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KEY PO INT S

l Unbiased
phosphoproteomics
and interactomics
highlight a central role
for LYN kinase in the
oncogenic function of
mutant CBL protein.

l LYN hyperactivation
confers sensitivity to
dasatinib in CBL-
mutant cell lines and
patient-derived CMML
cells in vitro and
in vivo.

Casitas B-lineage lymphoma (CBL) encodes an E3 ubiquitin ligase and signaling adaptor that
regulates receptor and nonreceptor tyrosine kinases. Recurrent CBL mutations occur in
myeloid neoplasms, including 10% to 20% of chronic myelomonocytic leukemia (CMML)
cases, and selectively disrupt the protein’s E3 ubiquitin ligase activity. CBLmutations have
been associated with poor prognosis, but the oncogenic mechanisms and therapeutic
implications of CBL mutations remain incompletely understood. We combined functional
assays and global mass spectrometry to define the phosphoproteome, CBL interactome,
and mechanism of signaling activation in a panel of cell lines expressing an allelic series of
CBL mutations. Our analyses revealed that increased LYN activation and interaction with
mutant CBL are key drivers of enhanced CBL phosphorylation, phosphoinositide-3-kinase
regulatory subunit 1 (PIK3R1) recruitment, and downstream phosphatidylinositol 3-kinase
(PI3K)/AKT signaling in CBL-mutant cells. Signaling adaptor domains of CBL, including the
tyrosine kinase–binding domain, proline-rich region, and C-terminal phosphotyrosine sites,
were all required for the oncogenic function of CBL mutants. Genetic ablation or dasatinib-
mediated inhibition of LYN reduced CBL phosphorylation, CBL-PIK3R1 interaction, and

PI3K/AKT signaling. Furthermore, we demonstrated in vitro and in vivo antiproliferative efficacy of dasatinib in CBL-
mutant cell lines and primary CMML. Overall, these mechanistic insights into the molecular function of CBL mutations
provide rationale to explore the therapeutic potential of LYN inhibition in CBL-mutant myeloid malignancies. (Blood.
2021;137(16):2209-2220)

Introduction
Hematologic malignancies are often characterized by somatic
alterations in genes encoding signaling proteins, leading to
increased cytokine sensitivity, cell survival, and proliferation.1

Recurrent somatic mutations in the Casitas B-lineage lymphoma
(CBL) gene, which encodes an E3 ubiquitin ligase and signaling
adaptor, occur in myelodysplastic syndromes (MDSs) and other
myeloid neoplasms,2-9 including 10% to 20% of chronic mye-
lomonocytic leukemia (CMML) patients.10,11 In addition, up to
20% of children diagnosed with juvenile myelomonocytic leu-
kemia harbor germline CBLmutations.12-15 The presence of CBL
mutations has been associated with poor prognosis,16-18 and a
better understanding of the mechanisms by which CBL muta-
tions promotemyeloid disease is needed for the development of
new and effective therapeutic strategies.

The domain structure of the CBL protein comprises an N-terminal
tyrosine kinase–binding (TKB) domain followed by a linker region,

RING domain, proline-rich region (PRR), C-terminal phosphor-
ylation sites, and a ubiquitin-association domain.19 As a signaling
adaptor, CBL’s TKB domain, PRR, and C-terminal phosphory-
lation sites facilitate coupling between tyrosine-phosphorylated
cytokine receptors on the cell membrane and intracellular
proteins involved in signal transduction. The RING domain, which
binds E2 ubiquitin ligase proteins, and linker region are both
essential for CBL’s E3 ubiquitin ligase function. The majority of
CBLmutations inmyeloidmalignancies are predicted to alter the
ubiquitin ligase activity of CBL through single amino acid sub-
stitutions within the linker region or RING domain,3,5-15 or splice
site alterations resulting in exclusion of most amino acids within
the RING domain.15,20 Recurrent mutations predicted to affect
CBL’s signaling adaptor functions are exceptionally rare, im-
plying that oncogenic CBL mutations result in selective loss of
CBL’s E3 ubiquitin ligase function. Moreover, CBL mutations
often occur in the setting of acquired 11q uniparental disomy
including the CBL locus, suggesting that expression of wild-type
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(WT) CBL impairs the oncogenic phenotype in cells expressing
mutantCBL.3,5,6,21 Consistent with the genetics ofCBLmutations
in myeloid malignancies, missense mutations in the RING do-
main of murine Cbl promoted the development of a myelo-
proliferative disorder that was not observed in Cbl-knockout
mice.22-24 Together with work from other groups,6,15 these data
indicate that CBLmutations confer a gain of function associated
with disruption of E3 ubiquitin ligase activity and preservation of
signaling adaptor functions.21

