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ABSTRACT OF THE DISSERTATION 

  

Functional Characterization and Therapeutic Strategies for BCR-FGFR1 Driven Hematologic 
Malignancies 

 

by 

Malalage Nicole Peiris 

Doctor of Philosophy in Chemistry  

University of California San Diego, 2021 

  Professor Daniel J. Donoghue, Chair  

 

Cancer arises from genetic alterations consisting of gene mutations, gene over-activation, 

or gene loss of function. Chromosomal translocations encoding functional oncogenic proteins have 

been identified as mutations and drivers of multiple cancer types. Specifically, fibroblast growth 

factor receptors (FGFRs), members of the receptor tyrosine kinase (RTK) family, have been found 

as recurrent translocation partners in both solid and hematologic malignancies. Constitutively 

activated FGFR1 fusion proteins give rise to 8p11 myeloproliferative syndrome (EMS), also 

known as stem cell leukemia/lymphoma (SCLL).  This work focuses on the t(8;22)(p11;q11) 
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chromosomal translocation, resultant in the Breakpoint Cluster Region (BCR)-FGFR1 fusion 

protein.  Patients diagnosed with SCLL have a poor prognosis and there are few therapies for 

patients positive for this cancer subtype. As such, this work performs an in depth biochemical and 

biological characterization of the BCR-FGFR1 fusion protein along with the analysis of novel 

therapeutic options to treat BCR-FGFR1 driven SCLL.  

BCR-FGFR1 retains the coiled-coil dimerization domain, serine/threonine kinase domain, 

and partial RhoGEF domain contributed by BCR, and a tyrosine kinase domain contributed by 

FGFR1. It is demonstrated that BCR-FGFR1 relies on the tyrosine kinase activity of FGFR1 for 

cell transformation, cell proliferation and downstream pathway activation. Furthermore, the 

coiled-coil dimerization domain contributed by BCR is suggested to be stabilized by three 

electrostatic salt-bridge interactions. Disruption of these three salt-bridges interactions is sufficient 

to abrogate BCR-FGFR1 driven cell transformation.  

Hsp90 and PLCγ1 are established as potential therapeutic targets to treat SCLL. BCR-

FGFR1 is a client of the Hsp90 chaperone protein and is sensitive to Ganetespib (STA-9090), a 

potent Hsp90 inhibitor, suggesting that BCR-FGFR1 relies on the Hsp90 complex to evade 

proteasomal degradation. Furthermore, the importance of the small adapter protein Grb2, and the 

enzyme PLCγ1 for BCR-FGFR1 mediated oncogenic cell growth, is demonstrated through cell-

based assays and quantitative mass spectrometry-based proteomics analyses. PLCγ1 was identified 

as a potential therapeutic target to treat BCR-FGFR1 mediated SCLL, as the PLCγ1 inhibitor 

U73122 was able to suppress BCR-FGFR1 mediated cell growth, even in the presence of tyrosine 

kinase activating mutations. Together, this data unravels the essential roles of Hsp90, Grb2, and 

PLCγ1 in BCR-FGFR1 mediated oncogenic growth, suggests that Hsp90 and PLCγ1 are novel 

therapeutic targets for SCLL.
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Chapter 1  

 

Receptor Tyrosine Kinases: Translocation Partners in Hematopoietic Disorders 

 

Abstract 

Receptor tyrosine kinases (RTKs) activate various signaling pathways and regulate 

numerous cellular activities including proliferation, survival, migration, and angiogenesis. 

Malignant neoplasms often circumvent or subjugate these pathways by promoting RTK over-

activation through mutation or chromosomal translocation. In hematological malignancies, RTK 

translocations commonly create a fusion protein containing a dimerizing partner fused to an RTK 

kinase domain, resulting in constitutive kinase domain activation, altered RTK cellular 

localization, upregulation of downstream signaling, novel pathway activation and cancer 

progression. While RTK translocations are relatively rare, clinical evidence suggests patients with 

these genetic abnormalities benefit from RTK-targeted inhibitors. This review focuses on RTK 

chromosomal translocations in hematological cancers, particularly ALK, FGFR, PDGFR, RET, 

CSF1R and NTRK3 fusions, and therapeutic drugs available against them. 
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Background of Receptor Tyrosine Kinase Translocations 

 

Malignant genetic events can often be sorted in two categories: the inactivation of genes 

and the activation or deregulation of genes. Activating chromosomal translocations have been 

detected in all cancer types and account for approximately 20% of all malignant neoplasms [1]. 

