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ABSTRACT
Translocation of Fibroblast Growth Factor Receptors (FGFRs) often leads to 

aberrant cell proliferation and cancer. The BCR-FGFR1 fusion protein, created by 
chromosomal translocation t(8;22)(p11;q11), contains Breakpoint Cluster Region 
(BCR) joined to Fibroblast Growth Factor Receptor 1 (FGFR1). BCR-FGFR1 represents 
a significant driver of 8p11 myeloproliferative syndrome, or stem cell leukemia/
lymphoma, which progresses to acute myeloid leukemia or T-cell lymphoblastic 
leukemia/lymphoma. Mutations were introduced at Y177F, the binding site for adapter 
protein Grb2 within BCR; and at Y766F, the binding site for the membrane associated 
enzyme PLCγ1 within FGFR1. We examined anchorage-independent cell growth, 
overall cell proliferation using hematopoietic cells, and activation of downstream 
signaling pathways. BCR-FGFR1-induced changes in protein phosphorylation, binding 
partners, and signaling pathways were dissected using quantitative proteomics to 
interrogate the protein interactome, the phosphoproteome, and the interactome of 
BCR-FGFR1. The effects on BCR-FGFR1-stimulated cell proliferation were examined 
using the PLCγ1 inhibitor U73122, and the irreversible FGFR inhibitor futibatinib (TAS-
120), both of which demonstrated efficacy. An absolute requirement is demonstrated 
for the dual binding partners Grb2 and PLCγ1 in BCR-FGFR1-driven cell proliferation, 
and new proteins such as ECSIT, USP15, GPR89, GAB1, and PTPN11 are identified as 
key effectors for hematopoietic transformation by BCR-FGFR1.

INTRODUCTION

Over the last half century, chromosomal 
translocations encoding functional oncogenic proteins 
have been identified as drivers of multiple cancers, 
and account for 20% of all malignant neoplasms [1, 
2]. With the emergence of personalized medicine and 
cancer genome sequencing, the characterization of these 
oncogenic fusions created by chromosomal translocations 
– which serve as drivers of specific cancers – is vital to 
advance therapeutic methods and improve outcomes.

Genomic studies have revealed the presence of 
many specific RTK fusion proteins as drivers of blood 
cancers [3]. In particular, fibroblast growth factor 

receptors (FGFRs), a subfamily of RTKs, have been 
identified as recurrent translocation partners in both 
solid and hematologic malignancies [4]. Constitutively 
activated FGFR1 fusion proteins give rise to 8p11 
myeloproliferative syndrome (EMS), also known as stem 
cell leukemia/lymphoma (SCLL), which can progress 
to acute myeloid leukemia (AML) or T-cell acute 
lymphoblastic leukemia lymphoma (T-ALL), dependent 
on the fusion partner gene [5, 6]. Patients positive for 
FGFR1-driven SCLL often present with eosinophilia and 
have a poor prognosis as these fusions are not respondent 
to first generation tyrosine kinase inhibitor (TKI) 
therapies, and the one-year overall survival from time of 
diagnosis is 43% for SCLL patients [5, 7]. Although both 
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ponatinib and pemigatinib have been used to treat SCLL 
with mixed results, hematopoietic stem cell transplantation 
remains the only known curative option for SCLL patients 
and few alternative treatment plans exist for those who 
are either awaiting or are unable to receive transplantation 
[8]. The poor prognosis and lack of molecular targeted 
therapies highlights SCLL as a critically unmet medical 
need. 

This work focuses on the t(8;22)(p11;q11) 
chromosomal translocation which creates the Breakpoint 
Cluster Region-Fibroblast Growth Factor Receptor 1 
(BCR-FGFR1) fusion protein. This fusion protein retains 
the coiled-coil dimerization/oligomerization domain 
and partial RhoGEF domain contributed by BCR, and a 
tyrosine kinase domain contributed by FGFR1. Our recent 
work demonstrated the importance of the Hsp90 protein 
chaperone complex for BCR-FGFR1 driven oncogenic 
activation, together with the importance of several salt 
bridges for stabilization of the coiled-coil dimerization 
domain of BCR [9].

Earlier work examining two FGFR1-containing 
fusion proteins, BCR-FGFR1 and ZNF198-FGFR1, 
provided important insights into mechanisms of 
cancer progression; specifically, this work identified 
the importance of the phospholipase PLCγ1 binding 
site at Y766 in the ZNF198-FGFR1 fusion, and the 
importance of the small adapter protein Grb2 binding 
site at Y177 in BCR-FGFR1 for progression of 
myeloproliferative disease in murine models [10]. 
From this work, they concluded that PLCγ1 represents 
a critical downstream pathway for ZNF198-FGFR1-
induced disease, and that Grb2 activation was 
important for BCR-FGFR1 in the induction of CML-
like leukemia in mice [10]. 

Building from these advances, our current work 
examines mutations in the PLCγ1 and Grb2 binding sites 
individually and, importantly, when combined together 
in a double mutant within  BCR-FGFR1. Importantly, 
our work finds that this Grb2 and PLCγ1 binding site 
double mutant is no longer biologically active. We exploit 
quantitative proteomic analyses to identify crucial protein-
protein interactions necessary for BCR-FGFR1 activation. 
Thus, we are able to demonstrate a dual requirement for 
Grb2 and PLCγ1 for BCR-FGFR1-mediated oncogenic 
cell proliferation. We extensively profiled the differences 
in cell signaling between BCR-FGFR1 and the non-
biologically active mutants BCR(Y177F)-FGFR1(Y766F), 
and BCR(Y177F)-FGFR1(K656E/Y766F), containing 
both Grb2 and PLCγ1 interaction site mutations, through 
proteomics analysis to elucidate the BCR-FGFR1 total 
proteome, the phosphoproteome, and protein interactome. 
This systemic study reveals the multisubstrate docking 
protein, Gab1, and the protein tyrosine phosphatase, 
PTPN11 (Shp2), as likely downstream targets of Grb2 
and PLCγ1 in BCR-FGFR1-driven SCLL. Furthermore, 
we identified PLCγ1 as potential therapeutic target to treat 

BCR-FGFR1 mediated SCLL using the PLCγ1 inhibitor 
U73122, and show that futibatinib, an irreversible FGFR 
inhibitor, suppresses downstream signaling and cell 
transformation. These data unravel essential roles of Grb2 
and PLCγ1 in BCR-FGFR1 mediated oncogenic growth 
and suggest the importance of further investigation into 
PLCγ1 as a potential therapeutic target in treating SCLL.

RESULTS

BCR-FGFR1 requires Grb2 and PLCγ1 
interaction for cell transformation and 
proliferation

During RTK-mediated signal transduction, Grb2, 
a small adapter protein, associates with SOS (son of 
sevenless), leading to Ras activation. Furthermore, the 
enzyme PLCγ1, a protein involved in cell growth and 
proliferation, has been known to play a role in cancer 
progression, yet the role of PLCγ1 in BCR-FGFR1-
mediated malignancies is undetermined [11]. 

We constructed BCR-FGFR1 derivatives containing 
single mutations to abolish the Grb2 and PLCγ1 
interaction sites, and BCR(Y177F)-FGFR1(Y766F), 
containing a double mutation abolishing both interaction 
sites (Figure 1A). These were assayed for NIH3T3 
focus formation (Figure 1B and 1C). NIH3T3 cells 
expressing BCR(Y177F)-FGFR1 exhibited nearly a 50% 
decrease in focus forming ability, while cells expressing 
BCR-FGFR1(Y766F) showed an 80% (Figure 1B and 
1C). Interestingly, the double mutant BCR(Y177F)-
FGFR1(Y766F) completely abolished focus formation 
in this assay. Although the use of NIH3T3 cells, a 
murine fibroblast cell line, may be criticized as a proxy 
for hematopoietic cell cancer, nevertheless, this assay 
has routinely served as a useful biological readout for 
the assay of many different oncogenic fusion proteins 
[9, 12, 13].

STAT3 signaling along with Grb2 and PLCγ1 
association are necessary for BCR-FGFR1 
mediated cell growth

The cell signaling differences between BCR-FGFR1 
and the non-transforming derivative, BCR(Y177F)-
FGFR1(Y766F), remain unclear, particularly since 
this mutant retains tyrosine kinase activity contributed 
by FGFR1 [9]. Signaling analyses were performed in 
HEK293T cells, as they have previously been used in 
FGFR signal transduction and protein phosphorylation 
studies [12]. HEK293T cells expressing either BCR-
FGFR1, a kinase-dead variant BCR-FGFR1(K514A), 
single mutants, or the non-transforming double mutant 
BCR(Y177F)-FGFR1(Y766F), were analyzed for cell 
signaling differences by immunoblotting. HEK293T 
cells expressing BCR-FGFR1 display activation of 
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MAPK, STAT3, and PLCγ1 pathways, while BCR-
FGFR1(K514A), containing a kinase-inactivating 
mutation, was unable to activate downstream pathways 
(Figure 2A). HEK293T cells expressing the non-
transforming BCR(Y177F)-FGFR1(Y766F) displayed a 

substantial decrease in STAT3 signaling and nearly total 
ablation of PLCγ1 phosphorylation, even while retaining 
FGFR1 activation loop phosphorylation (Tyr653/Tyr654) 
(Figure 2A, lane 6). While BCR(Y177F)-FGFR1 and 
BCR-FGFR1(Y766F) single mutants retained similar 

Figure 1: Biological assays of BCR-FGFR1 or the BCR-FGFR1 derivatives lacking Grb2 or PLCγ1 interaction sites. 
(A) A schematic of amino acid mutations made to ablate the Grb2 and PLCγ1 interaction sites in BCR-FGFR1. The kinase activating 
mutation K656E is also shown. (B) A graph of NIH3T3 focus formation relative to BCR-FGFR1. Each experiment was performed a 
minimum of 3 times, and standard error of the mean (SEM) is shown. (C) Pictures of representative focus assay plates stained with Giemsa 
to visualize foci. Mock cells are used as a negative control. 
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FGFR1 activation loop phosphorylation levels and STAT3 
activation as the BCR-FGFR1 fusion, each of these varied 
in MAPK and PLCγ1 activation.

