimulated Jak2 and
Jakl activation. Our findings reveal a novel regulatory role of
c-Abl in Jak2 activation induced by IL-3 cytokine growth factor
in 32D hematopoietic cells.

Janus kinase 2 (Jak2) is a receptor-associated tyrosine kinase,
which is widely expressed and involved in transducing signals
for a variety of cytokines, interferons (IFNs), and growth factors
through interaction with the receptors (1, 2). Jak2 affects hema-
topoiesis, body growth, lactation, and immunity in receptor-
mediated signaling in different cell types (3—5). JAK2 ™/~ mice
die in mid-gestation and exhibit impaired erythropoiesis, indi-
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cating a critical role of Jak2 in cytokine receptor signaling in
erythropoiesis (6 —8).

Jak2 kinase activity is stimulated by cytokines through their
receptors. In particular, IL-3 and GM-CSF ligands induce the
formation of a dodecamer receptor structure that facilitates
Jak2 trans-phosphorylation of tyrosine 1007 in the activation
loop of Jak2, leading to its kinase activation (3, 9, 10). Because of
its important physiological function, Jak2 activity is critically
regulated through phosphorylation of residues within the seven
domains of Jak2. The regulation on Jak2 activation also includes
interaction with the cytokine signaling suppressor, LNK, tyro-
sine phosphatases, and the pseudokinase domain (JH2) of Jak2
(4,11-13).

The JH2 domain of Jak2 kinase negatively regulates Jak2
activity by interacting with the activation loop of the kinase
domain (14, 15). Spontaneous mutations in the JH2 domain
suchas V617F and E695K are defective in its inhibitory function
on the Jak2 kinase, resulting in constitutive activation of Jak2
kinase and the activation of downstream events such as STAT-
mediated transcription (4). Abnormal Jak2 activity and muta-
tions in the JH2 domain have been identified in more than
50% of patients with Philadelphia chromosome-negative
myeloproliferative neoplasms such as polycythemia vera,
essential thrombosis, primary myelofibrosis, and chronic
myelomonocytic leukemia (16-22). Additional JAK2-activat-
ing mutations, such as JAK2T875N in the kinase domain (23),
JAK2AIREED (a deletion in the JH2 domain) (24), and JAK2
exon 12 mutations (proximal to the JH2 domain) (25) have been
found in a small number of patients with myeloproliferative
disease lacking JAK2V617F (26).

In Ber-Abl-positive CML,> Bcr-Abl expression induces
strong activation of Jak2 that activates Lyn kinase through the
SET-PP2A-Shpl pathway (27). Jak2 also activates the Gab2/
PI3K/Akt pathway and is involved in c-Myc expression induced
by Bcr-Abl, which leads to increased cell growth in the absence
of cytokines (e.g. IL-3) (28 —30). In turn, Jak2 regulates stimula-
tion of the Ras/Raf/PI3K pathways in Bcr-Abl-transformed
cells by phosphorylating tyrosine 177 within the Bcr region of

2 The abbreviations used are: CML, chronic myeloid leukemia; BiFC, bimolec-
ular fluorescence complementation; IM, imatinib mysylate; Doxy, doxycy-
cline; IP,immunoprecipitation; WB, Western blot; B¢, B chain; Pl, propidium
iodide; PE, phycoerythrin.
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Bcr-Abl and maintains Ber-Abl protein stability (31). Jak2 has
also been reported to act at nuclear sites of cells by phosphory-
lating histone H3 (32). Persistent Jak2 activation can lead to
oncogenic activation and genomic instability through phos-
phorylation of H3 Tyr-41, resulting in displacement of HP1«
from heterochromatin. However, little is known about the sig-
naling pathway that leads to Jak2 activation in normal hemato-
poietic cells.

The c-abl proto-oncogene is a nonreceptor tyrosine
kinase that is a key element in intracellular signaling and is
involved in diverse biological processes, including regulation
of cytoskeletal reorganization, cell migration and morpho-
genesis, cell differentiation, proliferation, adhesion, cell
death, stress responses, and gene expression (33—36). c-Abl is
located in multiple cellular compartments, including the
nucleus and cytoplasm, and its activity is modulated by various
stimuli (37-39). The c-Abl kinase is activated in response to
growth factors such as platelet-derived growth factor (PDGF)
and epidermal growth factor (EGF) through Src family mem-
bers (38). Abnormal c-Abl activity is involved in leukemia as
well as in solid tumors (13, 29, 40-43, 57). In CML, Bcr fuses
with the second exon of c-Abl that disrupts the self-inhibition
of c-Abl and contributes to the constitutively kinase-activated
Ber-Abl kinase. In our previous studies, we found that the
kinase domain and C-terminal region 4 (CT4) of c-Abl are
involved in Jak2 binding (30).

