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Background: A subset of juvenile myelomonocytic leukemia (JMML) patients harbor mutations in the E3 ubiquitin ligase
CBL.
Results: CBL mutations result in increased GM-CSFR phosphorylation, elevated JAK2 and LYN levels, and enhanced survival.
Conclusion:CBL JMMLmutants display hypersensitiveGM-CSF signaling that can bemodulated via inhibition of JAK2 and/or
SRC kinases.
Significance:Mutation of CBL in JMML is associated with altered GM-CSF function.

Juvenile myelomonocytic leukemia (JMML) is characterized
by hypersensitivity to granulocyte-macrophage colony-stimu-
lating factor (GM-CSF). SHP2, NF-1, KRAS, and NRAS are
mutated in JMML patients, leading to aberrant regulation of
RAS signaling. A subset of JMML patients harbor CBL muta-
tions associated with 11q acquired uniparental disomy.Many of
these mutations are in the linker region and the RING finger of
CBL, leading to a loss of E3 ligase activity. We investigated the
mechanism by which CBL-Y371H, a linker region mutant, and
CBL-C384R, a RING finger mutant, lead to enhanced GM-CSF
signaling. Expression of CBL mutants in the TF-1 cell line
resulted in enhanced survival in the absence of GM-CSF. Cells
expressingCBLmutations displayed increased phosphorylation
of GM-CSF receptor �c subunit in response to stimulation,
although expression of total GM-CSFR �c was lower. This sug-
gested enhanced kinase activity downstream of GM-CSFR.
JAK2 and LYN kinase expression is elevated in CBL-Y371H and
CBL-C384R mutant cells, resulting in enhanced phosphoryla-
tion of CBL and S6 in response to GM-CSF stimulation. Incuba-
tion with the JAK2 inhibitor, TG101348, abolished the
increased phosphorylation of GM-CSFR �c in cells expressing
CBL mutants, whereas treatment with the SRC kinase inhibitor
dasatinib resulted in equalization of GM-CSFR �c phosphory-
lation signal between wild type CBL and CBL mutant samples.
Dasatinib treatment inhibited the elevated phosphorylation of
CBL-Y371H and CBL-C384Rmutants. Our study indicates that
CBL linker and RING fingermutants lead to enhancedGM-CSF
signaling due to elevated kinase expression, which can be
blocked using small molecule inhibitors targeting specific
downstream pathways.

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is a cytokine that regulates the differentiation, survival,
proliferation, and functional activation of granulocytes and
monocytes in the myeloid lineage (1). In order to mediate its
functional activity, GM-CSF binds to its receptor, the GM-CSF
receptor (GM-CSFR),2 consisting of GM-CSR� andGM-CSFR
� common (�c) subunits. The �c subunit of the receptor is
shared by the IL-3 and IL-5 receptors. �c is the major signaling
subunit and is tyrosine-phosphorylated in response to cytokine
stimulation. �c phosphorylation results in the recruitment of
various effectors leading to activation of downstream signaling
(2–4). GM-CSFR� is themajor binding subunit, which dictates
the binding specificity of the receptor complex for GM-CSF (2,
4, 5). The engagement of GM-CSFR by GM-CSF results in the
formation of a dodecameric complex of GM-CSF�GM-CSFR
��GM-CSFR �c, which leads to the trans-phosphorylation of
GM-CSFR �c-associated JAK2 kinases (6). The activated JAK2
kinases phosphorylate GM-CSFR �c tyrosine residues, allow-
ing for the recruitment of various effectors and the activation of
downstream signaling. GM-CSF stimulation results in the acti-
vation of the JAK-STAT, PI3K, and the RAS/MAPK pathways,
contributing to GM-CSF-mediated differentiation, prolifera-
tion, and survival (reviewed in Refs. 1 and 4).
GM-CSF hypersensitivity is one of the defining characteris-

tics of juvenilemyelomonocytic leukemia (JMML). This disease
is classified by the World Health Organization as a mixed
myelodysplastic/myeloproliferative disease (7). JMML patients
must show persistent monocytosis in the absence of the
BCR-ABL oncogene (8). Genetic lesions deregulating the RAS
signaling pathway have been identified to lead to JMML patho-
genesis. 10–15% of JMML patients harbor mutations in neuro-
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fibromin protein (NF1) (9, 10), a GTPase-activating protein,
which negatively regulates RAS by enhancing the hydrolysis of
the active GTP-bound conformation of RAS to the inactive
GDP-bound form (11). 35% of JMML patients have mutations
in SHP2 (12–14), a protein-tyrosine phosphatase that positively
regulates the RAS signaling pathway (15, 16). RAS-activating
mutations account for another 20–25% of JMML-associated
mutations (17–19). Several groups determined that a propor-
tion of JMMLpatients have 11quniparental disomy.CBLmuta-
tions were identified upon further analysis of the 11q uniparen-
tal disomy samples (20–22). The presence of NF1, SHP2, RAS,
andCBLmutations aremutually exclusive, raising the question
of how CBL mutations can lead to disease development.
CBLmutations have been identified in numerous othermye-

loid malignancies, including acute myeloid leukemia and
myelodysplastic, myeloproliferative, and mixed myelodysplas-
tic/myeloproliferative disease (23–28). The majority of these
mutations localize to the CBL linker region or the RING finger.
CBL is a ubiquitin E3 ligase, which specifies target proteins for
ubiquitination. The linker region and RING finger of CBL play
very important roles in its E3 ligase functionality. The linker
region contains two conserved tyrosine residues, Tyr-368 and
Tyr-371, whose phosphorylation activates and positively regu-
lates E3 ligase activity of CBL (29–31). The CBL RING finger is
responsible for recruiting active E2s carrying an ubiquitin moi-
ety, allowing for the transfer of ubiquitin to the target substrate
(29, 32). Therefore, it is not surprising that mutations in the
linker region and RING finger of CBL identified in myeloid
malignancies result in a loss of E3 ligase activity.
JMML is associatedwithGM-CSF hypersensitivity; however,