Additionally, cells expressing BCR(Y177F)-
FGFR1(Y766F) were unable to interact with Grb2 and 
PLCγ1, as seen through immunoprecipitation analyses 

followed by immunoblot analysis (Figure 2B). BCR-
FGFR1(K514A), the kinase-inactive mutant, was unable 
to associate with either Grb2 or PLCγ1, suggesting 
that receptor kinase activity leading to tyrosine 
phosphorylation is required for this protein-protein 
interaction (Figure 2B, lane 3). These data suggest that 

Figure 2: HEK293T cell lysate expressing BCR-FGFR1 or its derivatives subject to immunoblot analysis. (A) 
Downstream pathways potentially activated by either BCR-FGFR1, a kinase inactivated BCR-FGFR1(K514A), BCR(Y177F)-FGFR1, 
BCR-FGFR1(Y766F), or BCR(Y177F)-FGFR1(Y766F) were examined. All pathways were detected by anti-sera directed towards each 
phosphorylated protein as shown. Blotting for total protein shown below each activated panel. (B) Protein interactions are shown by 
immunoprecipitation with antisera for Grb2 or FGFR1 followed by immunoblotting with anti-sera against either FGFR1 or PLCγ1 to 
detect protein interactions for BCR-FGFR1. Each experiment was performed a minimum of 3 times. (C) Graph of focus formation by 
BCR-FGFR1(K656E) and its derivatives in NIH3T3 cells. Each experiment was performed a minimum of 3 times, and standard error of the 
mean (SEM) is shown. (D) HEK293T cell lysate expressing BCR-FGFR1(K656E) or its derivatives subjected to immunoblot analysis. All 
pathways were detected by anti-sera directed towards each phosphorylated protein as shown, followed directly below by blotting for each 
total protein. Each experiment was performed a minimum of 3 times, and standard error of the mean (SEM) is shown.
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BCR-FGFR1 may rely on the Jak/STAT pathway and 
interactions with Grb2 and PLCγ1 for cell proliferation, 
as BCR(Y177F)-FGFR1(Y766F) displays low levels of 
STAT3 activation, and minimal association with Grb2 
and PLCγ1 (Figure 2A and 2B). Furthermore, MAPK 
activation may be inconsequential for BCR-FGFR1-
driven oncogenesis, as cells expressing BCR(Y177F)-
FGFR1(Y766F) exhibited increased levels of MAPK 
phosphorylation despite the inability of this variant to 
transform NIH3T3 cells (Figure 1B).

Kinase-activating mutations in BCR-FGFR1 
do not overcome a dual Grb2 and PLCγ1 
interaction requirement

Kinase-activating mutations and gatekeeper 
mutations are commonly found in patients receiving 
TKI treatment [14]. Therefore, we introduced a kinase-
activating K656E mutation (Figure 1A) to determine if a 
constitutively activated kinase would alter the potential 
requirement for Grb2 and PLCγ1 interactions with 
BCR-FGFR1 for cell transformation and signal cascade 
activation. The K656E mutation lies within the “YYKK” 
activation loop sequence in FGFR1 and is an activating 
mutation found in cancers as well as developmental 
disorders [4, 15, 16].

When assayed for focus formation, cells expressing 
BCR-FGFR1, or the kinase-activated variant, BCR-
FGFR1(K656E), were biologically active and generated 
foci. However, when the double mutant was combined 
with the kinase-activating mutation, the resulting 
BCR(Y177F)-FGFR1(K656E/Y766F) was unable to 
transform NIH3T3 cells (Figure 2C). Cells expressing 
the non-transforming triple mutant, BCR(Y177F)-
FGFR1(K656E/Y766F), containing a deficiency in both 
Grb2 and PLCγ1 interaction sites along with the kinase-
activating K565E mutation, displayed a lack of PLCγ1 
phosphorylation while maintaining FGFR1 activation 
loop phosphorylation (Figure 2D, lane 6). Additionally, 
these cells displayed increased levels of MAPK 
phosphorylation, similar to BCR(Y177F)-FGFR1(Y766F), 
despite the inability of either of these variants to transform 
NIH3T3 cells (Figure 2A and 2D). These data suggest that 
this kinase-activating mutation is unable to overcome 
the need for protein-protein interactions between BCR-
FGFR1 with both Grb2 and PLCγ1 for oncogenic growth, 
highlighting the importance of these interactions as 
plausible therapeutic targets. 

Characterization of the BCR-FGFR1 protein 
interactome and phospho-proteome

Examining the protein interactome and phospho-
proteome of various oncogenes have led to the 
identification of important biomarkers and therapeutic 
targets in cancer [17–19]. Recent studies have utilized 

proteomic approaches to determine differences in cell 
signaling between BCR-ABL p210 and p190 isoforms 
[20]. We employed quantitative mass spectrometry 
to characterize the BCR-FGFR1 mediated protein 
interaction network, or interactome, as well as the 
BCR-FGFR1 mediated phospho-proteome. For these 
proteomic studies, four biological replicates of each 
sample were included to achieve statistical significance. 
Of importance, the inclusion of the biologically 
inactive, but kinase-activated mutant, BCR(Y177F)-
FGFR1(K656E/Y766F), allowed the elimination of 
many interacting and phosphorylated peptides that might 
otherwise appear as authentic hits.
Interactome analysis

HEK293T cells expressing either BCR-FGFR1, 
BCR(Y177F)-FGFR1(Y766F), BCR(Y177F)-
FGFR1(K656E/Y766F), or a kinase-inactive BCR-
FGFR1(K514A) were lysed in Tandem Affinity 
Purification (TAP) buffer (Figure 3A). Immunopurification 
of BCR-FGFR1 complexes was achieved using an 
antiserum directed against the N-terminal BCR domain, 
and immune complexes were collected on protein A/G 
magnetic beads. 

This interactome analysis detected over 3000 unique 
BCR-FGFR1 derivative complexes. To subsequently 
identify the interactome differences between BCR-FGFR1 
and the non-biologically active mutants, interacting 
protein hits were screened against interactions with the 
kinase inactive BCR-FGFR1(K514A) mutant. Each 
interacting protein presented in this data was detected in 
at least three out of four biological replicates (Figures 3B 
and 4A).

BCR-FGFR1 preferentially forms protein 
complexes with only seven proteins, including PTPN11 
(Shp2), Gab1, ECSIT, USP15, and GPR89 in addition 
to Grb2 and PLCγ1, when compared to the biologically 
inactive mutants (Figures 3B and 4A). Of these identified 
complexes, BCR-FGFR1 interactions with PTPN11 
and Gab1 are particularly interesting. PTPN11 is a 
well-studied tyrosine phosphatase, known to modulate 
oncogenic signaling pathways downstream of Grb2, 
while Gab1 is an adapter protein associated with Grb2, 
and known to activate signal transduction pathways [21, 
22]. Furthermore, ECSIT is an adapter protein known to 
activate the NF-κB signaling pathway, and USP15 is a 
deubiquitinating enzyme (DUB) responsible for ubiquitin 
chain cleavage on known substrates, ultimately leading 
to cancer cell survival [23, 24]. GPR89, or G Protein-
Coupled Receptor 89A, represents an effector for the RAS 
family member RABL3 in hematopoietic cells [25]. These 
data support previous studies demonstrating that PTPN11 
inhibition reduces BCR-FGFR1-driven cell viability and 
leads to suppression of leukemogenesis in mice [26]. 
Discovery of the novel interacting proteins ECSIT and 
USP15 as potential targets in BCR-FGFR1 mediated cell 
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Figure 3: LC-MS/MS determination of the protein interactome and phospho-proteome of BCR-FGFR1 and its 
inactive derivatives. (A) A schematic of the workflow used for LC/MS. HEK293T cells expressing either BCR-FGFR1 or biologically 
inactive derivatives were subjected to proteome and phospho-proteome analysis and, separately, analyzed for interactome analysis. (B) 
Identified interacting proteins with either BCR-FGFR1, outlined in green, or the biologically inactive mutants, outlined in either red or 
magenta. (C) A volcano plot representation of phosphorylated proteins in BCR(Y177F)-FGFR1(Y766F) compared to BCR-FGFR1. This 
plot is normalized to log2 fold change and the respective adjusted p-values between BCR-FGFR1 and BCR(Y177F)-FGFR1(Y766F). 
Four independent biological replicates were used for each sample. For all datasets, results were initially normalized against the kinase-
dead BCR-FGFR1(K514A), for which quadruplicate samples were analyzed in parallel with the active mutant, BCR-FGFR1, and the two 
biologically inactive mutants, BCR(Y177F)-FGFR1(Y766F) and BCR(Y177F)-FGFR1(K656E/Y766F). Dashed vertical lines represent 
+/− 1 standard deviation from the mean.
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growth will require further investigation to determine their 
roll in SCLL progression. 
Phospho-proteome analysis

We also wished to characterize the BCR-FGFR1 
induced total proteome and phospho-proteome to further 
understand cell signaling differences between the fusion 
and the biologically inactive mutants. HEK293T cells 
expressing either BCR-FGFR1 or its derivatives were 
harvested in PBS, labeled with a tandem mass tag (TMT) 
[27], and subjected to IMAC and CST Y1000 phospho-
enrichment prior to LC-MS/MS detection (Figure 3A). 
The resulting phosphopeptides were then combined to 
provide greater overall coverage of the BCR-FGFR1 
phosphoproteome.