Because CBL mutations inactivate the ubiquitin ligase activity of
CBL while retaining domains needed for downstream signaling,
we hypothesized that defective degradation of phosphorylated
proteins causes oncogenic activation of signaling pathways;
indeed, a screen of 7 tyrosine kinase inhibitors in theCBL-mutant
cell line, GDM-1, suggested that CBL mutations lead to hyper-
activation of a subset of signaling pathways.25 Here, we performed
unbiased and comprehensive analyses of the signaling path-
ways and CBL interactome in a panel of cell lines expressing
an allelic series of CBL mutations using quantitative liquid
chromatography–tandem mass spectrometry (MS). We found
that the CBL–LYN–phosphatidylinositol 3-kinase (PI3K) axis26-29

plays a significant role in the gain-of-function phenotype
conferred by CBL mutations. In addition, LYN inhibition by
dasatinib effectively diminished the expansion of CBL-mutant
cell lines and primary CMML samples in vitro and in vivo,
highlighting the potential of LYN-targeted therapies in patients
with CBL-mutated myeloid disease.

Materials and methods
Analysis of CBL mutations in patient samples
Patients undergoing evaluation for various hematologic disorders
(2015-2019) were consented for targeted gene sequencing using
a panel developed at the Brigham and Women’s Hospital and
Dana-Farber Cancer Institute.30 The frequency and type of CBL
mutations detected in 191 deidentified patients were cataloged.

Dose response and cell-competition assays
Dose response and cell competition assays were performed as
previously described.31 Details are provided in supplemental
Materials and methods (available on the Blood Web site).

Quantitative proteomics and phosphoproteomics
The experimental setup for quantitative proteomics/phospho-
proteomics and CBL interaction proteomics are presented in
supplemental Tables 1 and 5, respectively. Details are provided in
supplemental Materials and methods.

Western blot
Detailed descriptions of protein lysate preparation, immunopre-
cipitation (IP), electrophoresis, western blot (WB) protocol, and
antibodies are provided in supplemental Materials and methods.

CMML colony-forming assays and
xenotransplantation experiments
Colony-forming assays and xenotransplantation assays were
performed as previously described.32 Details are provided in
supplemental Materials and methods.

Graphs, tables, and figures
Graphs were generated using GraphPad Prism version 7 (San
Diego, CA). Morpheus software (https://software.broadinstitute.
org/morpheus) was used to perform nearest-neighbor analysis
and generate heatmap and statistics (see Figure 3A). Tables
were generated in Microsoft Excel or PowerPoint (Redmond,
WA). Figures were prepared using Microsoft PowerPoint.

Results
Characteristics of CBL mutations in 191 patients
To select common, recurrent CBL mutations for functional
studies, we examined clinical sequencing data from 9122 pa-
tients undergoing evaluation for hematologic disorders, in-
cluding MDSs and myeloid leukemias.30 Two hundred fourteen
CBL mutations were detected (supplemental Figure 1A), of
which 195 (91%) were single-nucleotide changes leading to
amino acid substitutions predicted to disrupt the function of the
linker region or RING domain (supplemental Figure 1B). Overall,
single amino acid substitutions at positions Y371, L380, C384,
C404, and R420 were most common, comprising nearly 50% of
all CBL mutations (supplemental Figure 1C).

CBL mutations activate LYN and PI3K/
AKT-signaling pathways
To elucidate the mechanisms by which mutant CBL promotes
myeloid oncogenesis, we generated an allelic series of CBL
mutations that reflects the genetics of human myeloid malig-
nancies in cytokine-dependent cell lines. We focused on our
analysis of 3 common CBL missense mutations: 1 that occurs
within the linker region (Y371H) and 2 that occur within the RING
domain (C384Y and R420Q). To generate an in vitro model
consistent with the observed 11q uniparental disomy observed
in patients with CBL mutations,3,5,6,21 we first used clustered
regularly interspaced short palindromic repeats (CRISPR)–CRISPR-
associated protein 9 (Cas9) to produce Cbl-knockout clones in
the murine myeloblast cell line, 32D (supplemental Figure 2),
which proliferates in response to either interleukin 3 (IL3) or
granulocyte-macrophage colony-stimulating factor (GM-CSF).
To investigate the effects of CBL mutations on cytokine sig-
naling and proliferation, we next generated a panel of cell lines
overexpressing human, V5-tagged, mutant (ie, Y371H, C384Y,
or R420Q) orWTCBL in 32D-CblKO cells (supplemental Figure 3).
Comparedwith expression ofCBLWT, expression ofCBLmutants
was associated with increased IL3 and GM-CSF sensitivity in cell-
proliferation assays (Figure 1A-B; supplemental Table 1); ex-
pression of the sameCBLmutants in the murine lymphoblast cell
line BaF3 also led to increased IL3 sensitivity andwas sufficient to
promote IL3 independence (Figure 1C; supplemental Figure 4).