In this study, we used the BiFC system (44) to confirm our
earlier findings that c-Abl directly binds to Jak2 through its CT4
region and its kinase domain (30), and we further demonstrated
that this direct interaction between c-Abl and Jak2 is required
for Jak2 activation. We found that c-Abl associates with the
common f3 chain (Bc¢) of the interleukin 3/interleukin 5/granu-
locyte-macrophage colony-stimulating factor (IL-3/IL-5/GM-
CSF) receptors, and its activity is efficiently stimulated by IL-3.
Importantly, c-Abl s critically involved in IL-3-stimulated Jak2
activation in the 32D mouse myeloid cell line. c-Abl overex-
pression allows IL-3-independent growth and Jak2 activation in
32D cells expressing the kinase-deficient Bcr-Abl K1172R
mutant. The novel finding of the requirement of c-Abl kinase in
Jak2 activation stimulated by IL-3 leads to a further under-
standing of the mechanism of Jak2 activation in the normal
hematopoietic cells.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—IM was purchased from LC Lab-
oratories. TG101029 was supplied under a Material Transfer
Agreement from TargeGen Inc. Commercially available anti-
bodies used were anti-phospho-Jak2Y1007 (Millipore, catalog
no. 04-1098), phospho-SrcY416 (Cell Signaling, catalog no.
6943), phospho-LynY396 (Gene Tex, catalog no. GTX61275),
Lyn (Cell Signaling, catalog no. 2732), Jak2 (Cell Signaling, cat-
alog no. 3230), c-Abl (Cell Signaling, catalog no. 2862), phos-
phor-Abl (Tyr-412) (Millipore, catalog no. 07-788), phosphoty-
rosine (4G10) (Millipore, catalog no. 05-321), a-tubulin (B-7)
(Santa Cruz Biotechnology, catalog no. sc-5286), B-actin
(N-21) (Santa Cruz Biotechnology, catalog no. sc-130656),
IL-3/IL-5/GM-CSF common S chain (clone K-17) (Santa Cruz
Biotechnology, catalog no. sc-678). Sepharose bead-conjugated
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Jak2 antibody was purchased from Cell Signaling (catalog no.
4089). The recombinant mouse IL-3 was purchased from Roche
Applied Science.

Constructs—MIGR1 Bcr-Ablp210 K1172R was cloned by
digesting Bcr-AblK1172R mutant gene from pSG5 Bcr-Abl
K1172R vector with EcoRI and cloned into the retroviral
MIGRI. For BiFC constructs, human c-Abl and Abl mutants
(Abl ACT4 and Abl KNACT4) were amplified by PCR using
the following primers: 5’ cctccggaatggggcagcagectgg 3'; 5’
cctctagactacctetgeactatgte 3'; and 5' cctctagattatggcagggecgag-
gatg 3'. Mouse Jak2 was amplified using the following primers:
5’ cctceggaatgggaatggectge 3’ and 5’ cgagggecctcacgceagceta-
tactg 3'.

The PCR products were cloned into the BspEI and Xbal site
(Abl) and BspEI and Apal (Jak2) of BiFC Venus vectors kindly
provided by Dr. Stephen W. Michnick (University of Montreal,
Canada). Human c-Abl was cloned into MIGR-1 mCherry vec-
tor kindly provided by Dr. Mallampati (University of Texas,
M.D. Anderson Cancer Center). TRIPZ-inducible lentiviral
c-Abl shRNA (Clone ID V2THS_198745) and nontargeted
shRNA control (Clone ID RHS4743) were purchased from
Open Biosystems (Thermo Scientific). The sequences of all the
constructs were confirmed by DNA sequencing. The cDNAs of
interleukin 3 receptor « (IL-3Ra) and the common Bc chain of
IL-3/IL-5/GM-CSF receptor (Bc) were kindly provided by Dr.
James McCubrey (East Carolina Medical School, Greenville,
NC).

Cell Culture—IL-3-dependent 32D cells and the Ber-Abl™*
32D cells were grown in RPMI 1640 medium supplemented
with 10% FBS, 2 mMm glutamine, penicillin/streptomycin, and
10% WEHI media. 32Dp210, 32Dp210K/R+ Abl, and Wehi3b
cells were maintained in RPMI 1640 medium supplemented
with 10% FBS, 2 mm glutamine, penicillin/streptomycin. 293T
cells were grown in DMEM supplemented with 10% FBS, 2 mm
L-glutamine, and penicillin/streptomycin. All cells were incu-
bated with 5% CO, at 37 °C.

BiFC—Human c-Abl constructs (WT, ACT4, and KDACT4)
and mouse Jak2 cloned into the Venus vectors (44) were co-trans-
fected into 293T cells. Live fluorescent images were obtained 48 h
after transfection.

Lentivirus/Retrovirus Preparation and Stable Cell Line
Establishment—Lentiviruses were prepared by co-transfection
of pPCMV_8.2, pMD.G and pTRIPZ containing c-Abl shRNA
or nontargeted shRNA into 293T cells using FuGENE 6 re-
agent (Roche Applied Science) as described previously (45).
Retroviral constructs MIGR1-Bcr-Ablp2101172R and MIGR1-
mCherry-Abl were transfected into Phoenix packaging cells
(kindly provided by Dr. Sue-Hwa Lin, University of Texas M.D.
Anderson Cancer Center, Houston, TX) (31). 32D cells were
infected with the desired viral supernatants mixed with an
equal volume of RPMI 1640 medium plus 20% WEHI-condi-
tioned medium containing 8 pg/ml Polybrene at 37 °C for 16 h,
followed by removing the virus/media mixture and continuing
cell culture with fresh RPMI 1640 medium with WEHI-condi-
tioned medium for 48 h. Positive infected cells were obtained
either by selection in the presence of 3 ug/ml puromycin for 10
days or by identification of green or mCherry fluorescent pos-
itive cells using flow cytometry. To enrich the population of
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FIGURE 1. Direct interaction of Jak2 and c-Abl in living cells. A, YFP signal formation in 293T cells co-transfected with YFP(C)-Jak2 and various forms of YFP
(N)-Abl (WT, ACT4 and KNACT4). The intense localized YFP signal is indicated by the white arrowheads. The images were captures 2 days after transfection under
the same exposure. B, regulation of Jak2 activity by c-Abl. Jak2 activity in the cell lysate from the 293T cells co-transfected with the Jak2 and Abl BiFC constructs