This phospho-proteome analysis method resulted 
in the detection of over 5,000 phosphorylated proteins 
(Figure 3C). As expected, BCR-FGFR1 demonstrated 
an increase in Grb2 and PLCγ1 phosphorylation, 
when compared to its biologically inactive mutants; 
furthermore, an increase in PTPN11 and TCP1 
phosphorylation was also detected in BCR-FGFR1 
(Figure 3C). Of note, PTPN11 (Shp2) preferentially 
formed protein complexes with BCR-FGFR1 as seen 
through the interactome data (Figures 3B and 4A). BCR-
FGFR1 stimulates TCP1 phosphorylation, a protein 
involved in the TRiC chaperone complex [28], suggesting 
that TCP1 mediated protein folding may play a role in the 
regulation of the BCR-FGFR1 oncoprotein. The inactive 
BCR-FGFR1 mutant also demonstrated an increase in 
MAPK1, MARK2, and CDK1 phosphorylations (Figure 
3C, Table 1A). 

The BCR-FGFR1 associated phospho-proteome 
demonstrates an increase in proteins associated 
with catalytic activity, signal transduction, and cell 
communication, as seen through gene ontology analyses 
(Table 1B). Overall, these data demonstrate that the 
BCR-FGFR1 phospho-proteome may be driven by Grb2, 
PLCγ1, and PTPN11 mediated signaling cascades, with 
the ultimate result of cell proliferation.
Total proteome analysis

The total proteome was analyzed to identify 
differences in protein expression that contribute to the 
activity of BCR-FGFR1. The BCR-FGFR1 proteome 
is associated with an increase in expression of several 
proteins, notably, ISG15, IFIT1, IRF9 and SP110, which 
are interferon response genes associated with JAK/STAT 
signaling (Table 1C, Figure 4B) [29, 30]. Overexpression 
of these proteins may explain the increase in STAT3 
activation seen in BCR-FGFR1 compared to biologically 
inactive derivatives. Furthermore, the proteomes of 
both BCR(Y177F)-FGFR1(Y766F) and BCR(Y177F)-
FGFR1(K656E/Y766F) are associated with an increase 
in expression of 44 proteins and with a decrease in 8 
proteins when compared to BCR-FGFR1 (Figure 4B). Of 

these, GADD45A is a well characterized TP53 effector 
and stress-induced protein shown to induce overactivation 
of the MAPK pathway, resulting ultimately in apoptosis 
[31]. The overexpression of GADD45A may explain 
the increase in phosphorylated MAPK signaling in the 
BCR-FGFR1 biologically inactive mutants as seen 
by immunoblotting (Figure 2A and 2D) and phospho-
proteome analysis (Figure 3C, Table 1A). Overall, the 
total proteome of the BCR-FGFR1 fusion demonstrates 
an increase in cytokine stimulus and interferon response 
genes, while the biologically inactive mutants demonstrate 
an increase in apoptotic pathways, negative regulation of 
kinase signaling, and positive regulation of ubiquitination, 
as seen through gene ontology analyses (Table 1C).

Examination of PLCγ1 and Grb2 mutations on 
hematopoietic cell proliferation

To confirm the results presented in Figure 1, 
showing the effects of PLCγ1 and Grb2 mutations on 
NIH3T3 cell transformation, we wished to examine 
the biological effects of these mutations using a more 
relevant hematopoietic cell line. Previous studies have 
utilized either Ba/F3 or 32D hematopoietic cell lines to 
demonstrate oncogenic and proliferative potential in 
these IL-3 dependent cell lines [9, 12, 32, 33]. Using 32D 
cells, expression of the double mutant BCR(Y177F)-
FGFR1(Y766F) was unable to drive proliferation in the 
absence of IL-3 (Figure 5A). In contrast, cells expressing 
the single mutant BCR(Y766F)-FGFR1 proliferated as 
well or better than BCR-FGFR1-expressing cells, while 
cells expressing the Grb2 site single mutant, BCR(Y177F)-
FGFR1, exhibited reduced but significant proliferative 
ability. These data demonstrate that inhibition of either 
signaling pathway alone fails to inhibit hematopoietic 
cell proliferation, and demonstrate a dual requirement 
for Grb2 and PLCγ1 interactions with BCR-FGFR1 for 
proliferation. 

PLCγ1: a potential therapeutic target for BCR-
FGFR1-driven hematologic malignancies

Phospholipase C (PLC) enzymes are known 
for their role in cell signaling, specifically, PLCγ1 
activation induces the hydrolysis of phosphatidylinositol 
4,5-bisphosphate (PIP2), leading to the production 
of secondary messengers diacyl glycerol (DAG) and 
inositol-1,4,5-trisphosphate (IP3), eventually causing cell 
proliferation [11, 34, 35]. To probe PLCγ1 as a therapeutic 
target for BCR-FGFR1-driven SCLL, 32D cells stably 
expressing BCR-FGFR1 were treated with U73122, 
a small molecule PLCγ inhibitor [36], and assayed 
for metabolic activity. Cells expressing BCR-FGFR1 
exhibited a dose-dependent response to U73122 treatment 
in the absence of IL-3 (Figure 5B). 
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Figure 4: LC/MS-MS interactome and proteome volcano plots comparing BCR-FGFR1 with BCR(Y177F)-
FGFR1(K656E). (A) A volcano plot representation of interacting proteins in BCR(Y177F)-FGFR1(Y766F) compared to BCR-FGFR1. 
This plot is normalized to log2 fold change and the respective adjusted p-values between BCR-FGFR1 and BCR(Y177F)-FGFR1(Y766F). 
(B) A volcano plot representation of the total proteome in BCR(Y177F)-FGFR1(Y766F) compared to BCR-FGFR1. This plot is normalized 
to log2 fold change and the respective adjusted p-values between BCR-FGFR1 and BCR(Y177F)-FGFR1(Y766F). Four independent 
biological replicates were used for each sample. For all datasets, results were initially normalized against the kinase-dead BCR-
FGFR1(K514A), for which quadruplicate samples were analyzed in parallel with the active mutant, BCR-FGFR1, and the two biologically 
inactive mutants, BCR(Y177F)-FGFR1(Y766F) and BCR(Y177F)-FGFR1(K656E/Y766F). Dashed vertical lines represent +/− 1 standard 
deviation from the mean.
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Figure 5: Effects of PLCγ1 and Grb2 mutations, and the efficacy of small molecule inhibitors, on hematopoietic cell 
proliferation. (A) 32D cell proliferation assay measured by MTT metabolic activity is presented using 32D cell lines stably expressing 
the BCR-FGFR1 fusion protein or BCR-FGFR1 derivatives, grown in the absence of IL-3 over a period of 11 days. As a control, all 
cell lines proliferated equally well in the presence of IL-3 over a period of 11 days (data not shown). Each experiment was performed 
a minimum of 3 times. (B) 32D cells stably expressing BCR-FGFR1 or control 32D cells were grown in the absence of IL-3, treated 
with increasing concentrations of the PLCγ1 inhibitor U73122 and assessed for metabolic activity by MTT assay. Each experiment was 
performed a minimum of 3 times, and standard error of the mean (SEM) is shown. As a control, all cell lines proliferated equally well in the 
presence of IL-3 (data not shown). (C) 32D cells stably expressing BCR-FGFR1 or control 32D cells were grown in the absence of IL-3, 
treated with increasing concentrations of the FGFR inhibitor futibatinib and assessed for metabolic activity by MTT assay. Each experiment 
was performed a minimum of 3 times, and standard error of the mean (SEM) is shown. As a control, all cell lines proliferated equally well 
in the presence of IL-3 (data not shown). 
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Futibatinib inhibits BCR-FGFR1 and BCR-
FGFR1(K656E)-driven cell proliferation

Tyrosine kinase inhibitor (TKI) therapy is often 
prescribed to patients with FGFR fusions, however, 
while ATP-competitive FGFR inhibitors can deter 
tumor growth, patients commonly develop secondary 
kinase domain resistance mechanisms in response [37, 
38]. Futibatinib (TAS-120) is a non-ATP competitive 
irreversible pan-FGFR inhibitor which binds to covalently 

to a conserved cysteine in the P-loop of the kinase domain 
[38]. Furthermore, futibatinib has demonstrated clinical 
efficacy in patients harboring FGFR2-fusion-driven 
cholangiocarcinoma, and is in clinical trials to assess its 
efficacy in the treatment of solid or myeloid and lymphoid 
neoplasms with FGFR1 re-arrangements (NCT04189445) 
[38]. 32D cells stably expressing BCR-FGFR1 were 
treated with increasing concentrations of futibatinib, in 
the absence of IL-3 (Figure 5C), and exhibited a dose-
dependent response to futibatinib treatment. 