there is a lack of evidence that specifically examines the role of
CBL downstream of the GM-CSF receptor and how JMML-
associated CBL mutations may affect GM-CSF signaling. CBL
is known to become phosphorylated downstream of the �c in
response to stimulation by IL-3 (33, 34) and GM-CSF (35, 36).
Furthermore, CBL associates with the �c subunit upon IL-5
stimulation (37). However, these studies do not directly address
the role of CBL in GM-CSF signaling.
The objective of this study is to investigate how JMML-asso-

ciated CBL mutations modulate GM-CSF signaling and lead to
GM-CSF hypersensitivity. We expressed wild type CBL, CBL-
Y371H, and CBL-C384R in the human TF-1 hematopoietic cell
line, which expresses the endogenous GM-CSF receptor at
physiological levels (38). Upon GM-CSF stimulation, elevated
phosphorylation of GM-CSF �c was observed, resulting from
elevated JAK2 and LYN phosphorylation. Expression of CBL
JMML mutants resulted in enhanced S6 phosphorylation and
increased cell survival. Treatment with pharmacologic inhibi-
tors delineated which proximal GM-CSF-dependent pathways
are dependent on JAK2 and LYN activation. In summary, our
data show that CBL JMML mutants result in enhanced GM-
CSF signaling via modulation of JAK2 and LYN tyrosine
kinases.

EXPERIMENTAL PROCEDURES

Constructs—pMSCV-HA-CBL retroviral vectors were used
to create JMML-associated CBL mutants. HA-tagged CBL-
Y371H and CBL-C384R were constructed using QuikChange

XL site-directedmutagenesis kits (Stratagene) according to the
manufacturer’s protocol.
Retrovirus Production—HEK 293T cells were plated onto

10-cm dishes (Sarstedt) and grown to around 75% confluence.
The 293T cells were transiently transfected with pSV (Gag and
Pol proteins) andpVSV-G (envelope protein) andpMSCV-GFP
retroviral vectors expressing HA-wild type CBL, HA-CBL-
Y371H, or HA-CBL-C384R using Lipofectamine 2000 (Invitro-
gen) as directed in the manufacturer’s protocol. Briefly, 4.5 �g
of pSV, 1.5�g of VSV-G, and 4.5�g of pMSCV-IRES-GFP-HA-
CBL constructs weremixedwith Lipofectamine 2000 in serum-
and antibiotic-free DMEM H-21 for 20 min at room tempera-
ture. 293T cells were washed with serum-free DMEM H-21,
and 4ml of serum- and antibiotic-free DMEMH-21 was added
to the cells. DNA-Lipofectamine 2000mixturewas added to the
plated cells and incubated for 6 h at 37 °C. Transfection
mediumwas removed from the cells, and 10ml of RPMI 1640
medium with 10% (v/v) fetal calf serum was added. Trans-
fected 293T supernatant containing VSV-G pseudotyped
virus carrying pMSCV-HA-CBL was collected at 48 and 72 h
post-transfection.
Cell Lines and Culture—TF-1 cells weremaintained in RPMI

1640medium, 10% (v/v) fetal calf serum, 100 units of penicillin/
ml, 100 �g of streptomycin/ml, and 2 ng/ml recombinant
human GM-CSF. In order to stably express wild type and
mutantCBL, TF-1 cells were infectedwithVSV-Gpseudotyped
retrovirus carrying wild type CBL, CBL-Y371H, and CBL-
C384R constructs. TF-1 cells were suspended in retroviral
supernatant supplemented with 8 ng/ml Polybrene and centri-
fuged in 50-ml tubes at 12,000 rpm for 75 min. TF-1 cells were
resuspended in fresh retroviral Polybrene solution and incu-
bated overnight in 6-well dishes at 37 °C. A final round of spi-
noculation with fresh retroviral supernatant was performed on
day 2. TF-1 cells were allowed to expand for 48 h. GFP-positive
infected TF-1 cells expressing HA-CBL constructs were puri-
fied using fluorescence-activated cell sorting (FACS).
XTT Assay—TF-1 cells were cytokine-depleted overnight, as

described below. 2000 cells were transferred to each well of a
96-well plate in a final volume of 100 �l of RPMI, 10% FCS with
the indicated concentrations of GM-CSF. Plates were incu-
bated at 37 °C for 48 h prior to the addition of 3 �M phenazine
methosulfate (Sigma) and 2 mg/ml XTT (Diagnostic Chemi-
cals). The cells were incubated with the XTT/phenazine
methosulfate solution for 6 h at 37 °C. The absorption of the
reduction product at 450 nmwasmeasured using a spectropho-
tometer plate reader.
Annexin V Flow Cytometric Analysis—TF-1 cells were cyto-

kine-depleted and maintained in cytokine-free media for 72 h.
Cells were stained with annexin V-phycoerythrin (PE) accord-
ing to the manufacturer’s protocol (BD Pharmingen). Stained
cells were analyzed using a BD Biosciences FACSCalibur flow
cytometer.
Cytokine Deprivation, Stimulation, and Lysis—TF-1 cells

were washed three times in 10 mM HEPES (pH 7.4), Hanks’
balanced salts; depleted in RPMI 1640 medium supplemented
with 10% fetal calf serum overnight at 37 °C; and then stimu-
lated with 0.5 ng/ml recombinant human GM-CSF. Protea-
somal and lysosomal degradation was inhibited by incubation
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of cells with 30�MMG132 (Calbiochem/Millipore) and 100�M

chloroquine (Sigma), respectively, for 2 h prior to stimulation.
JAK2 and LYNkinase activity was inhibited by treatmentwith 2
M TG101348 (generously provided by Dr. R. Levine) for 4 h or
with 0.1 M dasatinib (gift from Dr. D. Hedley) for 2 h, respec-
tively. TF-1 cells were stimulated with 0.5 ng/ml recombinant
human GM-CSF for the indicated times at 37 °C.
The cells were washed once in 10 mM HEPES (pH 7.4),