These translocations usually arise by multiple erroneous double stranded breaks (DSB) in 

chromosomes, for which a cause has yet to be identified. The translocation also relies on spatial 

proximity of the DSB and the ability of the damaged region to rearrange in the nucleus, which can 

allow the chromosomes to incorrectly repair [2, 3]. These translocations can result in a translatable 

fusion protein, some of which have oncogenic potential. While the percentage of chromosomal 

translocations in hematological disorders is generally lower than solid tumors (1.4% of all 

hematological cancers) their occurrence is nevertheless significant, especially in diseases such as 

chronic myeloid leukemia (CML), where 100% of cases harbor the t(9;22)(q34;q11) translocation, 

resulting in the gene fusion of breakpoint cluster region (BCR) and ABL1, a non-receptor tyrosine 

kinase [1].  

This study will focus on translocations involving receptor tyrosine kinases (RTKs) in 

hematological cancers. Of the 58-known human RTKs, the following have been identified in 

chromosomal translocations in hematopoietic cancer cells: Anaplastic Lymphoma Kinase (ALK), 

Fibroblast Growth Factor Receptor (FGFR), Platelet-Derived Growth Factor Receptor (PDGFR), 

REarranged during Transfection (RET), Colony Stimulating Factor 1 Receptor (CSF1R) and 

Neurotrophic Tyrosine Kinase Receptor Type 3 (NTRK3). Of these, ALK, FGFR, and PDGFR 

appear to be the most commonly translocated RTKs in hematopoietic cancers detected so far. Just 
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as these three RTKs normally display similar mechanisms of activation and cellular signaling 

effects, the subsequent fusion proteins display similar activation mechanisms as well. Each fusion 

protein contains an RTK kinase domain fused to a protein partner that contributes a dimerization 

domain. This dimerization domain allows the kinase domains to auto-phosphorylate and become 

constitutively active, resulting in a gain-of-function fusion protein, overstimulation of downstream 

signaling, and cancer progression. Furthermore, a loss of negative regulation can occur by 

disruption of the regulatory mechanisms of the wild-type receptors. In some cases, the fusion 

protein partner can also affect cellular localization of the fusion protein, resulting in abnormal 

localization of a constitutively activated kinase.  

It has become evident that translocations are involved in initiation of cancer events. There 

is also a close correlation between the translocations and the tumor phenotypes in which they occur 

[1]. Interestingly, fusion proteins in hematopoietic cancers are usually found with an N-terminal 

protein partner fused to a C-terminal RTK kinase domain. The transcription of such a fusion is 

dependent on the partner gene promoter. This is strikingly different from oncogenic RTK fusion 

proteins identified in solid cancers, which typically contain the RTK domains (extracellular, 

transmembrane, and intracellular domains) as the N-terminal domains, although there are 

exceptions. 

Structurally, all the RTKs discussed here contain an extracellular ligand binding domain, 

transmembrane domain, and intracellular tyrosine kinase domain. Ligand binding results in 

dimerization of the receptors, allowing for trans-autophosphorylation of cytoplasmic kinase 

domain tyrosine residues and kinase activation [4-6].  

ALK belongs to a subfamily of the insulin receptor superfamily. This subfamily displays 

glycine-rich extracellular domains, which differentiates them from other RTKs. ALK displays 
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low-density lipoprotein class A (LDLa) and meprin/A5-protein/PTPmu (MAM) domains as its 

extracellular domains, followed by transmembrane and intracellular tyrosine kinase domains [4, 

7]. Until recently, the ligand for ALK remained elusive.	FAM150B, with the proposed name 

augmentor-α (AUG-α), has been established as a ligand, while FAM150A (AUG-β) was found to 

weakly bind ALK [8]. Additionally, heparin-binding growth factors pleiotrophin (PTN) and 

midkine (MK) have previously been reported as activating ALK ligands [7].  

The FGFR family contains four receptors: FGFR1, FGFR2, FGFR3, and FGFR4. All 

receptors of this family contain three extracellular immunoglobulin (Ig)-like domains, a 

transmembrane-spanning segment, and an intracellular tyrosine kinase domain. Out of 23 

fibroblast growth factor (FGF) family members in human and mice, 18 are FGF receptor ligands. 

Four FGF members do not function as ligands (FGF11, FGF12, FGF13, FGF14) and there is no 

human FGF15 gene [9]. Activation of FGFRs also requires the interaction of heparin sulfate 

proteoglycans (HSPGs) with the extracellular Ig-like domains.  

The RTK PDGFR exists as α and β forms, and can be activated by four ligands: PDGF-A, 

B, C, and D. These ligands exist as homodimers and, in the case of A and B ligands, heterodimers. 