Table 1A: Phospho-sites for BCR-FGFR1 associated phospho-proteome
Phosphorylated sites (upregulated) P Value
GRB2_Y209 5.99E-11
BCR_Y177 3.40E-10
TCP1_S544,TCP1_S551 9.29E-07
PTPN11_Y63,PTPN11_Y66 1.06E-07
TCP1_S544,TCP1_Y545,TCP1_S551 9.37E-06
PLCG1_Y428 3.76E-07
FGFR1_S762,FGFR1_Y776 7.75E-07
TCP1_S544,TCP1_Y545 8.56E-07
MYCBP2_S2873 1.05E-07
BCAS3_S886 6.90E-05
MCFD2_Y135 9.98E-05
SUGT1_Y90 1.28E-04
SPTAN1_Y1261 3.93E-05
STIP1_Y376 2.02E-06
Phosphorylated sites (downregulated) P Value
MAPK1_T181,MAPK1_T185 3.55E-06
ARC_Y14 2.00E-06
CDK1_S39 9.87E-09
ARC_Y78 4.49E-06
MARK2_S40,MARK2_Y53 7.55E-08
AKTIP_S16 1.08E-04
PITPNB_S267 8.51E-06
TOMM34_S186 2.02E-07
PITPNB_S267 4.86E-06
PPP2R5D_S60,PPP2R5D_S62 1.07E-07
MARF1_S536 3.34E-05
EEF1AKNMT_S267 7.65E-09
MAPK1_T190 1.29E-05
MARF1_S536 1.10E-05
FGFR1_S450,FGFR1_S451,FGFR1_S461 1.05E-07
DTL_S717 4.05E-05
ANKZF1_S47,ANKZF1_S51,ANKZF1_S56 1.59E-05
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DISCUSSION

BCR-FGFR1 exhibits absolute requirement for 
both Grb2 and PLCγ1

Since the discovery of BCR-ABL, over 500 
additional oncogenic fusion proteins have been identified 
as drivers of hematologic malignancies, emphasizing 
the importance of characterizing these drivers and their 
respective cancers [9]. While FGFR2 alterations and 
FGFR2 fusion proteins have been identified as drivers 
of intrahepatic cholangiocarcinoma [13, 38, 39], FGFR1 
fusion proteins are implicated as drivers of stem cell 
leukemia/lymphoma. The use of TKI therapy treatment 
often results in acquired drug resistance in patients, 
often through secondary kinase-activating mutations, 
highlighting the need to develop alternative treatments 
[37]. 

We demonstrate here that BCR-FGFR1 relies dually 
on the small adapter protein, Grb2, and the phospholipase, 
PLCγ1, for biological activity and the activation of cell 
signaling pathways (summarized in Figure 6). Previous 
work demonstrated the dependence of BCR-FGFR1 
on Grb2 for CML-like leukemia, and the importance of 
PLCγ1 for ZNF198-FGFR1-driven EMS like disease [10]. 
Mutation of the Grb2 and PLCγ1 phospho-acceptor sites in 
BCR-FGFR1 abolished cell transformation ability and cell 
proliferation (Figures 1 and 5). While single mutations of 
either the Grb2 interaction site (Y177F in BCR) or PLCγ1 

interaction site (Y766F in FGFR1) reduced biological 
activity, both mutations were necessary for ablation of 
BCR-FGFR1-driven cell proliferation. Importantly, the 
BCR(Y177F)-FGFR1(Y766F) double-mutant, despite 
being biologically inactive, retains tyrosine kinase activity; 
this demonstrates clearly that kinase activation alone is 
insufficient for biological transformation (Figure 2). 
Furthermore, addition of a secondary K656E kinase-
activating mutation in BCR-FGFR1 did not overcome 
the dual requirement for Grb2 and PLCγ1 interaction for 
biological activity. 

Our novel proteomic screen reveals for the first 
time the BCR-FGFR1 protein interactome, phospho-
proteome, and total proteome (Figures 3 and 4). These 
data confirm that Grb2 and PLCγ1 interactions are 
necessary for BCR-FGFR1 mediated cell proliferation 
and identify Gab1 and PTPN11 as possible downstream 
effectors of Grb2 and PLCγ1 (Figure 3). Importantly, 
PTPN11(Shp2) inhibition has recently emerged as a 
therapeutic target in multiple cancer models [26, 40]. 
A recent study has demonstrated that certain RTK 
fusion proteins have the ability to assemble into higher 
order membraneless protein granules, which activate 
Ras/MAPK signaling in a ligand independent manner 
[41]. Interestingly, Grb2, PLCγ1, PTPN11(Shp2) and 
Gab1 were all enriched in these RTK protein granules, 
suggesting that BCR-FGFR1 may also function in the 
same modality, with the additional identified proteins, 
USP15, GPR89, and ECSIT (Figure 6).

Table 1B: Upregulated GO (Gene Ontology) functions for BCR-FGFR1 associated phospho-
proteome
GO Term Description P-value
GO: 0050790 Regulation of catalytic activity 9.76E-06
GO: 0097485 Neuron projection guidance 4.70E-05
GO: 0007411 Axon guidance 4.70E-05
GO: 0007166 Cell surface receptor signaling pathway 6.30E-05
GO: 0035556 Intracellular signal transduction 6.93E-05
GO: 0065009 Regulation of molecular function 8.25E-05
GO: 0007165 Signal transduction 1.09E-04
GO: 0019221 Cytokine-mediated signaling pathway 1.25E-04
GO: 0051336 Regulation of hydrolase activity 2.24E-04
GO: 0002252 Immune effector process 2.60E-04
GO: 0007167 Enzyme linked receptor protein signaling pathway 2.97E-04
GO: 0007169 Transmembrane receptor protein tyrosine kinase signaling pathway 3.04E-04
GO: 0010646 Regulation of cell communication 3.17E-04
GO: 0043085 Positive regulation of catalytic activity 6.49E-04
GO: 0007173 Epidermal growth factor receptor signaling pathway 7.30E-04
GO: 0051338 Regulation of transferase activity 8.96E-04
GO: 0023051 Regulation of signaling 9.42E-04
GO: 0042058 Regulation of epidermal growth factor receptor signaling pathway 9.49E-04
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Table 1C: GO functions for BCR-FGFR1 associated proteome
GO Process (upregulated) Proteins 

GO_CELLULAR_RESPONSE_TO_CYTOKINE_STIMULUS
IRF9
IFIT1
ISG15

GO_CYTOKINE_MEDIATED_SIGNALING_PATHWAY
IRF9
IFIT1
ISG15

GO_RESPONSE_TO_TYPE_I_INTERFERON
IRF9
IFIT1
ISG15

GO Process (downregulated) Proteins

GO_APOPTOTIC_SIGNALING_PATHWAY

CDKN1A
CHAC1
DDIT3
DDIT4
E2F2

PPP1R15A
TRIB3

GO_CELL_CYCLE_ARREST

CDKN1A
DDIT3
DUSP1

GADD45A
MYC

PPP1R15A

GO_INTRINSIC_APOPTOTIC_SIGNALING_PATHWAY

CDKN1A
CHAC1
DDIT3
DDIT4
E2F2

PPP1R15A
TRIB3

GO_NEGATIVE_REGULATION_OF_INTRACELLULAR_SIGNAL
_TRANSDUCTION

ATF3
DDIT3
DDIT4
DUSP1
MYC

GO_NEGATIVE_REGULATION_OF_KINASE_ACTIVITY

CDKN1A
DUSP1

GADD45A
TRIB3

GO_NEGATIVE_REGULATION_OF_PHOSPHORYLATION

ATF3
CDKN1A

DDIT4
DUSP1

GADD45A
MYC

PPP1R15A
TRIB3

GO_PROTEIN_UBIQUITINATION

CBL
KLHL21
KLHL28

TTC3
WSB1

GO_PROTEIN_UBIQUITINATION_INVOLVED_IN_UBIQUITIN_DEPENDENT_
PROTEIN_CATABOLIC_PROCESS

CBL
KLHL21
KLHL28
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Recently, PLCγ1 inhibition has emerged as a 
therapeutic target for hematologic cancers and PLCγ1 
phosphorylation status is a biomarker for metastatic 
risk in luminal breast cancer [11, 42, 43]. However, the 
importance of PLCγ1 for SCLL remained uncharacterized 
prior to this study. While this work clearly shows the 
importance of PLCγ1 for BCR-FGFR1-driven SCLL, 
through cell-based assays and quantitative proteomics, we 
further demonstrate that PLCγ1 inhibition reduces overall 
biological activity as seen through the assays performed 
with U73122 (Figure 5). U73122, a known inhibitor of 
PLCγ1, was able to drastically decrease the biological 
activity of BCR-FGFR1, or of the kinase-activated BCR-
FGFR1(K656E) mutant. These experiments yielded 
unequivocal results using NIH3T3 cell transformation 
assays, and of greater relevance to hematopoietic cancers, 
using the hematopoietic IL3-dependent cell line 32D. 
However, further experiments will be required examining 

PLCγ1 inhibitors in patient-derived cell lines and clinical 
studies to fully understand the efficacy of inhibiting this 
pathway.

ATP-competitive TKIs allow durable responses 
in patients with FGFR-driven tumors [44]. However, 
patients often develop acquired resistance to these 
inhibitors through the emergence of secondary kinase-
activating mutations, as observed in FGFR2 fusion-driven 
intrahepatic cholangiocarcinoma [13, 38]. Futibatinib, a 
non-ATP competitive irreversible pan-FGFR inhibitor, 
reduces BCR-FGFR1 and BCR-FGFR1(K656E)-driven 
cell transformation and cell signaling in a dose-dependent 
manner (Figure 5). Furthermore, futibatinib treatment 
resulted in a durable complete hematologic and cytogenetic 
remission in a patient with PCM1-FGFR1 positive 
myeloid neoplasm. This demonstrates that futibatinib may 
be efficacious in treating BCR-FGFR1-driven SCLL to 
overcome additional kinase-activating mutations.