To determine whether cells expressing CBL mutants had a
competitive advantage over cells expressing CBL WT, we cocul-
tured green fluorescent protein (GFP)-labeled CBL-mutant cells
with dTomato-labeled CBL WT cells at a ratio of 1:10 in limiting
IL3 (0.1 ng/mL) and performed serial measurements of the
GFP:dTomato ratio using flow cytometry. For each CBL mutant
tested, the GFP:dTomato ratio increased significantly over
several days, indicating that expression of CBL mutants con-
ferred a proliferative advantage (Figure 1D); similar results were
observed in the GM-CSF–dependent human cell line TF1 and in
BaF3 (Figure 1E; supplemental Figure 4B). Cells expressing CBL

2210 blood® 22 APRIL 2021 | VOLUME 137, NUMBER 16 BELIZAIRE et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/16/2209/1805404/bloodbld2020006528.pdf by guest on 03 M

ay 2024

https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus


C

10-4 10-3 10-2 10-1 100 101

0

20

40

60

80

100

IL3 (ng/mL)

Ba
F3

 vi
ab

ili
ty

 (%
m

ax
.)

WT
Y371H
C384Y
R420Q

P<0.0001

B

10-3 10-2 10-1 100 101

0
20
40
60
80

100

GM-CSF (ng/mL)

32
D 

via
bi

lit
y (

%
m

ax
.)

WT
Y371H
C384Y
R420Q

P<0.0001

A

10-4 10-3 10-2 10-1 100 101

0
20
40
60
80

100

IL3 (ng/mL)

32
D 

via
bi

lit
y (

%
m

ax
.)

WT
Y371H
C384Y
R420Q

P<0.0001

F

0 3 6 9 12

0
3
6
9

12
15

Day

32
D 

RF
P6

57
:B

FP Cbl intron 7 gRNA #1
Cbl intron 7 gRNA #2
Non-targeting gRNA

***

***

***

***

E

0 6 12 18 24

0.0
0.5
1.0
1.5
2.0
2.5

Day

TF
1 

GF
P:

dT
om

at
o WT

C384Y
R420Q

**

**

***

***

D

0 3 6 9 12

0

2

4

6

8

Day

32
D 

GF
P:

dT
om

at
o WT

Y371H
C384Y
R420Q

***

***

***
***

***

***

I

0 3 6 9 12

0
1
2
3
4
5

Day
32

D 
RF

P6
57

:B
FP Cbl intron 7 gRNA #1

Cbl intron 7 gRNA #2
Non-targeting gRNA

***

***

***

***

H

0 6 12 18 24

0.0

0.4

0.8

1.2

Day

TF
1 

GF
P:

dT
om

at
o WT

C384Y
R420Q **

**

***

***

G

0 3 6 9 12

0

1

2

3

Day

32
D 

GF
P:

dT
om

at
o WT

Y371H
C384Y
R420Q

**
*

*

***

**

*

J K

CBL

- W
T

Y37
1H

C38
4Y

R42
0Q

pY700-CBL

pY774-CBL

LYN

pY397-LYN

AKT

pS473-AKT

pS235/S236-S6

VCL

S6

CBL-V5:

-4 -2 0 2

20

40

60

20202222222222222222222222222222222222222222222222222222222222222220002022222222220200222222222222222222222222222222222222222222222222222222222222222222222220000200002222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222-1
0L

og
10

(p
-va

lu
e)

Increased in CBL C384Y Increased in CBL WT

Log2(fold change)