PDGFRα is located at chromosome band 4q12, while PDGFRβ is located at 5q33. Both receptors 

contain five immunoglobulin-like extracellular domains, a single transmembrane domain, and a 

kinase domain [5, 10]. Signaling by PDGFR/PDGF is essential for development of the 

cardiovascular system, connective tissue, kidney, brain and lungs.  

Within the cell, ALK, FGFRs, and PDGFRs affect proliferation, survival, and migration. 

PDGFRs and FGFRs are also important in angiogenesis, inflammation and wound healing [5, 6, 

11]. However, normal hematopoiesis does not require expression of PDGFR, ALK, or FGFR 
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receptors [12], which makes their over-activated expression by chromosomal translocation even 

more interesting.  

 

 

Figure 1. General Structural Schematic of RTK Fusion Proteins. Depicted are ALK, FGFR, and 
PDGFR fusion proteins, showing a generic dimerization domain for each. A star indicates an 
alternate breakpoint; a triangle indicates kinase insert domain; TM is transmembrane domain; WW 
is WW-like domain; P is phosphorylation site. Each of these RTK fusion proteins displays a 
dimerization domain fused to a C-terminal kinase domain provided by the respective RTK. The 
dimerization domains commonly associated with each RTK fusion protein are shown in the 
outlined box. 
 

 

ALK translocations 

 

As discussed above, regulation of anaplastic lymphoma receptor tyrosine kinase (ALK) 

normally occurs by ligand binding to the extracellular domain. ALK expression occurs in the 
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central and peripheral nervous system, primarily during development. After birth, ALK mRNA 

and protein levels reach a minimum in all tissues and remain at low levels in adult animals. As 

such, Alk-knockout mice displayed only mild behavioral phenotypes and ALK inhibitors are well 

accepted in patients [7]. ALK was initially identified in a t(2;5)(p23;q35) translocation, fusing 

Nucleophosmin (NPM1) to ALK, expressing the fusion protein NPM-ALK leading to 

overexpression and constitutive activation of NPM-ALK kinase activity [13]. This fusion protein 

occurs in 50-60% of anaplastic large cell lymphomas (ALCL) [14]. ALCL is a non-Hodgkin 

lymphoma initially described in 1985 [15] and now refers to a subtype of peripheral T-cell 

lymphoma [16]. The two main forms of ALCL are primary cutaneous, which affects the skin, and 

systemic, which can be divided into ALK-positive and ALK-negative subgroups. ALK fusion-

positive ALCL tends to occur in younger patients and has a greater disease-free and overall 

survival rates than patients with ALK fusion-negative ALCL [17]. 

 

Identified ALK fusion partners and their cancers  

 

ALK fusion proteins are a recurring abnormality in ALCL, which accounts for 2% of adult 

non-Hodgkin’s lymphomas (NHL) and 13% of pediatric NHL [18]. Some of the N-terminal ALK 

fusion partners in ALCL include clathrin heavy chain gene (CLTC), nucleophosmin (NPM), 

tropomyosin 3 (TPM3), TPM4, and TNF receptor-associated factor 1 (TRAF1) [7, 13, 17, 19]. A 

complete list is shown in Table 1. While the NPM-ALK is the most common translocation, 15-

28% of ALK fusion-positive cases display an alternative ALK fusion protein [13]. ALK fusion 

proteins have also been detected in diffuse large B cell lymphoma (DLBCL), a rare but aggressive 

B cell lymphoma. The most common ALK translocation partner in this disease is CLTC [7]. 
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Additional ALK fusion partners have been detected in non hematological cancers, such as limited 

small cell lung cancer (LSCLC), renal cell carcinoma (RCC), breast cancer, ovarian cancer and 

others, which will not be discussed here.  

Perhaps most critical to oncogenic properties of all RTK fusion proteins is the contribution 

of a dimerization domain by the fusion partner that is essential for trans-autophosphorylation and 

activation of the receptor's kinase domain. As indicated in Table 1, all ALK fusion partners contain 

dimerization domains in the N-terminal fusion partner fused to the C-terminal ALK kinase domain 

[7] (Figure 1). It is unclear if all ALK fusion proteins are uniformly oncogenic; variations in 

proliferation rate, fusion protein expression levels, transformation, signaling changes and 

oncogenic effects have been reported for different ALK fusion proteins.  