Figure 6: Signaling pathways activated by BCR-FGFR1. A model is presented for signaling by BCR-FGFR1 as mediated by 
the phosphorylated Y177 binding site for the adapter protein, Grb2, within the BCR domain of the oncogenic fusion protein, and by the 
phosphorylated Y766 binding site for the membrane associated enzyme, PLCγ1, within the FGFR1 domain. The proposed membrane-less 
protein granule [41] is represented in blue, containing the additional proteins found from our mass spectrometry interactome screen. These 
proteins include: Shp2 (PTPN11), Grb2, PLCγ, Usp15, Gpr89, and ECSIT. Small molecule inhibitors of PLCγ, such as U73122, used in 
conjunction with FGFR1 inhibitors such as the irreversible TKI futibatinib, are able to efficiently abrogate the proliferative and oncogenic 
effects of the BCR-FGFR1 fusion protein.
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Implications for additional hematological cancers

Since the detection of BCR-ABL, BCR has been 
identified as a commonly occurring fusion partner in 
many other hematologic malignancies. Notably, BCR-
PDGFRA, BCR-JAK2, and BCR-RET fusions have been 
established as additional drivers of myeloid and lymphoid 
neoplasms, while BCR-NTRK2 was identified as a 
potential driver of glioblastoma [45, 46]. Clinical evidence 
suggests that patients who harbor these mutations benefit 
from personalized therapies, highlighting the importance 
of molecular testing and oncoprotein characterization. 
Identified BCR fusion proteins in patients contain 
at minimum the coiled-coil oligomerization domain 
and Grb2 biding site contributed by BCR, fused to a 
constitutively activated tyrosine kinase contributed by 
a partner gene [45]. Due to many structural similarities 
between these identified fusion oncogenes, the results 
described in this study may be applicable to additional 
leukemias driven by BCR fusion proteins.

The quantitative proteomic profiling described 
here detected Shp2 and Gab1 as possible downstream 
effectors of Grb2 in BCR-FGFR1-induced malignancies. 
While Shp2 is essential in driving BCR-ABL mediated 
leukemogenesis [47], our results suggest that Shp2 also 
plays a vital role in BCR-FGFR1 driven hematologic 
malignancies. As the Grb2 binding site at Tyr177 in 
BCR is uniformly conserved among other BCR-fusion 
proteins, such as BCR-JAK2, BCR-PDGFRA, BCR-
RET and BCR-NTRK2, our results suggest that Shp2 and 
Gab1 play an equally important role in cancers driven 
by these oncogenes as well. Furthermore, inhibition of 
Shp2 maybe beneficial for these BCR-fusion protein 
driven hematologic cancers, however, this remains to be 
investigated.  
PLCγ1: an emerging target for myeloid and lymphoid 
neoplasms 

The membrane associated phospho-enzyme, 
PLCγ1, is typically activated by RTKs and mediates 
downstream signaling and cell proliferation. However, 
PLCγ1 is overexpressed and mutated in various cancers 
including breast cancer, gastric cancer, colorectal cancer, 
T-cell lymphoma, and AML [11, 48]. Activation of this 
enzyme is associated with cancer cell migration and 
metastasis, which has resulted in PLCγ1 emerging as a 
potential therapeutic target for cancer treatment [11, 48]. 
In hematological malignancies, PLCγ1 is known to play 
an important role in AML leukemogenesis and is required 
for AML1-ETO induced leukemic stem cell survival; 
however, the role of PLCγ1 in SCLL was unknown prior 
to this study [11, 49]. Through this work, we demonstrate 
that PLCγ1 is required for BCR-FGFR1-induced cell 
proliferation and establish PLCγ1 inhibition as a potential 
therapeutic target for SCLL. Furthermore, PLCγ1 
inhibition may emerge as an alternative therapeutic option 
for imatinib-resistant CML cases. 

Stem cell leukemia/lymphoma (SCLL) exhibits 
distinct clinical and pathological features, characterized 
by chromosomal translocations involving the FGFR1 
gene at chromosome 8p11. Currently, 15 FGFR1 partner 
genes have been identified in SCLL, all of which contain 
a crucial dimerization domain, imperative for FGFR1 
tyrosine kinase activity [4, 7]. Due to the large number 
of FGFR1 partner genes, each with its own specific 
dimerization domain, inhibition of oligomerization or 
dimerization may not be easily feasible as a therapeutic 
modality for SCLL. However, all identified FGFR1 
fusions in SCLL display a commonality in containing a 
PLCγ1 binding site at the C-terminus of FGFR1 at Tyr766 
[4]. Due to this similarity across these FGFR1 fusions, 
PLCγ1 inhibition may be a beneficial therapeutic target in 
treating FGFR1 translocation induced myeloproliferative 
neoplasms. 

The characterization of driver mutations in 
cancer is imperative, as this provides a mechanistic 
understanding of cancer progression. SCLL patients 
have a median one-year overall survival rate of 43%. 
This poor prognosis and lack of molecular targeted 
therapies highlights SCLL as a critically unmet medical 
need. This study provides new information concerning 
the dual roles of Grb2 and PLCγ1 as modulators in 
BCR-FGFR1-driven SCLL. Our use of quantitative 
mass spectrometry methods unraveled the BCR-FGFR1 
mediated protein interactome and protein phospho-
proteome. This comprehensive screen identified Shp2, 
Gab1, GPR89, USP15, and ECSIT as new proteins 
for further study, as they may be key effectors in 
hematopoietic transformation exploited by BCR-
FGFR1. With the advent of personalized medicine, the 
characterization of oncogenic fusion proteins resultant 
from chromosomal translocations provides opportunity 
to introduce molecular therapies. Our work highlights 
the importance of sequencing based, mutation-specific 
therapies for FGFR1 induced hematologic malignancies. 

MATERIALS AND METHODS

DNA constructs

The mutations for BCR(Y177F), FGFR1(766F), and 
all other mutations described were introduced by PCR-
based site-directed mutagenesis. Other clones were as 
previously described [9]. 

Cell culture and immunoblotting

HEK293T cells, 32D cells (clone 3) (ATCC 
CRL-11346) cells, and NIH3T3 cells were maintained 
as described previously [9, 13]. See Supplementary 
Materials for complete information, including 
HEK293T transfections, NIH3T3 transformations, and 
immunoblotting [50, 51].
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U73122 and futibatinib experiments

U73122 was obtained from Selleckchem (Houston, 
TX, USA) and futibatinib (TAS-120) was obtained from 
Chemgood (Glen Allen, VA, USA). Approximately 24 h after 
transfection, cells were starved with no FBS for 18 h. Stated 
concentrations of U73122 or futibatinib were added 14 h into 
the starvation period. Cells were then collected and lysed 
as described for immunoblotting and immunoprecipitation 
analyses. For experiments involving U73122 or futibatinib 
performed in NIH3T3 cell focus assays, cells were re-fed 
with the respective drug in 2.5% CS/DMEM media every 
3–4 days, after which they were fixed and scored for 
transfection efficiency as described. The amount of drug 
was initially titrated for each assay in order to avoid toxicity 
to the various cell lines. Each experiment had a total of 2 
technical replicates and 4 biological replicates.

Mass spectrometry sample preparation

HEK293T cells were plated one day prior to 
transfection at 3.0 × 106 cells per 15 cm tissue culture 
plate. Five plates per sample were transfected with 
BCR-FGFR1, BCR-FGFR1(K514A), BCR(Y177F)-
FGFR1(Y766F) or BCR(Y177F)-FGFR1(K656E/Y766F). 
Each plate was transfected with 10 μg of each respective 
pcDNA3 plasmid construct. A total of four biological 
replicates were generated. 

Following cell lysis and protein digestion, peptides 
were labeled with Tandem Mass Tags (TMT) and 
fractionated by high pH reversed phase chromatography. The 
subsequent TMT-labeled phosphopeptides were sequentially 
enriched by Immobilized Metal Affinity Chromatography 
(IMAC) and anti-phospho-Tyrosine antibody. All mass 
spectra were analyzed with Spectromine software [52, 53]. 
Statistical analyses of TMT total and phosphoproteome data 
were carried out separately using in-house R script (version 
3.5.1, 64-bit), including R Bioconductor packages limma 
(Linear Models for Microarray Data) [53], ssGSEA [54] 
and MSstatsTMT (Mass Spectrometry statistical package) 
[27]. All gene ontology analyses functions in Tables 1B and 
1C had a minimum p-value of 1.0 × 10−3 and a minimum of 
three protein hits per GO function. All determined phospho-
sites in Table 1A had a minimum log 2-fold change in 
phosphorylation compared to the control samples, and 
a minimum p-value of 1.0 × 10−5. See Supplementary 
Information for detailed methods.

Abbreviations

32D: murine myeloblast-like IL3-dependent 
hematopoietic cell line; AML: Acute Myeloid Leukemia; 
BCR: Breakpoint Cluster Region; CML: Chronic Myeloid 
Leukemia; ECSIT: Evolutionarily Conserved Signaling 
Intermediate In Toll; EMS: 8p11 Myeloproliferative 
Syndrome; FGFR1: Fibroblast Growth Factor Receptor 

1; FGFRs: Fibroblast Growth Factor Receptors; Gab1: 
GRB2 Associated Binding Protein 1; GO function: Gene 
Ontology function; GPR89: G Protein-Coupled Receptor 
89B; Grb2: Growth Factor Receptor Bound protein 2; 
IMAC: Immobilized Metal Affinity Chromatography; 
LC-MS/MS: Liquid Chromatography with tandem mass 
spectrometry; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PLCγ1: Phospholipase 
C Gamma 1; PTPN11: Protein Tyrosine Phosphatase 
Non-Receptor Type 11; RTK: Receptor Tyrosine Kinase; 
SCLL: Stem Cell Leukemia/Lymphoma; SEM: Standard 
Error of the Mean; Shp2: SH2 Domain-Containing 
Protein Tyrosine Phosphatase 2; SOS: Son of Sevenless; 
STAT3: Signal Transducer And Activator Of Transcription 
3; T-ALL: T-cell Acute Lymphoblastic Leukemia 
Lymphoma; TAP: Tandem Affinity Purification; TKI: 
Tyrosine Kinase Inhibitor; TMT: Tandem Mass Tag; 
U73122: PLCγ1 inhibitor, 1-(6-((3-Methoxyestra-
1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-2,5-dione; 
USP15: Ubiquitin Specific Peptidase 15.