Hanks’ balanced salts containing 10 mM sodium pyrophos-
phate, 10mM sodium fluoride, 10mM EDTA, and 1mM sodium
orthovanadate lysed in ice-cold lysis buffer containing 1% Tri-
ton X-100, 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10 mM

sodium pyrophosphate, 10 mM sodium fluoride, 10 mM EDTA,
1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluo-
ride and supplemented with “cOmplete” protease inhibitor
mixture tablets (RocheApplied Science). After 5min on ice, the
lysates were centrifuged at 10,000 � g for 5 min at 4 °C.
Antibodies—The 4G10 phosphotyrosine-specific monoclo-

nal antibody and anti-ERK1/2 were purchased from Upstate
Biotechnology/Millipore. Anti-IL-3/IL-5/GM-CSFR �c N-20
(used for immunoblotting) and K-17 (used for immunoprecipi-
tations)), anti-Shp2, and anti-phospho-ERK1/2 antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Antibodies specific for phospho-JAK2 (Tyr-1007/
1008), JAK2, phospho-SRC family (Tyr-416), phospho-Ser-
235/236 S6, and Lynp56 were acquired from Cell Signaling
Technologies. An anti-phospho STAT5a/b antibodies were
purchased from Zymed Laboratories Inc./Invitrogen. Anti-
STAT5 antibody was purchased from BD Biosciences. The
monoclonal 12CA5 anti-HA antibody was acquired from
Roche Applied Science.
Immunoprecipitations—Antibodies along with a 50-�l vol-

ume of protein A or protein G-Sepharose 4B beads (Amersham
Biosciences) were added to 2 mg of lysates for an overnight
incubation at 4 °C. The beads were washed three times in ice-
cold lysis buffer. The immune complexes were eluted by boiling
in Laemmli sample buffer containing 100 mM DTT. Samples
were resolved by SDS-PAGE and transferred to a polyvi-
nylidene fluoride (PVDF) membrane for Western blotting.
Western Blotting—Following the electrophoretic transfer of

proteins to PVDF membrane (PerkinElmer Life Sciences), the
membranes were blocked at room temperature with 2.5% BSA
(w/v) or 5%nonfat drymilk (w/v) inTris-buffered saline (50mM

Tris (pH 8.0) and 150 mM NaCl) with Tween 20 for 1 h. Mem-
branes were then incubated with an optimal concentration of
the primary antibody in Tris-buffered saline containing Tween
20 (TBST) for 1 h at room temperature or overnight at 4 °C.
Membranes were washed four times in TBST and incubated
with the relevant HRP-conjugated secondary antibody for
30–60 min. Membranes were washed four times in TBST and
visualized by enhanced chemiluminescence with autoradio-
graphic film (ECL, Amersham Biosciences). For reprobing,
membranes were stripped in 62.5 mM Tris-HCl (pH 6.8), 2%
SDS, and 0.1 M �-mercaptoethanol for 30 min at 50 °C; rinsed
twice in TBST; and blocked in 2.5% BSA in Tris-buffered saline
prior to primary antibody incubation. Western blots were
scanned and quantified using ImageJ software. Quantified

Western blots are presented as mean � S.E. Statistical analysis
was performed using Student’s t test.

RESULTS

Enhanced and Prolonged Phosphorylation of the GM-CSFR
�c in CBL Mutant-expressing Cells—GM-CSF hypersensitivity
is one of the hallmark features of JMML (39). We utilized the
TF-1 hematopoietic cell line to investigate the role of JMML-
associated CBL mutations in vitro. TF-1 cells endogenously
express the GM-CSF receptor � (GM-CSFR�) and the IL-3/IL-
5/GM-CSF receptor � common chain (GM-CSFR �c), and are
responsive to GM-CSF. HA-tagged wild type CBL, CBL-
Y371H, andCBL-C384Rmutantswere stably expressed inTF-1
cells (Fig. 1A). All exogenous constructs showed high expres-
sion ofCBLwhen comparedwith vector-infected cells (Fig. 1A).
This is especially advantageous because studies have shown
that expression of wild type CBL can rescue or mask the effects
of CBL mutants (23, 40).
Binding of GM-CSF to the GM-CSF receptor complex acti-

vates JAK2, leading to the tyrosine phosphorylation of GM-
CSFR �c. In order to investigate the effects of CBL-Y371H and
CBL-C384R mutants on GM-CSF signaling, we examined the
phosphorylation of the GM-CSFR �c after stimulation. TF-1
cells expressing wild type CBL, CBL-Y371H, and CBL-C384R
were cytokine-depleted and stimulated with GM-CSF. GM-