CBL

LYN

PIK3 adj. p-value < 0.05

PIK3R1
pY467

PIK3CD
pY524

LYN
pY397

PIK3R2
pY458

CBL
pY141

PIK3CB
pY956

CBL
pY674

CBL
pY274

LYN
pY265

LYN
pY473PIK3R1

pY368

PIK3R1
pY657

STAT5A
pY694

STAT5B
pY699

CBL
pY371

MAPK3
pY205

MAPK1
pY185

PIK3CD
pY939

PIK3R1
pY580

Figure 1. Gain-of-function CBL mutations are associated with increased cytokine sensitivity and activation of the LYN and PI3K/AKT-signaling pathway. (A-C)
Proliferation ofCblKO 32D (A-B) or BaF3 (C) cells expressingWT or mutant CBL after 3-day stimulation with IL3 (A,C) or GM-CSF (B). (D-I) Competition between GFP-labeled 32D-
CblKO (D,G) or TF1-CBLKO (E,H) cells expressing CBL-mutant and dTomato-labeled CBL WT (D-E) or CBL knockout (KO) (G-H) cells. Competition between 32D-Cas9 cells
expressing Cbl intron 7 guide RNAs (gRNAs) (RFP657) and nontargeting gRNA (blue fluorescent protein [BFP]; panel F) or Cbl exon 1 gRNAs (BFP; panel I). (J) Volcano plot
showing relative quantity of phosphotyrosine sites detected byMS and normalized to proteome-level data in 32D-CblKO cells expressing V5-taggedCBLWT or C384Y. (K)WB for
total and phosphorylatedCBL, LYN, AKT, and S6 proteins in 32D-CblKO cells expressing V5-taggedCBLWT, Y371H, C384Y, or R420Q.WB for vinculin (VCL) was used as a loading
control. Statistical significance for cytokine dose-response curves was determined by a 2-tailed Student t test comparing the 50% effective concentration for each CBL mutant
with CBL WT (see also supplemental Table 1). Statistical significance for competitive proliferation assays was determined by 2-tailed Student t test comparing each CBL mutant
with CBL WT or KO (*P , .05; **P , .001; ***P , .0001).
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mutants also displayed a proliferative advantage over cells with
complete loss of CBL (ie, 32D-CblKO or TF1-CBLKO), consistent
with the expected gain of function of the CBL-mutant protein
(Figure 1G-H). Finally, CRISPR-Cas9–mediated editing of en-
dogenous Cbl exon 8 splice sites in 32D cells led to exon 8
exclusion, similar to CBL exon 8 splice-site mutations in human
myeloid disease,15,20 as well as increased cell proliferation
compared with both CblWT and CblKO 32D cells (supplemental
Figure 5; Figure 1F,I). Altogether, these mouse and human cell
lines model myeloid disease–associated CBL mutations by
demonstrating that selective disruption of CBL’s linker region or
RING domain leads to gain-of-function effects on cytokine
sensitivity and cell proliferation.

We leveraged our in vitro models of CBL mutations to explore
the signaling pathways that are activated in CBL-mutant cells.
Given the role of CBL in cytokine receptor signaling,19 we used
quantitative MS with tandem mass tags and antibody-based
enrichment of tyrosine-phosphorylated peptides. Global tyro-
sine phosphorylation in 32D-CblKO cells expressing CBL WT or
CBL C384Y, cultured in limiting IL3 (0.1 ng/mL), was charac-
terized to highlight the constitutively activated pathways in CBL
C384Y cells. The global proteome as well as phosphoserine (pS)
and phosphothreonine (pT) peptides were quantitated in par-
allel in the same samples (supplemental Tables 2-7). Among
proteins detected in both global and phosphoproteomic data
sets, we found no significant differences in the global proteome
or proteome-normalized pS and pT peptides between cells
expressing CBL WT and CBL C384Y. In contrast, we found
that proteome-normalized tyrosine phosphorylation of CBL,
LYN, and multiple proteins in the PI3K-signaling pathway (eg,
phosphoinositide-3-kinase regulatory subunit 1/2 [PIK3R1/2],
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
b/d [PIK3CB/D], and phosphoinositide-3-kinase adaptor protein
1 [PIK3AP1]) were significantly increased in cells expressing CBL
C384Y compared with CBL WT (Figure 1J). Phosphorylation of
LYN, an SRC family kinase, on tyrosine 397 (pY397), was among
the most significantly increased phosphotyrosine sites in CBL
C384Y cells, and has been shown to stimulate LYN-kinase
activity.33 Changes in tyrosine phosphorylation that would in-
dicate activation of the MAPK or JAK-STAT pathways were not
observed in cells expressing CBL C384Y. Notably, MAPK1 pY185
andMAPK3pY205, which indicateMAPK-pathway activation, and
STAT5A pY694 and STAT5B pY699, which indicate JAK ac-
tivity, were significantly reduced in cells expressing mutant
C384Y (Figure 1J). Thus, our MS-based analysis of tyrosine
phosphorylation implicated a CBL-LYN-PI3K axis in the en-
hanced cell proliferation associated with expression of mutant
CBL in 32D cells.

To determine whether LYN kinase activation was a common
feature of CBL-mutant expression, we measured LYN pY397 by
WB in cells expressing a series of mutant CBL alleles. In line with
our phosphoproteomic results, LYN pY397 levels were increased
in cells expressingCBLmutants comparedwithCBLWT (Figure 1K;
supplemental Figure 6). Total LYN protein was also increased in
CBL-mutant cell lines. Consistent with enhanced LYN activation,
WB analysis of 32D and TF1 cells expressing CBL mutants also
revealed increased CBL phosphorylation at known LYN target
sites Y700 and Y774.26 Our global proteomic analysis also
demonstrated a significant increase in tyrosine phosphorylation
of PI3K-associated proteins, suggestive of increased signaling in