Author contributions

MNP and DJD were responsible for project 
conceptualization. MNP, ANM, and DW performed 
research. ARC performed mass spectral data analysis. DJD 
reviewed all data and provided funding acquisition. MNP 
prepared the initial draft of the manuscript. MNP, ANM, 
ARC, and DJD revised the manuscript.

ACKNOWLEDGMENTS

We thank all current and past lab members 
particularly, Juyeon Ko and Clark Wang, for advice 
and encouragement, and Dan Crocker for additional 
support.

Consent for publication

All authors have contributed to this work and 
consent to this publication.

Availability of data and materials

All materials and data described herein will be fully 
available to members of the scientific community.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

FUNDING 

MNP gratefully acknowledges support from a UC 
San Diego San Diego Fellowship, and DJD gratefully 



Oncotarget674www.oncotarget.com

acknowledges generous philanthropic support from the 
UC San Diego Foundation. Support to the SBP Proteomics 
Facility from grant P30 CA030199 from the National 
Institutes of Health is also gratefully acknowledged.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

 1. Mitelman F, Johansson B, Mertens F. The impact of 
translocations and gene fusions on cancer causation. Nat 
Rev Cancer. 2007; 7:233–45. https://doi.org/10.1038/
nrc2091. [PubMed]

 2. Van AN, Kunkel MT, Baffi TR, Lordén G, Antal CE, 
Banerjee S, Newton AC. Protein kinase C fusion proteins 
are paradoxically loss of function in cancer. J Biol 
Chem. 2021; 296:100445. https://doi.org/10.1016/j.
jbc.2021.100445. [PubMed]

 3. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, 
Diaz LA Jr, Kinzler KW. Cancer genome landscapes. 
Science. 2013; 339:1546–58. https://doi.org/10.1126/
science.1235122. [PubMed]

 4. Gallo LH, Nelson KN, Meyer AN, Donoghue DJ. Functions 
of Fibroblast Growth Factor Receptors in cancer defined 
by novel translocations and mutations. Cytokine Growth 
Factor Rev. 2015; 26:425–49. https://doi.org/10.1016/j.
cytogfr.2015.03.003. [PubMed]

 5. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, 
Le Beau MM, Bloomfield CD, Cazzola M, Vardiman 
JW. The 2016 revision to the World Health Organization 
classification of myeloid neoplasms and acute leukemia. 
Blood. 2016; 127:2391–405. https://doi.org/10.1182/
blood-2016-03-643544. [PubMed]

 6. Hu T, Wu Q, Chong Y, Qin H, Poole CJ, van Riggelen J, 
Ren M, Cowell JK. FGFR1 fusion kinase regulation of 
MYC expression drives development of stem cell leukemia/
lymphoma syndrome. Leukemia. 2018; 32:2363–73. https://
doi.org/10.1038/s41375-018-0124-y. [PubMed]

 7. Umino K, Fujiwara SI, Ikeda T, Toda Y, Ito S, Mashima K, 
Minakata D, Nakano H, Yamasaki R, Kawasaki Y, Sugimoto 
M, Yamamoto C, Ashizawa M, et al. Clinical outcomes of 
myeloid/lymphoid neoplasms with fibroblast growth factor 
receptor-1 (FGFR1) rearrangement. Hematology. 2018; 
23:470–77. https://doi.org/10.1080/10245332.2018.14462
79. [PubMed]

 8. Jackson CC, Medeiros LJ, Miranda RN. 8p11 
myeloproliferative syndrome: a review. Hum Pathol. 2010; 
41:461–76. https://doi.org/10.1016/j.humpath.2009.11.003. 
[PubMed]

 9. Peiris MN, Meyer AN, Nelson KN, Bisom-Rapp 
EW, Donoghue DJ. Oncogenic fusion protein BCR-
FGFR1 requires the breakpoint cluster region-mediated 
oligomerization and chaperonin Hsp90 for activation. 
Haematologica. 2020; 105:1262–73. https://doi.
org/10.3324/haematol.2019.220871. [PubMed]

10. Roumiantsev S, Krause DS, Neumann CA, Dimitri CA, 
Asiedu F, Cross NC, Van Etten RA. Distinct stem cell 
myeloproliferative/T lymphoma syndromes induced by 
ZNF198-FGFR1 and BCR-FGFR1 fusion genes from 8p11 
translocations. Cancer Cell. 2004; 5:287–98. https://doi.
org/10.1016/s1535-6108(04)00053-4. [PubMed]

11. Mahmud H, Scherpen FJG, de Boer TM, Lourens HJ, 
Schoenherr C, Eder M, Scherr M, Guryev V, De Bont ES. 
Peptide microarray profiling identifies phospholipase C 
gamma 1 (PLC-γ1) as a potential target for t(8;21) AML. 
Oncotarget. 2017; 8:67344–54. https://doi.org/10.18632/
oncotarget.18631. [PubMed]

12. Nelson KN, Meyer AN, Siari A, Campos AR, 
Motamedchaboki K, Donoghue DJ. Oncogenic Gene 
Fusion FGFR3-TACC3 Is Regulated by Tyrosine 
Phosphorylation. Mol Cancer Res. 2016; 14:458–69. https://
doi.org/10.1158/1541-7786.MCR-15-0497. [PubMed]

13. Li F, Meyer AN, Peiris MN, Nelson KN, Donoghue DJ. 
Oncogenic fusion protein FGFR2-PPHLN1: Requirements 
for biological activation, and efficacy of inhibitors. 
Transl Oncol. 2020; 13:100853. https://doi.org/10.1016/j.
tranon.2020.100853. [PubMed]

14. Patel AB, O’Hare T, Deininger MW. Mechanisms of 
Resistance to ABL Kinase Inhibition in Chronic Myeloid 
Leukemia and the Development of Next Generation ABL 
Kinase Inhibitors. Hematol Oncol Clin North Am. 2017; 
31:589–612. https://doi.org/10.1016/j.hoc.2017.04.007. 
[PubMed]

15. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy 
BA, Jacobsen A, Byrne CJ, Heuer ML, Larsson E, Antipin 
Y, Reva B, Goldberg AP, et al. The cBio cancer genomics 
portal: an open platform for exploring multidimensional 
cancer genomics data. Cancer Discov. 2012; 2:401–4. 
https://doi.org/10.1158/2159-8290.CD-12-0095. [PubMed]

16. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, 
Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E, 
Cerami E, Sander C, Schultz N. Integrative analysis of 
complex cancer genomics and clinical profiles using the 
cBioPortal. Sci Signal. 2013; 6:pl1. https://doi.org/10.1126/
scisignal.2004088. [PubMed]

17. Jirawatnotai S, Sharma S, Michowski W, Suktitipat B, Geng 
Y, Quackenbush J, Elias JE, Gygi SP, Wang YE, Sicinski 
P. The cyclin D1-CDK4 oncogenic interactome enables 
identification of potential novel oncogenes and clinical 
prognosis. Cell Cycle. 2014; 13:2889–900. https://doi.org
/10.4161/15384101.2014.946850. [PubMed]

18. Adhikari H, Counter CM. Interrogating the protein 
interactomes of RAS isoforms identifies PIP5K1A as a 

https://doi.org/10.1038/nrc2091
https://doi.org/10.1038/nrc2091
https://pubmed.ncbi.nlm.nih.gov/17361217
https://doi.org/10.1016/j.jbc.2021.100445
https://doi.org/10.1016/j.jbc.2021.100445
https://pubmed.ncbi.nlm.nih.gov/33617877
https://doi.org/10.1126/science.1235122
https://doi.org/10.1126/science.1235122
https://pubmed.ncbi.nlm.nih.gov/23539594
https://doi.org/10.1016/j.cytogfr.2015.03.003
https://doi.org/10.1016/j.cytogfr.2015.03.003
https://pubmed.ncbi.nlm.nih.gov/26003532
https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1182/blood-2016-03-643544
https://pubmed.ncbi.nlm.nih.gov/27069254
https://doi.org/10.1038/s41375-018-0124-y
https://doi.org/10.1038/s41375-018-0124-y
https://pubmed.ncbi.nlm.nih.gov/29720732
https://doi.org/10.1080/10245332.2018.1446279
https://doi.org/10.1080/10245332.2018.1446279
https://pubmed.ncbi.nlm.nih.gov/29486661
https://doi.org/10.1016/j.humpath.2009.11.003
https://pubmed.ncbi.nlm.nih.gov/20226962
https://doi.org/10.3324/haematol.2019.220871
https://doi.org/10.3324/haematol.2019.220871
https://pubmed.ncbi.nlm.nih.gov/31439673
https://doi.org/10.1016/s1535-6108(04)00053-4
https://doi.org/10.1016/s1535-6108(04)00053-4
https://pubmed.ncbi.nlm.nih.gov/15050920
https://doi.org/10.18632/oncotarget.18631
https://doi.org/10.18632/oncotarget.18631
https://pubmed.ncbi.nlm.nih.gov/28978037
https://doi.org/10.1158/1541-7786.MCR-15-0497
https://doi.org/10.1158/1541-7786.MCR-15-0497
https://pubmed.ncbi.nlm.nih.gov/26869289
https://doi.org/10.1016/j.tranon.2020.100853
https://doi.org/10.1016/j.tranon.2020.100853
https://pubmed.ncbi.nlm.nih.gov/32854034
https://doi.org/10.1016/j.hoc.2017.04.007
https://pubmed.ncbi.nlm.nih.gov/28673390
https://doi.org/10.1158/2159-8290.CD-12-0095
https://pubmed.ncbi.nlm.nih.gov/22588877
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
https://pubmed.ncbi.nlm.nih.gov/23550210
https://doi.org/10.4161/15384101.2014.946850
https://doi.org/10.4161/15384101.2014.946850
https://pubmed.ncbi.nlm.nih.gov/25486477