FIGURE 1. Enhanced phosphorylation of GM-CSF receptor �c upon
expression of CBL mutants. A, lysates from parental TF-1 cells as well as from
TF-1 cells expressing wild type CBL, CBL-Y371H, and CBL-C384R were probed
for CBL expression. IB, immunoblot. B, GM-CSFR �c immunoprecipitations (IP)
were performed on lysates collected from TF-1 cells expressing CBL wild type,
CBL-Y371H, and CBL-C384R mutants. The cells were stimulated with 0.5
ng/ml GM-CSF for the indicated times. Blots were probed with Tyr(P)- and
GM-CSFR �c-specific antibodies.
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CSFR �c was immunoprecipitated from lysates and immuno-
blotted with the 4G10 anti-phosphotyrosine antibody. Upon
GM-CSF stimulation, cells expressing CBL-Y371H and CBL-
C384R mutants (Fig. 1B, lanes 5 and 6 and lanes 8 and 9) show
enhanced phosphorylation of GM-CSFR �c compared with the
wild type CBL controls (lanes 2 and 3). Furthermore, prolonged
phosphorylation of GM-CSFR �c was observed in CBLmutant
samples.
CBL plays an important role in stimulation-induced endocy-

tosis, trafficking, and degradation of numerous tyrosine kinase
(29, 32) and cytokine receptors (41, 42). To determine whether
expression of CBL-Y371H and CBL-C384R mutants has an
effect on the expression of the GM-CSFR �c, as well as its GM-
CSF induced degradation, lysates collected from GM-CSF-
stimulated TF-1 cells were probed for GM-CSFR �c. Because it
is likely that CBL-Y371H (23, 30) and CBL-C384R (43) muta-
tions result in a loss of CBL E3 ligase activity, GM-CSFR �c
levels were expected to be higher in mutant CBL-expressing
cells. Surprisingly, expression of CBL-Y371H and CBL-C384R
(Fig. 2A, lanes 4–9) results in a decrease in GM-CSFR �c com-
pared with wild type CBL (lanes 1–3)-expressing cells at 0, 10,
and 60 min (Fig. 2B). However, it is important to note that
GM-CSFR �c expression decreased after GM-CSF stimulation
in wild type and mutant CBL-expressing cells at comparable
rates. These results indicate that although expression of CBL-
Y371H and CBL-C384R results in an overall decreased expres-
sion of GM-CSFR �c, the degradation of the receptor post-
stimulation appears not to be disrupted.
Elevated Levels of JAK2 Kinase in CBL-Y371H- and CBL-

C384R-expressing TF-1 Cells—Upon binding of GM-CSF to
GM-CSFR�, a GM-CSFR�c homodimer is recruited (6), bring-

ing the �c-associated JAK2 kinase (44, 45) into close proximity,
allowing transphosphorylation and subsequent activation of
the kinase. Activation of JAK2 is essential for downstreamGM-
CSF signaling (46, 47). The enhanced and prolonged phosphor-
ylation of GM-CSFR �c, along with a decrease in the overall
expression of the receptor in CBLmutant-expressing cells may
be indicative of elevated kinase activity downstream of GM-
CSFR �c. Because JAK2 is the main tyrosine kinase down-
stream of GM-CSFR, the GM-CSF-induced activation of JAK2
was assessed. TF-1 cells expressing CBL-Y371H and CBL-
C384R displayed elevated levels of phosphorylated JAK2 upon
GM-CSF stimulation (Fig. 3A, top, lanes 5 and 6 and lanes 8 and
9), compared with the wild type CBL controls (lanes 2 and 3).
Reprobing for total JAK2, revealed that the observed enhance-
ment of the phospho-JAK2 signal may be due to an increase in
the expression of JAK2 in CBL mutant-expressing cells (Fig. 3,
A (middle, lanes 4–9) and B).
Linker and RING finger mutations disrupt the E3 ligase

activity of CBL (29, 31, 32). Such loss of E3 ligase activity has

FIGURE 2. TF-1 cells expressing CBL mutants have lower expression levels
of GM-CSFR �c. Lysates were collected as described in the legend to Fig. 1. A,
immunoblotting (IB) was performed with GM-CSFR �c-specific antibody.
Blots were reprobed for tubulin as a loading control. B, blots were quantified
using ImageJ software. Values provided are ratios of GM-CSFR �c to the tubu-
lin loading control, normalized to wild type values at time point 0 (mean �
S.E. (error bars), n � 8; *, p � 0.05; **, p � 0.01; ***, p � 0.001).

FIGURE 3. Expression of CBL-Y371H and CBL-C384R mutants results in
elevated JAK2. A, lysates collected from TF-1 cells expressing wild type and
CBL mutants were probed for phospho-Tyr-1007/1008 JAK2 and reprobed for
total JAK2 and tubulin. B, blots were quantified using ImageJ software. Values
presented are ratios of total JAK2 to tubulin, normalized to wild type CBL at
time 0 (mean � S.E. (error bars), n � 4; *, p � 0.05). C, TF-1 cells were treated
with proteasomal and lysosomal inhibitors, MG-132 and chloroquine (CQ),
prior to stimulation (n � 4).
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been shown to result in a significant decrease in the EPO-in-
duced ubiquitination of JAK2 (23). In order to determine
whether the increase in total JAK2 in CBL mutant expressing
cell lines was due to compromised ubiquitination and degrada-
tion of the kinase, TF-1 cells expressing wild type CBL, CBL-
Y371H, and CBL-C384R were treated with proteasomal (MG-
132) and lysosomal (chloroquine) inhibitors prior to
stimulation. Inhibition of proteasomal and lysosomal degra-
dation stabilized JAK2 to comparable levels in all three cell
lines (Fig. 3C, middle). These results indicate that the expres-
sion of CBL-Y371H and CBL-C384R mutants affects the deg-
radation of JAK2, leading to elevated levels, which in turn con-
tribute to increased JAK2 phosphorylation and potentially
signaling in response to GM-CSF stimulation.
Increased Expression of LYN Kinase in CBL Mutant Cells—