was examined using the Jak2 Tyr(P)-1007/1008 antibodies (Ab).

cells expressing c-Abl shRNA or nontargeted shRNA, puromy-
cin-resistant cells were cultured in the presence of 2 ug/ml
doxycycline for 3 days followed by cell sorting to harvest cells
with a high red fluorescent signal.

Immunoprecipitation and Kinase Assay—Cells were lysed
in 1% Nonidet P-40 buffer containing a mixture of protease
and phosphatase inhibitors (Thermo Scientific, catalog no.
PI-78442) as described previously (46). For immunoprecipita-
tion, 400 pg of cell lysates were incubated with a specific pri-
mary antibody overnight at 4 °C with rotation and then with 20
wl of protein A/G-Sepharose for 1 h at 4 °C. The agarose beads
were collected by centrifugation at 2000 rpm for 2 min at 4 °C.
The agarose beads were washed four times with cold PBS, fol-
lowed by boiling in 70 ul of SDS sample buffer for 5 min. For
Western blotting (WB), cell lysates or immunoprecipitates
were subjected to SDS-PAGE as described (27). The blots were
incubated with specific primary antibodies overnight at 4 °C.
The immunoreactive bands were visualized by Amersham Bio-
sciences ECL Western blotting detection reagents (GE Health-
care, catalog no. RPN2106). In vitro kinase assays for Jak2 (auto-
phosphorylation) was carried as described (41).

Apoptotic Assays—The apoptosis analysis was performed by
using FITC annexin V apoptosis detection kit (BD Biosciences,
catalog no. 556547) or PE annexin V apoptosis detection kit
(BD Biosciences, catalog no. 559763). Briefly, aliquots of 1 X
10° cells were washed twice with cold PBS, resuspended in 100
pnl of binding buffer containing 5 ul of FITC-conjugated
annexin V antibody plus 7 ul of propidium iodide (PI) reagents,
or 5 ul of PE-conjugated annexin V antibody and 7 ul of 7-
aminoactinomycin D reagents, at room temperature in the dark
for 15 min. After washing with PBS twice, cell pellets were sus-
pended by 400 ul of binding buffer and subjected to flow cytom-
etry analysis.

Statistical Analysis—Results are shown as the mean = S.E. of
values obtained in independent experiments.

RESULTS

¢c-Abl Associates with Jak2 in Live Cells—Our previous cell-
based pulldown experiments showed the binding of c-Abl and
Jak2 is facilitated by the C-terminal domain (CT4) and the
kinase domain of c-Abl (30). To further investigate this inter-
action in live cells, we applied the BiFC assay (44) by construct-
ing vectors that fused the N-terminal half of the fluorescent
protein (YFP) to the N terminus of c-Abl (YFP(N)-Abl) and the
C-terminal half of YFP to the N terminus of Jak2 (YFP(C)-Jak2).
293T cells co-transfected with YFP(N)-Abl and YFP(C)-Jak2
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showed strong fluorescent signals (Fig. 1A), although neither
vector alone gave any fluorescent signals (data not shown).
Interestingly, we observed an intense localized YFP signal in
the cytoplasm of cells expressing wild-type YFP(N)-Abl and
YFP(C)-Jak2 (Fig. 1A, white arrowheads). This signal was
decreased in cells expressing Abl lacking CT4 (Abl ACT4) and
Abl kinase-dead mutant lacking CT4 (Abl KN ACT4). Next, we
examined the Jak2 activity shown by co-expressing either
wild-type c-Abl or Abl mutants. We found that Jak2 is acti-
vated by co-expressing wild-type c-Abl, as indicated by the
increased phosphorylation on Tyr-1007/1008 of Jak2 (Fig.
1B, lanes I and 4). The absence of direct interaction between
c-Abl and Jak2 down-regulates the Jak2 kinase activity, as
shown by the reduction of Jak2 activation when co-express-
ing the KN, ACT4 Abl mutants (Fig. 1B, lanes 2 and 3), indi-
cating the critical roles of these two regions of c-Abl in reg-
ulating Jak2 activity.