Oncotarget675www.oncotarget.com

KRAS-specific vulnerability. Nat Commun. 2018; 9:3646. 
https://doi.org/10.1038/s41467-018-05692-6. [PubMed]

19. Lim YP. Mining the tumor phosphoproteome for cancer 
markers. Clin Cancer Res. 2005; 11:3163–69. https://doi.
org/10.1158/1078-0432.CCR-04-2243. [PubMed]

20. Reckel S, Hamelin R, Georgeon S, Armand F, Jolliet Q, 
Chiappe D, Moniatte M, Hantschel O. Differential signaling 
networks of Bcr-Abl p210 and p190 kinases in leukemia 
cells defined by functional proteomics. Leukemia. 2017; 
31:1502–12. https://doi.org/10.1038/leu.2017.36. [PubMed]

21. Chan G, Kalaitzidis D, Neel BG. The tyrosine phosphatase 
Shp2 (PTPN11) in cancer. Cancer Metastasis Rev. 2008; 
27:179–92. https://doi.org/10.1007/s10555-008-9126-y. 
[PubMed]

22. Ortiz-Padilla C, Gallego-Ortega D, Browne BC, Hochgräfe 
F, Caldon CE, Lyons RJ, Croucher DR, Rickwood 
D, Ormandy CJ, Brummer T, Daly RJ. Functional 
characterization of cancer-associated Gab1 mutations. 
Oncogene. 2013; 32:2696–702. https://doi.org/10.1038/
onc.2012.271. [PubMed]

23. Kopp E, Medzhitov R, Carothers J, Xiao C, Douglas 
I, Janeway CA, Ghosh S. ECSIT is an evolutionarily 
conserved intermediate in the Toll/IL-1 signal transduction 
pathway. Genes Dev. 1999; 13:2059–71. https://doi.
org/10.1101/gad.13.16.2059. [PubMed]

24. Zou Q, Jin J, Hu H, Li HS, Romano S, Xiao Y, Nakaya M, 
Zhou X, Cheng X, Yang P, Lozano G, Zhu C, Watowich 
SS, et al. USP15 stabilizes MDM2 to mediate cancer-
cell survival and inhibit antitumor T cell responses. Nat 
Immunol. 2014; 15:562–70. https://doi.org/10.1038/
ni.2885. [PubMed]

25. Zhong X, Su L, Yang Y, Nair-Gill E, Tang M, Anderton P, Li 
X, Wang J, Zhan X, Tomchick DR, Brautigam CA, Moresco 
EMY, Choi JH, Beutler B. Genetic and structural studies of 
RABL3 reveal an essential role in lymphoid development 
and function. Proc Natl Acad Sci U S A. 2020; 117:8563–
72. https://doi.org/10.1073/pnas.2000703117. [PubMed]

26. Chong Y, Liu Y, Lu S, Cai B, Qin H, Chang CS, Ren M, 
Cowell JK, Hu T. Critical individual roles of the BCR 
and FGFR1 kinase domains in BCR-FGFR1-driven stem 
cell leukemia/lymphoma syndrome. Int J Cancer. 2020; 
146:2243–54. https://doi.org/10.1002/ijc.32665. [PubMed]

27. Huang T, Choi M, Tzouros M, Golling S, Pandya NJ, Banfai 
B, Dunkley T, Vitek O. MSstatsTMT: Statistical Detection 
of Differentially Abundant Proteins in Experiments 
with Isobaric Labeling and Multiple Mixtures. Mol Cell 
Proteomics. 2020; 19:1706–23. https://doi.org/10.1074/
mcp.RA120.002105. [PubMed]

28. Guest ST, Kratche ZR, Bollig-Fischer A, Haddad R, Ethier 
SP. Two members of the TRiC chaperonin complex, CCT2 
and TCP1 are essential for survival of breast cancer cells 
and are linked to driving oncogenes. Exp Cell Res. 2015; 
332:223–35. https://doi.org/10.1016/j.yexcr.2015.02.005. 
[PubMed]

29. Kandhaya-Pillai R, Miro-Mur F, Alijotas-Reig J, Tchkonia 
T, Kirkland JL, Schwartz S. TNFα-senescence initiates 
a STAT-dependent positive feedback loop, leading to a 
sustained interferon signature, DNA damage, and cytokine 
secretion. Aging (Albany NY). 2017; 9:2411–35. https://
doi.org/10.18632/aging.101328. [PubMed]

30. Malakhova OA, Yan M, Malakhov MP, Yuan Y, Ritchie 
KJ, Kim KI, Peterson LF, Shuai K, Zhang DE. Protein 
ISGylation modulates the JAK-STAT signaling pathway. 
Genes Dev. 2003; 17:455–60. https://doi.org/10.1101/
gad.1056303. [PubMed]

31. Hildesheim J, Bulavin DV, Anver MR, Alvord WG, 
Hollander MC, Vardanian L, Fornace AJ Jr. Gadd45a 
protects against UV irradiation-induced skin tumors, and 
promotes apoptosis and stress signaling via MAPK and p53. 
Cancer Res. 2002; 62:7305–15. [PubMed]

32. Nuñez G, London L, Hockenbery D, Alexander M, 
McKearn JP, Korsmeyer SJ. Deregulated Bcl-2 gene 
expression selectively prolongs survival of growth 
factor-deprived hemopoietic cell lines. J Immunol. 1990; 
144:3602–10. [PubMed]

33. Chen J, Williams IR, Lee BH, Duclos N, Huntly BJ, 
Donoghue DJ, Gilliland DG. Constitutively activated 
FGFR3 mutants signal through PLCgamma-dependent and 
-independent pathways for hematopoietic transformation. 
Blood. 2005; 106:328–37. https://doi.org/10.1182/
blood-2004-09-3686. [PubMed]

34. Chakraborty A, Koldobskiy MA, Sixt KM, Juluri KR, 
Mustafa AK, Snowman AM, van Rossum DB, Patterson 
RL, Snyder SH. HSP90 regulates cell survival via 
inositol hexakisphosphate kinase-2. Proc Natl Acad Sci 
U S A. 2008; 105:1134–39. https://doi.org/10.1073/
pnas.0711168105. [PubMed]

35. Patel VM, Flanagan CE, Martins M, Jones CL, Butler RM, 
Woollard WJ, Bakr FS, Yoxall A, Begum N, Katan M, 
Whittaker SJ, Mitchell TJ. Frequent and Persistent PLCG1 
Mutations in Sézary Cells Directly Enhance PLCγ1 Activity 
and Stimulate NFκB, AP-1, and NFAT Signaling. J Invest 
Dermatol. 2020; 140:380–89.e4. https://doi.org/10.1016/j.
jid.2019.07.693. [PubMed]

36. Smallridge RC, Kiang JG, Gist ID, Fein HG, Galloway 
RJ. U-73122, an aminosteroid phospholipase C antagonist, 
noncompetitively inhibits thyrotropin-releasing hormone 
effects in GH3 rat pituitary cells. Endocrinology. 1992; 
131:1883–88. https://doi.org/10.1210/endo.131.4.1396332. 
[PubMed]

37. Nelson KN, Peiris MN, Meyer AN, Siari A, Donoghue 
DJ. Receptor Tyrosine Kinases: Translocation Partners 
in Hematopoietic Disorders. Trends Mol Med. 2017; 
23:59–79. https://doi.org/10.1016/j.molmed.2016.11.002. 
[PubMed]

38. Goyal L, Shi L, Liu LY, Fece de la Cruz F, Lennerz JK, 
Raghavan S, Leschiner I, Elagina L, Siravegna G, Ng 
RWS, Vu P, Patra KC, Saha SK, et al. TAS-120 Overcomes 
Resistance to ATP-Competitive FGFR Inhibitors in 

https://doi.org/10.1038/s41467-018-05692-6
https://pubmed.ncbi.nlm.nih.gov/30194290
https://doi.org/10.1158/1078-0432.CCR-04-2243
https://doi.org/10.1158/1078-0432.CCR-04-2243
https://pubmed.ncbi.nlm.nih.gov/15867208
https://doi.org/10.1038/leu.2017.36
https://pubmed.ncbi.nlm.nih.gov/28111465
https://doi.org/10.1007/s10555-008-9126-y
https://pubmed.ncbi.nlm.nih.gov/18286234
https://doi.org/10.1038/onc.2012.271
https://doi.org/10.1038/onc.2012.271
https://pubmed.ncbi.nlm.nih.gov/22751113
https://doi.org/10.1101/gad.13.16.2059
https://doi.org/10.1101/gad.13.16.2059
https://pubmed.ncbi.nlm.nih.gov/10465784
https://doi.org/10.1038/ni.2885
https://doi.org/10.1038/ni.2885
https://pubmed.ncbi.nlm.nih.gov/24777531
https://doi.org/10.1073/pnas.2000703117
https://pubmed.ncbi.nlm.nih.gov/32220963
https://doi.org/10.1002/ijc.32665
https://pubmed.ncbi.nlm.nih.gov/31525277
https://doi.org/10.1074/mcp.RA120.002105
https://doi.org/10.1074/mcp.RA120.002105
https://pubmed.ncbi.nlm.nih.gov/32680918
https://doi.org/10.1016/j.yexcr.2015.02.005
https://pubmed.ncbi.nlm.nih.gov/25704758
https://doi.org/10.18632/aging.101328
https://doi.org/10.18632/aging.101328
https://pubmed.ncbi.nlm.nih.gov/29176033
https://doi.org/10.1101/gad.1056303
https://doi.org/10.1101/gad.1056303
https://pubmed.ncbi.nlm.nih.gov/12600939
https://pubmed.ncbi.nlm.nih.gov/12499274
https://pubmed.ncbi.nlm.nih.gov/2184193
https://doi.org/10.1182/blood-2004-09-3686
https://doi.org/10.1182/blood-2004-09-3686
https://pubmed.ncbi.nlm.nih.gov/15784730
https://doi.org/10.1073/pnas.0711168105
https://doi.org/10.1073/pnas.0711168105
https://pubmed.ncbi.nlm.nih.gov/18195352
https://doi.org/10.1016/j.jid.2019.07.693
https://doi.org/10.1016/j.jid.2019.07.693
https://pubmed.ncbi.nlm.nih.gov/31376383
https://doi.org/10.1210/endo.131.4.1396332
https://pubmed.ncbi.nlm.nih.gov/1396332
https://doi.org/10.1016/j.molmed.2016.11.002
https://pubmed.ncbi.nlm.nih.gov/27988109