Although JAK2 is the primary kinase activated downstream of
GM-CSF receptor, members of the SRC family kinase are stim-
ulated in response to GM-CSF (48–50). Specifically, LYN has
been shown to directly associate with GM-CSFR �c (51) and to
play an important role inmediating the anti-apoptotic effects of
GM-CSF in polymorphonuclear leukocytes (49, 52). LYN also
associates with GM-CSFR� and is involved in the survival sig-
nal required for factor-independent growth of cells expressing
the FI� GM-CSFR �c mutant (48). Considering that TF-1 cells
expressing CBL-Y371H and CBL-C384R show enhanced sur-
vival while exhibiting lower expression of GM-CSFR �c, we
wanted to determine whether LYN phosphorylation and/or
expression was altered in CBLmutant-expressing cells. Lysates
collected from GM-CSF-stimulated cells were probed with an
antibody specific for pY396-LYN, residing in a phosphorylated
motifwithin theLYNactivation loop. IncreasedLYNphosphor-
ylation was observed in cells expressing CBL-Y371H and CBL-
C384R mutants (Fig. 4A, top, lanes 4–9), compared with those
expressing wild type CBL (lanes 1–3). Reprobing for total LYN
revealed that CBL mutant cells have increased levels of LYN
(p56) (Fig. 4, A (middle, lanes 4–9) and B). This observed
increase in LYN expression leads to elevated LYN phosphory-
lation, which may contribute to the enhanced survival of CBL
mutant TF-1 cells.
Similar to JAK2, treatment with MG-132 and chloroquine

stabilized total LYN levels to comparable levels in wild type and
mutant cells, indicating that the increase in LYN levels is prob-
ably due to the loss of E3 ubiquitin ligase activity of the CBL
mutants (Fig. 4C).
Expression of CBL Mutants Results in Constitutive S6 Phos-

phorylation and Enhanced Factor-free Survival—Investigation
of signaling effectors further downstream of the GM-CSF
receptor revealed enhanced phosphorylation of SHP2 in CBL
mutant-expressing cells relative to wild type CBL controls (Fig.
5A). Constitutive phosphorylation of S6 in TF-1 cells express-
ing CBL-Y371H and CBL-C384R, compared with wild type
CBL-expressing controls (Fig. 5B), was also observed. No sig-
nificant differences were observed in the phosphorylation of
STAT5 or ERK1/2 (Fig. 5C) between wild type CBL- and
mutant CBL-expressing TF-1 cells after GM-CSF stimulation.
XTT assays were performed to determine whether the

expression of the CBL linker and RING finger mutants results
in enhanced survival and growth. TF-1 cells expressing CBL-

Y371H and CBL-C384R mutants displayed enhanced survival
in the absence of GM-CSF relative to cells expressing wild type
CBL (Fig. 5D). The increase in the survival of the mutant-ex-
pressing cells decreases with increasing concentration of GM-
CSF. Cell counting assays were also performed to confirm these
results (data not shown). To determine whether the increase in
survival was due to a decrease in apoptosis, annexin V staining
was performed on cytokine-deprived wild type and mutant
CBL-expressing cells. There was a decrease in annexin V-posi-
tive TF-1 cells expressing CBL-Y371H relative to wild type
CBL-expressing controls, whereas the proportion of annexin
V-positive CBL-C384R-expressing cells was comparable with
wild type CBL controls (Fig. 5E). These results indicate that
JMML-associatedCBLmutations result in enhanced survival of
TF-1 cells at low doses of GM-CSF.
Constitutive and Enhanced Phosphorylation of CBLMutants

Is Dependent on an SRC Family Kinase—CBL is phosphory-
lated downstream of numerous oncogenic protein-tyrosine
kinases (BCR/ABL and v-SRC), receptor tyrosine kinases

FIGURE 4. Increased expression of LYN kinase in CBL-Y371H and CBL-
C384R mutant TF-1 cells. A, whole cell lysates collected from TF-1 cells
expressing CBL-WT and CBL mutants were immunoblotted with antibodies
specific for Tyr(P)-396-LYN. Blots were reprobed for total LYN (p56) and tubu-
lin. B, blots were quantified using ImageJ software. Values presented are
ratios of total LYN to tubulin, normalized to CBL-WT at time 0 (mean � S.E.
(error bars), n � 6; *, p � 0.05; **, p � 0.01; ***, p � 0.001).
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(PDGF-R, FLT-3, and c-KIT), and cytokine receptors (TPO and
EPO) (reviewed in Ref. 53). For example, CBL is tyrosine-phos-
phorylated downstream of the �c chain in response to IL-3 (33,
34) and GM-CSF (35, 36).
The carboxyl-terminal region of CBL contains three major

tyrosine phosphorylation sites, Tyr-700, Tyr-731, and Tyr-774
(54). Phosphorylation of these tyrosines leads to the recruit-
ment of SRC homology 2 domain-containing effectors. Phos-
phorylated Tyr-700 of CBL binds the guanine nucleotide
exchange factor, VAV (55). Phosphorylated Tyr-731 acts as the
binding site for the p85 regulatory subunit of PI3K (56, 57), and
members of the CRK adaptor protein family have been shown
to bind both phosphorylated Tyr-700 and Tyr-774 (58–60).
Downstream pathways mediated by CBL tyrosine phosphory-
lation sites play an important role in CBL-mediated signaling.
Linker region mutations of CBL have been shown to lead to
enhanced tyrosine phosphorylation of CBL in Ba/F3-FLT3 cells
(24).
We were interested in determining whether expression of

the linker region Y371H and the RING finger C384Rmutations
would result in altered CBL tyrosine phosphorylation. CBLwas
immunoprecipitated from wild type and mutant CBL TF-1
lysates, and phosphorylation was assessed by Tyr(P) immuno-
blotting (Fig. 6). CBL-Y371H (lanes 4–6) and CBL-C384R
(lanes 7–9) were highly phosphorylated compared with CBL
wild type controls (lanes 1–3). Both CBLmutants showed con-
stitutive phosphorylation in the absence of GM-CSF stimula-
tion (lanes 4 and 7).
Although numerous members of the SRC family kinases,