the PI3K pathway, although the biological roles of the specific
phosphotyrosine sites that were detected have not been re-
ported. We therefore used WB to measure AKT pS473 and ri-
bosomal S6 pS235/236, which are directly indicative of signaling
in the PI3K pathway. Indeed, phosphorylation of AKT and ri-
bosomal S6 were increased in CBL-mutant cells compared with
CBL WT cells (Figure 1K; supplemental Figure 6). AKT and
S6 phosphorylation were unchanged in 32D-CblKO cells even
though LYN protein and phosphorylation were increased com-
pared with 32D-CblWT cells, highlighting that expression of CBL-
mutant protein was required for increased PI3K/AKT signaling;
this finding also implies that the expression of CBL WT, but not
mutant, leads to reduced LYN protein and phosphorylation. ERK
and STAT5 phosphorylation were unchanged or reduced in 32D
cells expressing CBL mutants compared with CBL WT, which
matched our global phosphoproteomic results (supplemental
Figure 7). Altogether, these data indicate that gain-of-function
CBL mutants are associated with increased LYN-kinase activity,
CBL phosphorylation, and activation of the PI3K/AKT-signaling
pathway.

CBL mutants enhance cytokine signaling and cell
proliferation via increased interaction with LYN
CBL mutations in myeloid malignancies disrupt the RING do-
main, and therefore E3 ubiquitin ligase function, whereas the
adaptor domains, including the TKB domain, PRR, and C-terminal
tyrosine-phosphorylation sites, remain intact.21 Thus, we hy-
pothesized that the functions of CBL adaptor domains play a
functional role in the increased cytokine signaling and cell
proliferation in CBL mutant–expressing cells. To explore this
possibility, we generated GFP-labeled double mutants com-
prising the C384Y RING domain mutation with secondary mu-
tations in the TKB domain (G306E), PRR (D477-688), or C-terminal
phosphotyrosine sites (Y700/731/774F) in 32D-CblKO cells
(Figure 2A). Single and double-mutant cells were mixed with
dTomato-labeled CBL WT cells at a ratio of 1:10, and the
GFP:dTomato ratio was measured by flow cytometry to assess
for the relative rates of cell proliferation. The competitive advantage
of cells expressing CBL C384Y was significantly reduced with
mutation of the TKB domain, PRR, or phosphotyrosine residues,
indicating that CBL’s adaptor domains are critical for the pro-
liferative advantage of cells expressing mutant CBL (Figure 2B).

Based on the key role of CBL adaptor domains in the pro-
liferative advantage of cells expressing CBL mutants, we hy-
pothesized that CBL adaptor domains promote increased cytokine
sensitivity via specific protein-protein interactions with these
domains. To address this possibility, we used IP followed by
MS (IP-MS) to characterize the global CBL interactome in
32D-CblKO cells expressing V5-tagged CBL WT or mutants
Y371H, C384Y, or R420Q (supplemental Tables 6 and 7). Com-
parison of the WT and mutant CBL interactomes revealed sig-
nificantly increasedbinding of LYN toCBLmutants comparedwith
CBL WT (Figure 2C), and we confirmed this finding by IP fol-
lowed by WB (IP-WB) in both 32D and TF1 cell lines (Figure 2D;
supplemental Figure 8). To define the CBL adaptor domain(s)
required for the interaction between mutant CBL and LYN, we
performed additional IP-WB experiments using 32D-CblKO cells
expressing the CBL C384Y RING domain mutant with secondary
mutations in the TKB domain, PRR, or C-terminal phosphotyr-
osine sites. Secondary mutation of only the PRR abolished LYN
binding to CBL C384Y, whereas mutations in the TKB domain or
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C-terminal phosphotyrosine sites had no effect (Figure 2E).
Similar results were obtained in TF1 cells (supplemental
Figure 8). Overall, our global proteomic analyses demon-
strated that enhanced proliferation of cells expressing CBL
mutants was associated with increased LYN kinase activation
and LYN protein levels, and interaction of LYN with
mutant CBL.

LYN interaction with mutant CBL increases PIK3R1
recruitment and downstream PI3K/AKT signaling
To explore the role of increased CBL-LYN interaction in CBL-
mutant cell lines, we sought to identify proteins with differential
interaction with CBL in the context of LYN binding. In a nearest-
neighbors analysis of our CBL IP-MS data to identify proteins
with a pattern of binding most similar to LYN, the PI3K-signaling
adaptor protein PIK3R1 was among the top hits. Moreover,
tyrosine phosphorylation of PIK3R1 was markedly increased in
CBL C384Y-expressing cells compared with CBL WT-expressing
cells. IP of V5-tagged CBL followed by WB for PIK3R1 confirmed
that CBLmutants Y371H, C384Y, and R420Q bound significantly
more PIK3R1 compared with CBL WT (Figure 3B). Consistent
with previous studies,34,35 CBL C384Y with a secondary Y731F
mutation was unable to bind PIK3R1 in both 32D and TF1 cells,
indicating that tyrosine phosphorylation at position 731 of
mutant CBL was essential for the interaction with PIK3R1 (Figure

3C-D). Deletion of CBL’s PRR, which was required for the
CBL-LYN interaction, also led to a significant decrease in the CBL-
PIK3R1 interaction (Figure 3C), suggesting a potential connection
between the CBL-LYN interaction and increased PIK3R1 binding.
Indeed, the interaction between PIK3R1 and V5-tagged CBL
C384Y was also reduced in Lyn-knockout 32D cells engineered
by CRISPR-Cas9–mediated gene editing (Figure 3E). Thus, in-
creased CBL-LYN interaction enhances the binding of the PI3K-
signaling adaptor PI3KR1 to CBL phosphotyrosine Y731.