Oncotarget676www.oncotarget.com

Patients with FGFR2 Fusion-Positive Intrahepatic 
Cholangiocarcinoma. Cancer Discov. 2019; 9:1064–79. 
https://doi.org/10.1158/2159-8290.CD-19-0182. [PubMed]

39. Li F, Peiris MN, Donoghue DJ. Functions of 
FGFR2 corrupted by translocations in intrahepatic 
cholangiocarcinoma. Cytokine Growth Factor Rev. 2020; 
52:56–67. https://doi.org/10.1016/j.cytogfr.2019.12.005. 
[PubMed]

40. Fedele C, Ran H, Diskin B, Wei W, Jen J, Geer MJ, Araki 
K, Ozerdem U, Simeone DM, Miller G, Neel BG, Tang 
KH. SHP2 Inhibition Prevents Adaptive Resistance to MEK 
Inhibitors in Multiple Cancer Models. Cancer Discov. 2018; 
8:1237–49. https://doi.org/10.1158/2159-8290.CD-18-0444. 
[PubMed]

41. Tulpule A, Guan J, Neel DS, Allegakoen HR, Lin YP, 
Brown D, Chou YT, Heslin A, Chatterjee N, Perati S, 
Menon S, Nguyen TA, Debnath J, et al. Kinase-mediated 
RAS signaling via membraneless cytoplasmic protein 
granules. Cell. 2021; 184:2649–64.e18. https://doi.
org/10.1016/j.cell.2021.03.031. [PubMed]

42. Ratti S, Evangelisti C, Mongiorgi S, De Stefano A, Fazio 
A, Bonomini F, Follo MY, Faenza I, Manzoli L, Sheth B, 
Vidalle MC, Kimber ST, Divecha N, et al. “Modulating 
Phosphoinositide Profiles as a Roadmap for Treatment in 
Acute Myeloid Leukemia”. Front Oncol. 2021; 11:678824. 
https://doi.org/10.3389/fonc.2021.678824. [PubMed]

43. Lattanzio R, Iezzi M, Sala G, Tinari N, Falasca M, Alberti S, 
Buglioni S, Mottolese M, Perracchio L, Natali PG, Piantelli 
M. PLC-gamma-1 phosphorylation status is prognostic of 
metastatic risk in patients with early-stage Luminal-A and 
-B breast cancer subtypes. BMC Cancer. 2019; 19:747. 
https://doi.org/10.1186/s12885-019-5949-x. [PubMed]

44. Porta R, Borea R, Coelho A, Khan S, Araújo A, Reclusa 
P, Franchina T, Van Der Steen N, Van Dam P, Ferri J, 
Sirera R, Naing A, Hong D, Rolfo C. FGFR a promising 
druggable target in cancer: Molecular biology and new 
drugs. Crit Rev Oncol Hematol. 2017; 113:256–67. https://
doi.org/10.1016/j.critrevonc.2017.02.018. [PubMed]

45. Peiris MN, Li F, Donoghue DJ. BCR: a promiscuous fusion 
partner in hematopoietic disorders. Oncotarget. 2019; 
10:2738–54. https://doi.org/10.18632/oncotarget.26837. 
[PubMed]

46. Jones KA, Bossler AD, Bellizzi AM, Snow AN. BCR-
NTRK2 fusion in a low-grade glioma with distinctive 
morphology and unexpected aggressive behavior. Cold 
Spring Harb Mol Case Stud. 2019; 5:a003855. https://doi.
org/10.1101/mcs.a003855. [PubMed]

47. Gu S, Sayad A, Chan G, Yang W, Lu Z, Virtanen C, Van 
Etten RA, Neel BG. SHP2 is required for BCR-ABL1-
induced hematologic neoplasia. Leukemia. 2018; 32:203–
13. https://doi.org/10.1038/leu.2017.250. [PubMed]

48. Jang HJ, Suh PG, Lee YJ, Shin KJ, Cocco L, Chae YC. 
PLCγ1: Potential arbitrator of cancer progression. Adv 
Biol Regul. 2018; 67:179–89. https://doi.org/10.1016/j.
jbior.2017.11.003. [PubMed]

49. Schnoeder TM, Schwarzer A, Jayavelu AK, Hsu CJ, 
Kirkpatrick J, Döhner K, Perner F, Eifert T, Huber N, 
Arreba-Tutusaus P, Dolnik A, Assi SA, Nafria M, et al. 
PLCG1 is required for AML1-ETO leukemia stem cell 
self-renewal. Blood. 2022; 139:1080–97. https://doi.
org/10.1182/blood.2021012778. [PubMed]

50. Gallo LH, Meyer AN, Motamedchaboki K, Nelson KN, 
Haas M, Donoghue DJ. Novel Lys63-linked ubiquitination 
of IKKβ induces STAT3 signaling. Cell Cycle. 2014; 
13:3964–76. https://doi.org/10.4161/15384101.2014.9880
26. [PubMed]

51. Meyer AN, McAndrew CW, Donoghue DJ. 
Nordihydroguaiaretic acid inhibits an activated fibroblast 
growth factor receptor 3 mutant and blocks downstream 
signaling in multiple myeloma cells. Cancer Res. 2008; 
68:7362–70. https://doi.org/10.1158/0008-5472.CAN-08-
0575. [PubMed]

52. Cox J, Mann M. MaxQuant enables high peptide 
identification rates, individualized p.p.b.-range mass 
accuracies and proteome-wide protein quantification. Nat 
Biotechnol. 2008; 26:1367–72. https://doi.org/10.1038/
nbt.1511. [PubMed]

53. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, 
Smyth GK. limma powers differential expression analyses 
for RNA-sequencing and microarray studies. Nucleic Acids 
Res. 2015; 43:e47. https://doi.org/10.1093/nar/gkv007. 
[PubMed]

54. Krug K, Mertins P, Zhang B, Hornbeck P, Raju R, Ahmad 
R, Szucs M, Mundt F, Forestier D, Jane-Valbuena J, 
Keshishian H, Gillette MA, Tamayo P, et al. A Curated 
Resource for Phosphosite-specific Signature Analysis. Mol 
Cell Proteomics. 2019; 18:576–93. https://doi.org/10.1074/
mcp.TIR118.000943. [PubMed]

https://doi.org/10.1158/2159-8290.CD-19-0182
https://pubmed.ncbi.nlm.nih.gov/31109923
https://doi.org/10.1016/j.cytogfr.2019.12.005
https://pubmed.ncbi.nlm.nih.gov/31899106
https://doi.org/10.1158/2159-8290.CD-18-0444
https://pubmed.ncbi.nlm.nih.gov/30045908
https://doi.org/10.1016/j.cell.2021.03.031
https://doi.org/10.1016/j.cell.2021.03.031
https://pubmed.ncbi.nlm.nih.gov/33848463
https://doi.org/10.3389/fonc.2021.678824
https://pubmed.ncbi.nlm.nih.gov/34109125
https://doi.org/10.1186/s12885-019-5949-x
https://pubmed.ncbi.nlm.nih.gov/31362705
https://doi.org/10.1016/j.critrevonc.2017.02.018
https://doi.org/10.1016/j.critrevonc.2017.02.018
https://pubmed.ncbi.nlm.nih.gov/28427515
https://doi.org/10.18632/oncotarget.26837
https://pubmed.ncbi.nlm.nih.gov/31105873
https://doi.org/10.1101/mcs.a003855
https://doi.org/10.1101/mcs.a003855
https://pubmed.ncbi.nlm.nih.gov/30936198
https://doi.org/10.1038/leu.2017.250
https://pubmed.ncbi.nlm.nih.gov/28804122
https://doi.org/10.1016/j.jbior.2017.11.003
https://doi.org/10.1016/j.jbior.2017.11.003
https://pubmed.ncbi.nlm.nih.gov/29174396
https://doi.org/10.1182/blood.2021012778
https://doi.org/10.1182/blood.2021012778
https://pubmed.ncbi.nlm.nih.gov/34695195
https://doi.org/10.4161/15384101.2014.988026
https://doi.org/10.4161/15384101.2014.988026
https://pubmed.ncbi.nlm.nih.gov/25486864
https://doi.org/10.1158/0008-5472.CAN-08-0575
https://doi.org/10.1158/0008-5472.CAN-08-0575
https://pubmed.ncbi.nlm.nih.gov/18794123
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1038/nbt.1511
https://pubmed.ncbi.nlm.nih.gov/19029910
https://doi.org/10.1093/nar/gkv007
https://pubmed.ncbi.nlm.nih.gov/25605792
https://doi.org/10.1074/mcp.TIR118.000943
https://doi.org/10.1074/mcp.TIR118.000943
https://pubmed.ncbi.nlm.nih.gov/30563849