including LYN (61–63), are capable of phosphorylating CBL,
there is evidence that Janus kinase family members may also
target CBL for tyrosine phosphorylation (64). To determine
whether inhibition of JAK2 or SRC family kinases could abolish
the enhanced and constitutive phosphorylation of CBL, TF-1
cells expressing wild type and mutant CBL were treated with
either the JAK2-specific inhibitor TG101348 or the SRC family
kinase inhibitor dasatinib prior to stimulation. The constitutive

and enhanced phosphorylation of CBL-Y371H and CBL-
C384R mutants (lanes 22–27) persisted in TG101348-treated
samples (Fig. 6), whereas pretreatmentwith dasatinib abolished
the elevated phosphorylation of CBL mutants (lanes 13–18) to
levels comparable with wild type CBL controls (lanes 10–12).
These results indicate that downstream of the GM-CSF recep-
tor, CBL is phosphorylated by a SRC family kinase, potentially
LYN, and mutations in the linker region or the RING finger
domain of CBL lead to not only enhanced but also constitutive
phosphorylation of CBL.
TG101348-mediated Inhibition of Enhanced Phosphoryla-

tion ofGM-CSFR�c inCBLMutant-expressingCells—Wewere
interested in determining how the inhibition of JAK2 or SRC
family kinases downstream of GM-CSFR would modulate the
elevated phosphorylation of GM-CSFR �c observed in CBL
mutant-expressing cells (Figs. 1B and 7, lanes 1–9). TF-1 cells
were treated with TG101348 and dasatinib, alone or in combi-
nation, prior to stimulation and subsequent GM-CSFR �c
immunoprecipitation. TG101348 treatment resulted in a sig-
nificant inhibition of GM-CSF-induced phosphorylation of
GM-CSFR�c in bothwild type CBL- andCBLmutant-express-
ing cells, resulting in an equally down-modulated level of the
phosphorylated receptor (Fig. 7, lanes 10–18). This was
expected, because JAK2 is known to be the kinase responsible
for tyrosine phosphorylation of theGM-CSFR�c in response to
stimulation (47, 65, 66).
Interestingly, inhibition of SRC family kinases did not result

in the inhibition of GM-CSFR �c phosphorylation, but it did
result in an equivalent level ofGM-CSFR�c phosphorylation in
wild type CBL and CBL mutant samples (Fig. 7, lanes 19–27).
Treatment with both TG101348 and dasatinib inhibited GM-
CSFR �c phosphorylation (Fig. 7, lanes 28–36) to similar levels
observed in samples treated with only TG101348.

DISCUSSION

Hypersensitivity toGM-CSF is one of the defining character-
istics of juvenile myelomonocytic leukemia. Until recently,

FIGURE 5. Expression of CBL mutants results in constitutive phosphorylation of S6 and enhanced survival of TF-1 cells. A, SHP2 immunoprecipitations
(IP) were performed on lysates collected from TF-1 cells expressing CBL-WT, CBL-Y371H, and CBL-C384R, which were depleted of cytokines overnight and
stimulated with GM-CSF. B, lysates collected were also probed with phospho-Ser-325/326 S6 and total S6. C, TF-1 cells expressing wild type CBL, CBL-Y371H,
and CBL-C384R were depleted of cytokine overnight and stimulated with GM-CSF. Lysates collected were probed with phospho-STAT (pSTAT5) or phospho-
ERK (pErk) and reprobed for total STAT5 or ERK. D, TF-1 cells expressing WT-CBL or CBL mutants Y371H or C384R were depleted of cytokine overnight. Starved
cells were plated in 96-well plates and incubated for 48 h, prior to the addition of XTT reagent. Reduction of XTT reagent was measured using a spectrometer
(n � 4). **, p � 0.001; ***, p � 0.0001. E, TF-1 cells expressing wild type or CBL mutants were maintained in cytokine-free media for 72 h. The cells were then
stained with annexin V and analyzed via flow cytometry (n � 3; *, p � 0.05). Error bars, S.E.

FIGURE 6. Dasatinib treatment abolishes the enhanced phosphorylation of CBL-Y371H and CBL-C384R. TF-1 cells expressing WT and mutant CBL were
incubated with dasatinib and TG101348 for 2 and 4 h, respectively, prior to GM-CSF stimulation. Cells were lysed, and HA immunoprecipitations were
performed. Blots were probed with Tyr(P) antibodies and reprobed with HA-specific antibodies. IP, immunoprecipitation; IB, immunoblot.
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genes mutated in JMML patients (NF1, SHP2, NRAS, and
KRAS) were directly involved in the RAS signaling pathway.
The Loh and Maciejewski groups (20–22) found that 10–15%
of JMML patients have mutations in CBL and that these muta-
tions are associated with acquired uniparental disomy. The
majority of CBL mutations identified clustered in the linker
region andRING finger, both ofwhich play an important role in
the E3 ligase activity of CBL. The identification of these JMML-
associated CBL mutations raised a number of questions about
the role ofCBLdownstreamofGM-CSF receptor, whetherCBL
is involved in RAS signaling downstream of GM-CSFR, and
howmutations in CBL can lead to hypersensitivity to GM-CSF.
In order to address these questions, we utilized the TF-1 hema-
topoietic cell line, which is GM-CSF-responsive (38) and has a
low endogenous CBL expression. To examine the functional
consequences of CBL linker region mutations, we expressed
CBL-Y371H linker and CBL-C384R RING finger mutants,
because these are two of the most common CBL mutations
observed in JMML patients (21, 22).
We found that expression of these CBLmutants inGM-CSF-