To test whether LYN was required for increased cell proliferation
driven by CBL mutants, we compared the competitive advan-
tage of CBLC384Y-expressing cells in LynWT and knockout 32D
cells. In competition against CBL WT-expressing cells, the
proliferative advantage of CBL C384Y-expressing cells was re-
duced by Lyn knockout (Figure 3F). In line with this result, Lyn-
knockout cells expressing CBL C384Y were at a competitive
disadvantage when cocultured with LynWT cells expressing CBL
C384Y (supplemental Figure 9). Moreover, Lyn knockout was
associated with reduced phosphorylation of CBL and AKT in CBL
C384Y-expressing cells (supplemental Figure 10). Altogether,
these experiments suggest that LYN drives proliferation of cells
expressing mutant CBL via increased CBL phosphorylation,
PIK3R1 recruitment, and downstream PI3K/AKT signaling.
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values are depicted. Statistical significance was determined by 2-tailed Student t test comparing CBL C384Y to CBL WT and each CBL double mutant (*P, .05; **P, .001). (C)
MS analysis of V5 IP samples from 32D-CblKO cells expressing V5-tagged CBLWT, Y371H, C384Y, or R420Q. Volcano plot showing log10 P values and log2 fold change in protein
abundance betweenCBLmutants (pooled data fromY371H, C384Y, and R420Q) and CBLWT samples. (D)WB for V5, LYN, and vinculin (VCL) in anti-V5 IP samples and whole-cell
lysates (WCL) from 32D-CblKO cells expressing V5-tagged CBL WT, Y371H, C384Y, and R420Q. (E) WB for V5, LYN, and vinculin (VCL) in anti-V5 IP samples and whole-cell lysates
from 32D-CblKO cells expressing V5-tagged CBL WT, C384Y, C384Y/G306E, C384Y/DPRR, or C384Y/3YF. L, linker; pY, phosphotyrosine; UBA, ubiquitin-associated.
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Dasatinib inhibits LYN activation, PI3K signaling,
and proliferation in cells expressing CBL mutants
Given the central role of LYN in cytokine signaling downstream
of CBL mutants, we hypothesized that cells expressing CBL
mutants would be susceptible to pharmacologic inhibition of
LYN. Dasatinib is a drug that inhibits ABL- and SRC-family
kinases, including LYN.36 In proliferation assays, we found
that the 50% inhibitory concentration of dasatinib was lower in
32D and TF1 cells expressing CBL mutants compared with CBL

WT (Figure 4A; supplemental Figure 11A; supplemental Ta-
ble 8). Dasatinib also blocked the proliferative advantage of
32D cells expressing CBL Y371H, C384Y, and R420Q in
competition assays (Figure 4B-D). Similar results were observed
in TF1 cells and 32D cells with CRISPR-Cas9–mediated editing
of Cbl exon 8 splice sites (supplemental Figure 11B-E). The
inhibitory effect of dasatinib on proliferation ofCBL-mutant cell
lines correlated directly with decreased phosphorylation of
LYN, CBL, AKT, and S6, as measured by WB (Figure 4E;
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supplemental Figure 12). Moreover, dasatinib treatment ab-
rogated the interaction between mutant CBL and PIK3R1
(Figure 4F). Overall, these results demonstrated that dasatinib
inhibited the effects of CBL mutants on cytokine signaling and
cell proliferation.

The competitive advantage of CBL-mutant cells was impaired
but still detectable on a Lyn-knockout genetic background
(Figure 3F), indicating the presence of other contributors to the
phenotype conferred by CBL gain-of-function mutations. To test
whether these pathways involved another SRC-family kinase
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member, we assessed the effect of dasatinib on the proliferative
advantage of 32D Lyn-knockout cells expressing CBL C384Y.
Remarkably, Lyn knockout rendered CBLC384Y-expressing cells
completely insensitive to dasatinib treatment, implying that the
reduction in proliferation of CBL-mutant 32D cells treated with
dasatinib was due to LYN inhibition (supplemental Figure 13).