¢c-Abl Associates with the IL-3R3 Chain in Normal Hemato-
poietic Cells—Our previous studies (30) and current BiFC
results (Fig. 1) document the interaction between c-Abl and
Jak2. Jak2 associates with the membrane-proximal region of
erythropoietin receptors and the common Sc of IL-3/IL-5/GM-
CSF receptors (47). Jak2 kinase is activated in response to eryth-
ropoietin (48), IL-3 (49), growth hormone (50), GM-CSF (47),
and prolactin (51). Thus, we wanted to know whether c-Abl
associates with IL-3 receptor B (IL-3RB) chain. To detect this,
IP experiments were performed in 32D cells, a clone of mouse
myeloid cells requiring IL-3 for survival. We observed c-Abl
protein in the IL-3Rf3 immune complex, suggesting a direct
interaction between c-Abl and IL-3Rf3 (Fig. 2A4). This was con-
firmed in 293T cells co-expressing c-Abl and the common f3
chain of the IL-3/IL-5/GM-CSF receptors (Sc chain) (Fig. 24).
IP results showed Jak2 protein interacted with IL-3RS in 32D
and 293T cells co-expressing the Bc chain and HA-tagged Jak2
(Fig. 2B), which is consistent with previous reports (1, 47). We
also observed that IL-3 stimulation had no effect on c-Abl or
Jak2 interaction with IL-3R chains in 293T cells co-expressing
c-Abl and both the IL-3 receptor « (IL-3Ra) and Bc chains (Fig.
2C), These results indicate that c-Abl and Jak2 both can interact
with the IL-3Rf chain, and this association is independent of
IL-3.

Both c-Abl and Jak2 Kinases Are Activated in Response to IL-3—
Next, we investigated whether c-Abl is activated in response to
IL-3 stimulation in hematopoietic cells. To test this, 32D cells
were starved of IL-3 and fetal bovine serum (FBS) for 6 h fol-
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lowed by IL-3 (3 ng/ml) stimulation for 1 and 2 h. c-Abl kinase
activity as measured by Western blotting with antibody against
c-Abl phosphorylation at tyrosine residue 412 was significantly
increased after 1 and 2 h of IL-3 stimulation (Fig. 2D). Jak2
activity detected by the level of Jak2 phosphorylation on tyro-
sine residue 1007 was elevated in response to IL-3, as was the
case for c-Abl kinase (presence of Abl Tyr(P)-412). To further
examine the effects of increased Jak2 activity following IL-3

stimulation, the tyrosine phosphorylation of STAT3, which is a
downstream target of Jak2, was examined. We found STAT3
activity also markedly increased upon 1 and 2 h of IL-3 stimu-
lation, which paralleled the increased level of Jak2 activity (Fig.
2D). IL-3-induced activation of both c-Abl and Jak2 kinase was
also observed in 293T cells co-expressing c-Abl and both
IL-3Ra and Bc chains. After IL-3 stimulation for 10 min, the
kinase activities of both Jak2 and c-Abl increased (Fig. 2E), sug-
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gesting that c-Abl may be involved in Jak2 activation in
response to IL-3.

c-Abl Is Required for Jak2 Activation Induced by IL-3—To
examine whether c-Abl regulates IL-3-stimulated Jak2 activity,
we examined kinase activities of both c-Abl and Jak2 in 32D
cells treated with IM, a c-Abl kinase inhibitor. Followed by star-
vation of IL-3 and FBS for 6 h, 32D cells were incubated with
either IL-3 alone or IL-3 with different doses of IM (1 or 3 um)
for 1 and 2 h. Western blotting showed that c-Abl kinase activ-
ity as well as Jak2 and STAT3 activities slightly decreased under
IL-3 and IM treatment for 1 h but dramatically decreased after
2 h of treatment (Fig. 2D). These results demonstrate that inhi-
bition on c-Abl kinase activity by IM down-regulates Jak2 and
STATS3 kinase activities, suggesting that c-Abl mediates IL-3-
induced Jak2 activation in normal hematopoietic cells.

Interestingly, we found Jak1 kinase activity behaved similarly
as Jak2 in response to IL-3 stimulation. Western blotting results
showed that Jak1 kinase activity evaluated by pJak1Y1022/1023
level was significantly increased in IL-3- and FBS-starved 32D
cells after 2 h of IL-3 stimulation (Fig. 2H). However, this
increased Jak1 activity was slightly reduced under IL-3 and IM
treatment for 1 h but markedly decreased after 2 h of treatment
(Fig. 2H). These data indicate that Jakl kinase activity is
induced by IL-3, and inhibition on c-Abl kinase activity by IM
caused a decrease of Jakl kinase activity, suggesting c-Abl is
also involved in IL-3-induced Jakl activation in normal hema-
topoietic cells.

To test whether c-Abl is required for Jak2 activity in normal
hematopoietic cells, c-Abl was knocked down by lentiviral
transduction of doxycycline (Doxy)-inducible c-Abl shRNA in
32D cells, which we termed 32D shAbl cells. 32D cells overex-
pressing nontargeted shRNA (32D shNT) was used as the con-
trol. Western blotting results showed that c-Abl protein level
was reduced after Doxy induction for 3 days and recovered after
Doxy removal for 4 days (Fig. 2F, lanes 5, 9, and 13). Impor-
tantly, Jak2 activity was dramatically decreased in 32D shAbl
cells after 3 days of Doxy induction. In contrast, Jak2 activity
remained the same in Doxy-treated 32D shNT cells and non-
Doxy-treated 32D shAbl cells (Fig. 2F, lanes 1, 5, and 9). After 4
days of Doxy withdrawal, Jak2 activity was restored in parallel
with the recovery of c-Abl protein levels (Fig. 2F, lane 13). Xie et
al. (30) applied in vitro kinase assay by incubating c-Abl with
either wild-type or Tyr to Phe mutant Jak2 synthetic peptides,
and they found c-Abl kinase directly phosphorylates Jak2 at
Tyr-1007. These results indicate that c-Abl kinase activity and
protein expression are required for Jak2 activation in 32D cells.