stimulated TF-1 cells leads to enhanced and prolonged phos-
phorylation of GM-CSFR �c, which occurred concurrently
with elevated expression of both JAK2 and LYN. Assessment of
downstream signaling revealed enhanced phosphorylation of
S6 in CBL-Y371H- and CBL-C384R-expressing cells relative to
wild type CBL controls. TF-1 cells expressing CBL mutations
showed enhanced survival in the absence of GM-CSF, and spe-
cifically in the case of CBL-Y371H-expressing cells, this is prob-
ably due to a decrease in induction of apoptosis. We also
observed elevated and constitutive phosphorylation of CBL-
Y371H and CBL-C384R mutants, which was inhibited upon
treatment with dasatinib, an SRC family kinase inhibitor. Inter-
estingly, treatment with dasatinib also led to equalization of
GM-CSFR �c phosphorylation between wild type CBL- and
CBL mutant-expressing cells. However, inhibition of JAK2
activity by TG101348 resulted in complete inhibition of GM-
CSFR �c phosphorylation in CBL mutant and wild type CBL
control cells.
Expression of CBL-Y371H and CBL-C384R mutants results

in prolonged and elevated receptor tyrosine phosphorylation,
which supports the observed enhancement in survival (67).
Martinez-Moczygemba and Huston (37, 68), using the IL-5

receptor as a model for �c subunit-sharing cytokine receptors
(IL-3/IL-5/GM-CSF), demonstrated that increased �c subunit
ubiquitination is observed after stimulation. This ubiquitina-
tion event leads to the proteasomal degradation of the cytoplas-
mic tail of the�c subunit, which attenuates downstream signal-
ing (37, 68). They also found that the ubiquitination of the �c
subunit may be mediated by CBL, because the E3 ligase was
co-immunoprecipitated with the �c subunit. The loss of E3
ligase activity of CBL-Y371H and CBL-C384R mutants may
prevent GM-CSFR �c ubiquitination and proteasomal degra-
dation of the cytoplasmic region of the receptor and culminate
in the observed enhancement ofGM-CSFR�c phosphorylation
and elevated levels of JAK2. However, this is unlikely, because
we have observed total levels of GM-CSFR �c to be lower in
CBL mutant cells. Alternatively, increased JAK2 and LYN
expression could be correlated with a negative feedback loop
that down-regulates GM-CSFR �c levels in TF-1 cells. The
ubiquitination of �c in response to IL-5 stimulation is depen-
dent on JAK2 activity (68, 69). In CBL-Y371H- and CBL-
C384R-expressing cells, the enhanced JAK2 activity can poten-
tially lead to increased ubiquitination of the �c by other
ubiquitin ligases, resulting in decreased overall expression of
the receptor subunit.
JAK2 is also regulated via CBL-mediated ubiquitination (23,

70). The expression of CBL mutants Y371H and C384R may
result in decreased ubiquitination of JAK2, culminating in ele-
vated levels of JAK2 as well as enhanced JAK2-mediated phos-
phorylation of GM-CSFR �c. We found that in CBL mutant
cells, there was elevated expression of JAK2 kinase, which was
abolished upon treatment with proteasomal and lysosomal
inhibitors.
Similar to JAK2, several members of the SRC family kinases

(71), including LYN, have been shown to be ubiquitinated (72)
by CBL (73, 74). The enhanced expression of LYN in TF-1 cells
expressing CBL-Y371H and CBL-C384R indicates that, down-
stream of GM-CSFR, CBL is responsible for LYN ubiquitina-
tion. LYNmediates the tyrosine phosphorylation of CBLdown-
stream of �1 integrin (61), granulocyte-colony stimulating
factor (G-CSF) (62, 75), and the B-cell antigen receptor (63, 76).
We have observed enhanced tyrosine phosphorylation of CBL-
Y371H and CBL-C384R mutants, which is abolished upon
treatment with the SRC family kinase inhibitor dasatinib. This

FIGURE 7. Inhibition of JAK2 activity via treatment with TG101348 abolishes the enhanced phosphorylation of GM-CSFR � in CBL mutant-expressing
cells. TF-1 cells expressing WT-CBL, CBL-Y371H, and CBL-C384R were cytokine-depleted and treated with 2 mM TG101348 for 4 h or 0.1 mM dasatinib for 2 h
prior to GM-CSF stimulation. GM-CSFRb-specific immunoprecipitations were performed on collected lysates. Immunoblotting was performed using Tyr(P)-
and GM-CSFR �c-specific antibodies. IP, immunoprecipitation; IB, immunoblot.
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confirms that LYN is a kinase responsible for tyrosine phos-
phorylation of CBL downstream of the GM-CSFR, and the
enhanced phosphorylation of CBLmutantsmay be a functional
consequence of the elevated levels of LYN in CBL mutant-ex-
pressing cells.
Phosphorylation of CBL Tyr-731 leads to the activation of

the PI3K pathway via recruitment of the p85 regulatory subunit
of PI3K (54, 56). The Corey group (62, 77) has shown that LYN
couples to the PI3K pathway in a CBL-dependent manner,
whereby activated LYN binds and phosphorylates CBL, allow-
ing for the recruitment of p85 to the complex. LYN also acti-
vates the PI3K pathway downstream of GM-CSFR � (48), pro-
moting cell survival. We have shown that expression of CBL
JMMLmutants defective in E3 ubiquitin ligase activity leads to
aberrant regulation of LYN downstream of GM-CSFR, which
ultimately leads to constitutive and enhanced phosphorylation
of S6, suggesting elevated PI3K pathway activity. Interestingly,
basal activation of S6 has been observed in mononuclear cells
isolated from JMML patients (78). Furthermore, in the absence
of LYN, the antiapoptotic effects of GM-CSF are abolished (49,
52). At low concentrations of GM-CSF, the signaling pathways
activated downstream of the receptor lead to cell survival only,
whereas stimulation with higher doses results in cell prolifera-
tion and cell survival (79). We have shown that expression of
CBL mutants results in enhanced survival, especially at low
doses, or in the complete absence of GM-CSF in TF-1 cells.
These data suggest that CBL linker and RING finger mutants
lower the threshold concentration of GM-CSF required to
induce cell survival. Together, these results suggest that in
CBL-Y371H- andCBL-C384R-expressing cells, themodulation
of the PI3-K pathway due to the increase in LYN levels may be
contributing to the observed enhancement of survival in the
absence of GM-CSF.
The mechanism by which these mutations lead to elevated