Dasatinib inhibits clonogenicity and engraftment of
CBL-mutated CMML patient samples in vitro and
in vivo
We next sought to test the efficacy of dasatinib on CBL-mutant
leukemic cells from patients with CMML. We assessed 4 CBL-
mutated patient samples in in vitro colony-forming assays and
in vivo xenograft studies (Figure 5A).32 Up to 9 xenograft models
were generated per patient and randomized to receive 10 days
of 50 mg/kg dasatinib or vehicle control 2 to 4 weeks after
transplantation. Samples harbored CBLmutations in combination
with a variety of other mutations frequently seen in CMML
(Figure 5B; supplemental Tables 9 and 10). All samples were from
patients with myeloproliferative features and splenomegaly
consistent with the clinical presentation of CBL-mutated CMML
(supplemental Table 11). Dasatinib reduced colony formation
compared with dimethyl sulfoxide (DMSO) treatment in samples
from all 4 patients (Figure 5C-D). At 250 nM dasatinib, the de-
crease in colony formation was statistically significant in 4 of 6
samples tested (Figure 5C; supplemental Figures 14B and 16C-D).
In 1 of 2 samples tested over a range of dasatinib concentrations,
clonogenic growth was inhibited at 25, 50, and 100 nM dasatinib
(supplemental Figure 16D; P , .0001 at all concentrations
compared with DMSO). ForCBL-mutant CMML samples 1, 2, and
4, dasatinib treatment of xenografted NSG-S mice was associated
with a trend toward decreased splenic disease burden as mea-
sured by the percentage of human CD451 cells detected by flow
cytometry and immunohistochemistry (Figure 5E-F). The decrease
in splenic disease burden with dasatinib treatment was statistically
significant in models generated with 2 of 4 samples. In mice
xenografted with CMML sample 3, dasatinib was associated with
a significant decrease in spleen weight but had a limited effect on
the percentage of human CD451 cells in the spleen and bone
marrow (supplemental Figure 14A-F). We also tested the effect
of dasatinib on in vitro clonogenicity and in vivo expansion
of patient-derived CMML samples without CBL mutations
(supplemental Tables 10 and 13). Interestingly, dasatinib also
showed activity against CBL WT CMML in 1 of 2 samples tested
in vitro (supplemental Figure 16A-B) and 2 of 4 samples used to
generate in vivo models (supplemental Figure 15). Altogether,
these experiments indicated that dasatinib effectively reduced
the growth of patient-derived CMML samples in vitro and in vivo.

Discussion
We used phosphoproteomics, IP-MS, and functional analyses to
identify signaling pathways that drive proliferation in a panel
of cell lines expressing an allelic series of CBL mutations. This
unbiased approach highlighted amechanismwhereby increased
LYN activity and binding to mutant CBL enhances CBL tyrosine
phosphorylation, PIK3R1 recruitment, and downstream PI3K/
AKT activation. In addition to defining this molecular pathway,
our findings point to the therapeutic efficacy of LYN inhibition by
dasatinib, which we validated in both cell lines and primary
leukemia samples in vitro and in vivo.

CBLmutations in human myeloid malignancies selectively affect
the protein’s E3 ubiquitin ligase function, suggesting that CBL’s
role as a signaling adaptor is critical to the gain of function
conferred by the mutant protein.21 Indeed, a prior study re-
ported that the adaptor domains of mutant CBL were essential
for increased signaling and cell proliferation,37 although the
molecular basis for this finding was not fully addressed. Previous
work byOhh and colleagues indicated that increased SRC-family
kinase activity was associated with increased CSF2RB phos-
phorylation, PI3K signaling, and reduced apoptosis in cells
expressing CBL Y371H.29,38 Using IP-MS as an unbiased dis-
covery tool, we identified and characterized the interaction
between CBL and LYN26-28 as an important component of on-
cogenic signaling driven by the PRR of mutant CBL. We found an
increase in total and activated LYN in both CBL-knockout and
gain-of-function mutant cell lines, suggesting that CBL’s E3
ubiquitin ligase function plays a role in regulation of LYN protein
levels. We provide several lines of evidence that gain-of-function
CBL mutations, unlike CBL knockout, specifically exploit LYN-
kinase activity to enhance downstream PI3K/AKT signaling.

Unlike other studies that observed hyperactivation of MAPK, JAK-
STAT, and PI3K/AKT pathways,2,6,15,23,24,29,37-43 our global charac-
terization of tyrosine phosphorylation in cells expressing mutant
CBL revealed selective activation of LYN and the PI3K/AKT
pathway. In fact, tyrosine-phosphorylation sites that directly in-
dicate activation of theMAPKor STAT5 pathwayswere lower in our
CBL-mutant cells by MS analysis; this observation could be related
to the level of CBL-mutant expression, which was significantly
higher than endogenous Cbl/CBL expression in our cell-line
models, and resultant negative feedback. However, there are
several other potential explanations for this discrepancy. First, most
previous studies measured phosphosignaling using starve-
stimulation assays, which provide an estimate of phosphorylation
kinetics upon acute cytokine exposure.2,6,15,23,29,37-43 Here, we
performed an unbiased assessment of tyrosine phosphorylation
during chronic cytokine exposure in order to identify signaling
pathways that were activated and targetable in the steady state.
Second, the effects of CBL mutations may depend on the cellular
context. Along these lines, hematopoietic stem and progenitor
cells from Cbl-mutant mice showed increased PI3K/AKT, MAPK,
and STAT5 signaling, although there were differences in the sig-
naling effects depending on the subpopulation analyzed.24 Third, 2
studies evaluated the effects of CBL mutants on a Cbl2/2/Cblb2/2