Involvement of c-Abl in Jak2 Activation

Next we wanted to determine whether c-Abl is required for
IL-3-stimulated Jak2 activation in 32D cells. To investigate this,
Jak2 activity was examined in IL-3- and FBS-starved 32D cells
expressing the desired shRNA upon IL-3 stimulation. After
starvation, Jak2 activity was greatly reduced in both Doxy-
treated 32D shNT and non-Doxy-treated 32D shAbl (Fig. 2F,
lanes 2 and 6). Upon IL-3 stimulation, Jak2 activity gradually
increased in these two cells (Fig. 2F, lanes 3, 4, 7, and 8). This
increase of Jak2 activity was not observed in Doxy-treated 32D
shADI cells under the same treatment (Fig. 2F, lanes 10-12). To
further confirm the above results, we used Jak2 IP kinase assay
to confirm that Jak2 activity responded to IL-3 stimulation only
in 32D shNT cells but not in Doxy-treated 32D shAbl cells (Fig.
2G). Our results show that the inhibition of c-Abl kinase by IM
and c-Abl knockdown impaired IL-3-stimulated Jak2 activa-
tion, indicating c-Abl was required for stimulation of Jak2 activ-
ity by IL-3.

Kinase-deficient BCR-ABL Impairs Jak2 Activation and IL-3
Independence in 32D Cells—We compared wild-type Bcr-Abl
(b3a2-p210) and kinase-deficient Bcr-Abl (p210K1172R) for
their abilities to provide cytokine independence and Jak2 acti-
vation. First, we tested the requirement of IL-3 for the survival
of 32D cells expressing wild-type Bcr-Abl (32Dp210) (see Fig.
4A) and 32D cells expressing kinase-deficient Bcr-Abl
(32Dp210K/R). Flow cytometry data showed that 32D cells
exhibited 68 and 99% apoptosis upon IL-3 withdrawal for 48
and 72 h, respectively (Fig. 34). Similarly, 65 and 92% of apo-
ptotic cells were observed in 32Dp210K/R cells under the same
conditions (Fig. 3A), indicating that Bcr-Abl kinase activity is
required for IL-3-independent cell growth. As expected, Bcr-
Abl™ 32 D cells remained viable in the absence of IL-3 (Fig. 44).

We assumed the inability of IL-3-independent growth of
32Dp210K/R cells may due to the lack of Jak2 activity. Thus, we
examined Jak2 activity under the regulation of either wild-type
Ber-Abl or the kinase-deficient Ber-Abl mutant. Jak2 kinase
activity was significantly increased in 32Dp210 cells (Fig. 3B).
This increased Jak2 activity was not observed in 32Dp210K/R
cells having equal protein expression of kinase-deficient Bcr-
Abl compared with wild-type Ber-Abl as detected by 8E9 anti-
Abl Western blotting (Fig. 3B), suggesting that the down-regu-
lation of Jak2 activity resulted from the deficiency of Bcr-Abl
kinase activity but not from the difference in the protein
expression level of wild-type or mutated Bcr-Abl. Importantly,
kinase-deficient Bcr-Abl mutant did not impair IL-3 stimula-
tion of Jak2 activation (Fig. 3C), suggesting the IL-3-mediated
signal pathway is not blocked by deficient Bcr-Abl.