GM-CSF signaling and enhanced survival depends on the role
of CBL as both an E3 ligase and an adaptor protein. CBL-Y371H
and CBL-C384R mutants compromise the E3 ligase activity of
CBL. We have shown that these loss-of-function mutations
lead to increased levels of JAK2 and LYN kinases downstream
of theGM-CSFR, potentially due to loss of ubiquitination of the
kinases or to the inhibition of GM-CSFR �c ubiquitination and
cytoplasmic domain degradation. These events contribute to
the elevated levels of GM-CSF signaling observed in CBL
mutant-expressing TF-1 cells. Sanada et al. (23) have shown
that Cbl�/� LSK cells show a mild cytokine hypersensitivity,
but transformation of Cbl�/� LSK cells with Cbl linker region
mutants significantly enhances the cytokine hypersensitivity,
indicating a gain-of-function of the mutants that cannot be
ascribed to a simple loss of CBL E3 ligase activity. Inhibition of
Cbl-b function by mutant Cbl has been proposed as a possible
mechanism (80, 81). However, it is possible that functionality of
CBL as an adaptor protein may be contributing to the gain of
function of themutants.Our group, aswell as others, has shown
that expression of CBL linker and RING finger mutants results
in enhanced tyrosine phosphorylation of CBL (24, 81, 82). This
increase in CBL phosphorylation culminates in enhanced PI3K
and RAS pathway activation. We found that treatment with
dasatinib results in loss of CBL phosphorylation. Interestingly,

dasatinib treatment equalized GM-CSFR �c phosphorylation
inwild type- andCBLmutant-expressingTF-1 cells. Therefore,
dasatinib treatment may decouple the gain-of-function capac-
ity of CBL mutants from the loss of E3 ligase activity. Consid-
ering that treatment with JAK2 inhibitor, TG101348, results in
complete inhibition of GM-CSFR �c phosphorylation, dasat-
inibmay provide a treatment option for the enhanced signaling
driven by CBL gain-of-function mutations.
Prior studies have shown that expression of CBL linker

region and RING finger mutants inhibits stimulation-induced
ubiquitination of the EGF-R (23, 29), FLT3, c-KIT, and JAK2
(downstream of EPO-R) (23). Niemeyer et al. (40) have shown
that expression of CBL linker region mutants in Ba/F3-EPO-R
cells results in an enhanced phosphorylation of ERK1/2, AKT,
and S6. In Ba/F3 cells expressing the FLT3 receptor tyrosine
kinase, expression ofCBL-Y371mutants leads to elevated FLT3
phosphorylation as well as AKT and STAT5 (24). Although
these studies are useful to probe how CBL mutations perturb
FLT3 signaling in AML, no studies have examined the role of
CBL JMML mutations in GM-CSF-dependent signaling path-
ways to date. Our analysis reveals that expression of CBL-
Y371H or CBL-C384R in TF-1 cells generates GM-CSF hyper-
sensitivity that affects proximal steps in receptor activation,
including GM-CSFR �c, JAK2, and LYN coupling to PI3K acti-
vation. Unlike with the Ba/F3 results, we failed to observe
effects on ERK1/2 or STAT5 activation.Whether this is a func-
tion of the unique receptor systems or distinct cell lines remains
to be determined.
In conclusion, these studies have confirmed that CBL plays a

negative regulatory role downstream of GM-CSFR. We have
shown that the enhancement of GM-CSF signaling observed
upon loss of CBLE3 ligase activity is due to increased stability of
JAK2 and LYN. These results provide in vitro support for fur-
ther investigation into the applicability of JAK2 and SRC family
kinase inhibitors for use in treatment of myeloid malignancies
associated with CBL linker region and RING finger mutations.
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Emanuel, P. D., Hasle, H., Kardos, G., Klein, C., Kojima, S., Stary, J., Trebo,
M., Zecca, M., Gelb, B. D., Tartaglia, M., and Loh, M. L. (2005) The mu-
tational spectrum of PTPN11 in juvenile myelomonocytic leukemia and
Noonan syndrome/myeloproliferative disease. Blood 106, 2183–2185

15. Noguchi, T., Matozaki, T., Horita, K., Fujioka, Y., and Kasuga, M. (1994)
Role of SH-PTP2, a protein-tyrosine phosphatase with Src homology 2
domains, in insulin-stimulated Ras activation. Mol. Cell Biol. 14,
6674–6682

16. Shi, Z. Q., Yu, D. H., Park, M., Marshall, M., and Feng, G. S. (2000) Mo-
lecular mechanism for the Shp-2 tyrosine phosphatase function in pro-
moting growth factor stimulation of Erk activity. Mol. Cell Biol. 20,
1526–1536

17. Kalra, R., Paderanga, D. C., Olson, K., and Shannon, K. M. (1994) Genetic
analysis is consistent with the hypothesis that NF1 limits myeloid cell
growth through p21ras. Blood 84, 3435–3439

18. Miyauchi, J., Asada,M., Sasaki, M., Tsunematsu, Y., Kojima, S., andMizu-
tani, S. (1994) Mutations of the N-ras gene in juvenile chronic myeloge-
nous leukemia. Blood 83, 2248–2254

19. Flotho, C., Valcamonica, S., Mach-Pascual, S., Schmahl, G., Corral, L.,
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