genetic background,37,43 which has the potential to augment or
alter the signaling phenotype conferred by CBL-mutant protein
due to functional redundancy betweenCbl andCblb inmice.44-46 In
patients with myeloid malignancies, CBLB mutations are un-
common and comutation of CBL and CBLB has not been de-
scribed, suggesting that recurrent mutations in CBLB do not
contribute significantly to oncogenesis. Although it is possible
that CBLB modulates cytokine signaling in our cell-line models,
we performed our analyses ofCBLmutations inCBLBWT cells to
accurately recapitulate human disease genetics. Fourth, the
diversity of signaling adaptors and kinases associated with dif-
ferent cytokine receptors may determine which signaling
pathways are affected by CBL mutations. Variability in the
magnitude of the effect and pathway specificity could reflect
differences in the role of mutant CBL downstream of FLT3, KIT,
MPL, and receptors utilizing the common b-chain CD131 (ie,
receptors for IL3, IL5, and GM-CSF).47,48
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The SRC-family kinase inhibitor dasatinib effectively reduced
proliferation and phosphosignaling in our CBL-mutant cell
lines, consistent with previous observations.25,29,38,42 In-
terestingly, dasatinib treatment failed to reduce myeloprolif-
eration in Cbl C379A-mutant mice,49 an observation that might
be explained by increased disease aggressiveness in mice on a
mixed 129Sv/J 3 C57Bl/6 genetic background.50,51 Here, we

provide the first evidence that dasatinib inhibits the pro-
liferation of a subset of patient-derived CMML samples in vitro
and in vivo. Of the 8 CMML samples we tested in patient-
derived xenograft (PDX) models (4 with CBL mutations and 4
without CBL mutations), dasatinib treatment reduced splenic
and/or bone marrow disease burden in mice engrafted with 4
of 8 samples, including 2 CBL mutant and 2 CBL WT samples.
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Mice were only treated with dasatinib once daily for 10 days
prior to analysis, so it is possible that increasing the treatment
period and frequency as well as the dose of dasatinib may lead
to improved responses.

The effects of CBL-mutant expression were significantly re-
duced but not abolished in Lyn-knockout cells, indicating the
presence of additional protein-protein interactions and sig-
naling pathways involved in the gain of function conferred byCBL
mutations; this result also highlights the likelihood that effective
treatment will require combination therapy targeting multiple
pathways.24,49,52 Molecular characterization of LYN-independent
signaling pathways in our model systems will reveal additional
therapeutic strategies for patients with CBL-mutated myeloid
disease.

Somatic mutations in CBL are typically detected in subclones
that arise during disease progression.53 CBLmutations can also
function as disease-initiatingmutations, which is evinced by the
development of juvenile myelomonocytic leukemia in patients
with germline CBL mutations12-15; a subset of healthy indi-
viduals with clonal hematopoiesis harbors CBL mutations,
further suggesting that these mutations have the capacity to
initiate myeloid disease.54-56 We observed that dasatinib
inhibited the proliferation of human CMML samples with either
subclonal or clonal CBL mutations. This may indicate that CBL-
mutant cells contribute disproportionately to colony formation
in vitro or to leukemia expansion in NSG-S mice, which ulti-
mately selects for a dasatinib-sensitive cell population. Alter-
natively, dasatinib may have broadly inhibitory effects on
human CMML independent of the presence of CBL mutations.
Indeed, dasatinib effectively reduced the clonogenicity and
in vivo expansion of a subset of CMML samples without CBL
mutations; these results could indicate alternative mechanisms
of LYN hyperactivation or additional therapeutic targets
inhibited by dasatinib in CMML.

A small clinical trial of dasatinib in 18 patients with MDS, acute
myeloid leukemia, or CMML showed limited efficacy, although
only 3 CMML patients were included.57 Thus, the potential
clinical benefit of dasatinib in CMML patients remains to be
tested rigorously. Although the findings presented here sug-
gest that dasatinib could be effective in CMML with gain-of-
function CBL mutations, our results raise the possibility that a
subset of CMML patients without CBL mutations would also
respond to dasatinib. Identification of the CMML cases most
sensitive to dasatinib will be further informed by character-
ization of the CBL-LYN-PI3K/AKT–signaling axis in patient-
derived CMML samples and efficacy studies in an expanded
cohort of CMML PDX models with and without CBL mutations.
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