FIGURE 2. c-Abl binds to IL-3 receptor 3 chain and is involved in IL-3 stimulation of Jak2 activation. A, cell lysates from 32D and 293T cells co-transfected
with c-Abl and IL-3RB were immunoprecipitated with IL-3RB antibody (Ab) or control rabbit IgG, followed by WB with c-Abl antibody. B, left panel, cell lysates
from 32D cells were immunoprecipitated with anti IL-3R antibody or control rabbit IgG, followed by WB with Jak2 antibody. Right panel, cell lysate from 293T
cells co-transfected with HA-tagged Jak2 and IL-3R3 were immunoprecipitated with HA tag antibody followed by WB with IL-3RS antibody. C, 293T cells were
co-transfected with c-Abl and IL-3 receptor (IL-3Ra and IL-3RB). Transfected 293T cells were stimulated with IL-3 for 10 min. Cell lysates were immunoprecipi-
tated with IL-3RB antibody or rabbit IgG and followed by WB with the indicated antibodies. D, 32D cells were starved of IL-3 and FBS for 6 h followed by 3 ng/ml
IL-3 stimulation or IM (1 and 3 um) plus IL-3 treatment for 1 and 2 h. Cell lysates were analyzed by WB using the indicated antibodies. E, 293T cells co-transfected
with c-Abl and IL-3 receptor (a and B subunits) were treated with or without IL-3 (3 ng/ml) for 10 min. Cell lysates were analyzed by WB with the indicated
antibodies. F, 32D cells expressing nontarget shRNA (32D shNT) or Abl shRNA (32D shAbl) were treated with doxycycline for 4 days and were starved of IL-3 and
FBS for 5 h followed by stimulation with 3 ng/ml IL-3 for 2 and 4 h. Cell lysates were immunoblotted with the indicated antibodies. C, control. G, in vitro kinase
assay of Jak2 activity in 32D NT shRNA and 32D KD-Abl under the same treatment as the description in F. Cell lysates were immunoprecipitated with Jak2
antibody, and the immunoprecipitate was incubated with cold ATP in the kinase mix. After WB, the blots were processed with anti-Jak2 Tyr(P)-1007/1008
antibodies. H, c-Abl is involved in kinase activities of Jak1 stimulated by IL-3. 32D cells were starved of IL-3 and FBS for 6 h followed by 3 ng/ml IL-3 stimulation
or imatinib (1 and 3 um) plus 3 ng/ml IL-3 treatments for 1 and 2 h. Cell lysates were Western-blotted with pJak1Y1022/1023 and Jak1 antibodies.
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Overexpression of c-Abl Rescues IL-3 Independent Growth of
32D Cells Expressing Kinase-deficient Bcr-Abl—Fig. 2, F and G,
showed that c-Abl is required for IL-3-stimulated Jak2 activa-
tion in 32D cells. It was of interest to explore whether kinase-
active c-Abl could activate Jak2 in 32D cells expressing kinase-
deficient Ber-Abl. To address this, c-Abl was overexpressed
in 32D and 32Dp210K/R cells to generate 32D+Abl and
32Dp210K/R overexpressing c-Abl, respectively. First, we
examined the IL-3 dependence of these cells. After IL-3 with-
drawal for 72 h, more than 90% apoptosis was detected in 32D
and 32Dp210K/R cells (Fig. 4A). Interestingly, less than 10% of
total cell population of 32Dp210K/R cells transduced with
c-Abl was able to survive in the absence of IL-3 (viable cells
were termed 32Dp210K/R+Abl cells). However, overexpres-
sion of c-Abl alone in 32D cells did not allow any detectable cell
survival without IL-3. These results suggest that additional fac-
tors and functions of kinase-deficient Bcr-Abl such as Bcr
sequences, including tyrosine residue 177, might be needed for
c-Abl to transform 32D to IL-3-independent growth, as Jak2
phosphorylates Tyr-177 of Bcr-Abl (28).

We found the total tyrosine phosphorylation pattern
detected by Western blotting with 4G10 antibody is higher in
32Dp210 and 32Dp210K/R+Abl cells compared with 32D,
32D+Abl, and 32Dp210K/R cells (Fig. 4B). Moreover,
32Dp210K/R+Abl cells showed stronger and additional tyro-
sine phosphorylation bands (Fig. 4B). One of these bands
around 150 kDa in 32Dp210K/R+Abl cells is kinase-activated
c-Abl, which was confirmed by Western blotting with Abl
Tyr(P)-412 antibody (Fig. 4D). IM inhibited kinase activities of
both c-Abl and Jak2 in 32Dp210K/R+Abl cells, as 0.3 um IM
significantly inhibited c-Abl and Jak2 kinase activities but not
total protein levels of both c-Abl and Jak2 in 32Dp210K/R+ Abl
cells (Fig. 4D). These results suggest overexpression of c-Abl
coupled with kinase-deficient Ber-Abl restored the extensive
protein tyrosine phosphorylation pattern seen in 32D cells
expressing Ber-Abl

Based on our previous results of c-Abl and Jak2 interaction,
we reasoned that Jak2 and its regulated proteins may be acti-
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vated in 32Dp210K/R cells upon c-Abl overexpression. As Fig.
4C shows, c-Abl overexpression activated Jak2 in 32Dp210K/
R+ Abl cells to the same level as observed in 32Dp210 cells. This
c-Abl-induced Jak2 activation was significantly abolished by
various doses of IM (Fig. 4D). This activated Jak2 would con-
tribute to phosphorylation of Bcr-Abl at Tyr-177 in 32Dp210K/
R+ Abl cells, which is consistent with our previous publication
indicating that Bcr-Abl Tyr(P)-177 is phosphorylated by Jak2
(28). As a downstream target of Jak2 (e.g. Lyn kinase (43)), Lyn
kinase was strongly activated in 32Dp210K/R+ Abl cells com-
pared with 32Dp210 cells (Fig. 4C). These data suggest that only
in the presence of kinase-deficient Bcr-Abl could kinase-active
c-Abl rescue IL-3 independence and restore Jak2/Lyn signaling
pathways.

Jak2 May Play a Role in the Survival of 32Dp210K/R+Abl
Cells—Next, we wanted to know whether the c-Abl kinase func-
tion is required for IL-3 independent growth of 32Dp210K/
R+AblI cells. Cells were treated with different doses of IM (1
and 5 uM) in the presence or absence of IL-3 for 48 h. We found
53 and 97% of apoptotic cells in 32Dp210K/R+ Abl cells treated
with 1 and 5 uMm IM, respectively, in the absence of IL-3 (Fig. 54,
left). Interestingly, the apoptotic rate is reduced to 12% in the
presence of IL-3 (Fig. 54, right). However, the rescue by IL-3
was not observed in 32Dp210K/R+Abl cells treated with
TG101209, a selective Jak2 inhibitor (Fig. 5B). A similar per-
centage of apoptosis was induced by 5 and 10 um TG101209 no
matter whether IL-3 was present or not (Fig. 58). Although
these high levels of TG101209 inhibitor may have off-target
effects, these results suggest that Jak2 is required for IL-3 inde-
pendent growth in 32Dp210K/R+ Abl cells, implying an impor-
tant role of Jak2 in myeloid cells involving IL-3. Preliminary
results obtained by Jak2 knockdown (results not shown) are
consistent with a role of the Jak2 kinase in restoration of IL-3
independent growth in 32Dp210K/R mutant cells.

DISCUSSION

We showed that Jak2 activity is activated by c-Abl kinase in
response to IL-3 in normal hematopoietic cells through their

SASBMB

VOLUME 289-NUMBER 31-AUGUST 1, 2014



Involvement of c-Abl in Jak2 Activation

)
72 h Apoptosis upon IL- 3 withdrawal & Qf"
120 W+IL3 . &S
M- 113720 q';° B3 $ $
LI KK
100 A
< o oY e e o
2 MW (kDa)
2 = 250 -
860 150 - ' .
o 100 - ’
§-4° 75 - :
20 50 - .
2 37 - -
2 F T N
20 A0 o\ b -
._,;;09 7}\“ 25 -
0 Blot: 4G40 Ab
N AT AQ
C gy ?510& o D
== Bcr-AblpY177 32Dp210K/R+Abl

Blot: pBcr-AblY177 Ab

Bcer-Abl

Blot: 8E9 Ab oAbl

Blot: pJak2Y1007/

16hIM(uM) C 0.2 0.3 0.4

-
r

Blot: pAblY412 Ab )
”- S pADIY412

P gy e S BorAbl
Blot: 8E9 Ab

- — - = | total Jak2

1008 Ab o . pJak2Y1007
Sl -
Blot: Jak2 Ab h Bt :Itotal Jak2
Blot: pJak2Y1007/
o 00SAD -- o w Jak2Y1007
Blot: pSrcY416 Ab g ! . pLyn Blot: Jak2 Ab

Blot: Lyn Ab

ia-eﬁ total Lyn

Blot: o tublin Ab — " w— w— = | tublin

Blot: a tublin Ab "% s s - o tublin

FIGURE 4. Overexpression of c-Abl restored Jak2 activity and IL-3 independence in 32D cells expressing kinase-deficient Bcr-Abl mutant. A, apoptosis
of32D,32Dp210, 32D +Abl, 32Dp210K/R, and 32Dp210K/R+Abl cells. After washing four times with cold PBS, cells were cultured in the absence of IL-3 for 72 h.
Apoptotic cells were analyzed by annexin V-FITC/PI or annexin V-PE/7-aminoactinomycin D staining. B, total tyrosine phosphorylation of proteins in 32D,
32Dp210, 32Dp210K/R, and 32Dp210K/R+Abl cells. Cell lysates were analyzed by WB with anti-phosphotyrosine antibody (Ab) 4G10. * identifies the band
c-Abl. G, activity of Bcr-Abl, Jak2, and Lyn in 32D, 32Dp210, 32Dp210K/R, and 32Dp210K/R+Abl cells. Cell lysates were analyzed by WB with the indicated
antibodies. D, cell lysates of 32Dp210K/R+Abl cells treated with various doses of IM (0.2, 0.3, and 0.4 um) for 16 h were analyzed by WB with the indicated
antibodies.

A 48h apoptosis induced by IM B 48h apoptosis induced by TG
110 oM 110, WnoTc
100 L 100{ W s5umTC
w 90 Ws5umim » 90{ M 10uMTG
@ 80
70
0 60
& 50
‘S 40
® 30
20
10
0
-1L-3 +IL-3 -1L-3 +IL-3

FIGURE 5. IL-3 rescued apoptosis induced by IM but not TG101209 in 32Dp210K/R+Abl cells. Apoptosis of 32Dp210K/R+Abl cells treated with 1 and 5 um
IM (A) or 5and 10 um TG101209 (B) cultured with or without IL-3 for 48 h. 1% WEHI medium was added into IM- or TG101209-treated cells as a supplement of
IL-3.

directinteraction (Figs. 14 and 2, A-D). IL-3 is able to stimulate
both c-Abl and Jak2 kinase activities in IL-3 and serum-starved

fective Ber-Abl (p210K1172R) had impaired IL-3 independence
and Jak2 activity in 32D cells (Figs. 34 and 4A), which could be

32D cells (Fig. 2D). Decreasing c-Abl protein expression by
inducible c-Abl shRNA in 32D cells reduced Jak2 activity and
abolished its activation in response to IL-3 (Fig. 2F). Our studies
showed that compared with the wild-type Bcr-Abl, kinase-de-
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overcome by atopic expression of c-Abl (Fig. 4, A and C). IL-3
efficiently rescued apoptosis induced by IM but not by
TG101209 (Fig. 5, A and B), indicating Jak2 activity is required
for IL-3-independent growth.
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It is known that IL-3/IL-5/GM-CSF receptor « and f chains
form a dodecamer structure when a cytokine such as IL-3 inter-
acts with the receptor. This leads to Jak2 association with com-
mon f3 chain and subsequently cross-phosphorylation of Jak2
on adjacent 3 chains, which results in Jak2 activation (13). Here,
we show that c-Abl directly interacts with Jak2 (Fig. 14), and
c-Abl forms a stable complex with IL-3Rf in an IL-3-indepen-
dent way (Fig. 2, A—C). Based on these results, we hypothesize
that c-Abl would form a complex with Jak2 on the IL-3RS
chain, which structurally facilitates Jak2 activation by c-Abl as a
result of IL-3 stimulation. We further propose that c-Abl may
phosphorylate Jak2 on crucial tyrosine residues leading to Jak2
activation as part of the IL-3 dodecamer structure.

Our findings show that kinase-active c-Abl is critical for acti-
vation of Jak2 in 32D cells. The inhibition of c-Abl by IM sig-
nificantly decreases Jak2 activity in 32D cells (Fig. 2D), which
was also observed in IM-treated 32Dp210K/R+Abl (Fig. 4D)
and 32D cells expressing wild-type Bcr-Abl (30). These latter
results suggest that constitutively activated Bcr-Abl kinase is
the major driving force for Jak2 activation in CML cells. Interest-
ingly, the inhibition of Jak2 activity by 1 um IM treatment can be
overcome by the addition of IL-3 in 32D cells (Fig. 2D) as well as in
32Dp210K/R+ Abl cells (data not shown) and 32Dp210 cells (49).
These results suggest that Jak2 is required for the survival of
both normal hematopoietic cells and CML cells. Further stud-
ies are underway to determine whether c-Abl kinase is still
needed for Jak2 activation in CML cells.

Jak1 and Jak3 share a similar molecular structure as Jak2. There-
fore, it was of interest to determine whether c-Abl is also involved
in cytokine-mediated Jak1 and Jak3 activation. We found that Jakl
activity stimulated by IL-3 in 32D cells is efficiently inhibited by IM
(Fig. 2H), indicating that c-Abl may also be involved in IL-3 stim-
ulation of Jak1 activation. In support of this conclusion, Huang et
al. (52) reported that Jakl plays a role in Jak2 activation. Thus,
c-Abl may regulate both Jakl and Jak2 activation upon cytokine
stimulation. Although Moresco (53) proposed that Abl is involved
in regulating both Jakl and Jak3 in response to IL-7-driven lymph-
oid development, we do not have clear data on whether c-Abl is
involved in Jak3 activation in myeloid cells.

However, we do not know the mechanism of c-Abl kinase acti-
vation by IL-3 in normal hematopoietic cells. It is reported that
c-Abl kinase activity is stimulated by PDGF in a manner depen-
dent on Src family kinase and phospholipase C-y1 (PLC-v1) (37,
54). Based on this, we hypothesize that other kinases (e.g. Src and
Fyn) may be involved in c-Abl activation in response to IL-3, and
this c-Abl activation pathway may not be efficiently blocked by IM.
We observed that overexpression of c-Abl alone in 32D cells was
unable to activate Jak2 and render cells independent of IL-3 (Fig.
4A). However, co-expression of c-Abl and kinase-deficient Bcr-
Ablin 32D cells was able to allow IL-3 independent growth (Fig. 4).
These results suggest that additional factors, such as Bcr
sequences, in particular Tyr-177 in Bcr-Abl as described above
(31), may contribute to Jak2 activation in CML cells.

In CML, c-Abl sequences fused with part of Bcr to generate
the Ber-Abl fusion protein exhibit constitutive Abl kinase activ-
ity to continuously drive Jak2/Lyn and Stat5 signal pathways.
Certain myeloproliferative neoplasms have mutations on Jak2
tyrosine kinase such as V617F resulting in uncontrolled Jak2
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activity (17-19). Lu et al. (55) and Pradhan et al. (56) report that
co-expression of cognate homodimeric cytokine receptor (e.g.
erythropoietin receptor) or heterodimeric cytokine receptor (e.g.
IL-27 receptor ) in BaF3 cells is necessary for the continuously
activated Jak2V617F mutant and cytokine-independent growth.
In addition, expression of either of the two subunits of the IL-3
receptor (IL-3Ra or IL-3RpB) further enhanced JAK2V617F
kinase activity mediated by the homodimeric receptor and its
ability to transform hematopoietic cells (56). Our data showed
that c-Abl directly binds to Jak2 (Fig. 1A) and that c-Abl binds
to the Bc of IL-3/11-5/GM-CSF receptors in an IL-3-indepen-
dent manner (Fig. 2C). c-Abl regulates Jak2 activity under IL-3
stimulation in normal hematopoietic cells through the direct
interaction (Figs. 14 and 2, A-D). Based on the reports cited
above (56) and our results, we propose that c-Abl may also play
a role in regulating kinase activity of Jak2 mutants (e.g.
Jak2V617F) in myeloproliferative neoplasms.

In conclusion, we provide new evidence that c-Abl activates
Jak2 in normal hematopoietic cells. Our studies imply a possible
role of c-Abl in Jak2 activation in various myeloid malignancies
lacking the Philadelphia chromosome.
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