ALK translocations appear to be cell type-specific. Two examples of this are NPM-ALK 

which is lymphoma-specific and EML4-ALK, usually found in non-small cell lung cancer 

(NSCLC), although it has been recently reported in one case of anaplastic lymphoma kinase-

positive large B-cell lymphoma (ALK+LBCL) [20]. The possibility of a cell-type specific 

mechanism of translocation seems likely. In addition, the selected translocation partner must have 

ongoing promoter activity, as ALK is not typically expressed outside of the nervous system or 

after birth [7, 14]. The initiation of transcription of the fusion protein relies on the promoter 

sequence of the 5’ fusion gene, which could indicate why malignant fusion proteins containing 

ALK as the N-terminal fusion partner have not yet been discovered in hematological or solid tumor 

cancers.  
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Commonly identified fusion protein NPM-ALK 

 

The most common hematological ALK fusion appears to be NPM-ALK, which occurs in 

50-60% of ALCL [14]. This fusion protein arises from the translocation t(2;5)(p23;q35), between 

ALK on chromosome 2 and NPM on chromosome 5. The ALK tyrosine kinase domain becomes 

constitutively activated by the formation of homodimers mediated by the self-associating domain 

of nucleophosmin (NPM). This dimerization is essential for oncogenic transformation by NPM-

ALK, which is capable of transformation of various cell types, IL-3 independent proliferation of 

Ba/F3 lymphocytes by interaction with PLCγ, and activation of PI3K, Akt and STAT5. 

Additionally, T cell lines expressing NPM-ALK display PI3K and PLCγ -independent drug 

resistance [13, 21].  

Although the NPM1 gene is essential to oncogenic activity, this domain is also responsible 

for nuclear localization of the fusion protein, as its wild-type role is an RNA-binding nucleolar 

phosphoprotein that shuttles translated proteins between the nucleus and cytoplasm. NPM-ALK is 

the only ALK fusion protein identified so far that displays nuclear localization (Figure 2). 

However, this nuclear localization is not required for ALK oncogenic potential [13, 21]. While 

NPM-ALK is detected in the cytoplasm and the nucleus, only the fusion proteins in the cytoplasm 

contain a phosphorylated and active ALK kinase domain. The nuclear population is inactivated by 

dimerization with wild-type NPM1, which includes nuclear (NLS) and nucleolar localization 

signals (NuLS) not included in the NPM-ALK fusion protein. Formation of NPM-ALK/NPM1 

heterodimers does not allow the ALK kinase to become activated by trans-phosphorylation but it 

does result in nuclear localization because of the reintroduction of the NLS on NPM1. 

Additionally, the balance between nuclear and cytoplasmic expression is important for ALCL cell 
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survival, as an excess of cytoplasmic NPM-ALK expression and signaling leads to activation of 

DNA damage response pathways and cell death [21]. Cytoplasmic expression appears to be a 

requirement for cell transformation, as this is the location of many other ALK fusion proteins 

(Figure 2) [12]. Altered localization of a strongly activated tyrosine kinase may result in interaction 

with and phosphorylation of novel proteins and pathways, a topic for future study.  

Studies have emerged identifying spatial organization of the genome as a cause for 

recurring translocations in lymphomas [22]. Specifically, in ALCL there are several 9ysregulated 

genes surrounding the breakpoints for ALK on chromosome 2 and its common fusion partner 

NPM1 on chromosome 5. In ALK fusion-negative cells, the breakpoint regions of the common 

t(2;5) translocation are in close proximity within the nucleus but not yet fused. This allows for the 

experimental generation of this translocation. The spatial proximity of NPM and ALK genes does 

not exist in non-ALCL cells, such as Jurkat and KE-37 (T-cell leukemia) cell lines. The t(2;5) 

translocation may not be the initial transformation event for the development of ALCL, a 

hypothesis supported by the fact that not all ALCL cases display this NPM-ALK fusion protein 

[23].  

 

Signaling changes due to fusion proteins 

 

Aberrant expression of a highly active ALK kinase in tissues will result in novel pathway 

activation, and may present novel therapeutic possibilities, a topic that is still under investigation. 

The ALK fusion partners not only affect dimerization, activation, and localization but also 

signaling and transforming potential.  
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Wild-type ALK results in the activation of multiple pathways including PLCγ, JAK/STAT, 

PI3K/AKT, JUNB, MAPK, and MYCN. The NPM-ALK fusion protein specifically activates 

JUNB, Y-box transcription factor (YBX1), BCL2A1, matrix metalloproteinase 9 (MMP9), 

CDKN2A and hypoxia-inducible factor 1α (HIF1A) [7]. Numerous questions still exist about the 

signaling differences of wild-type, translocated, and mutated ALK proteins.  

NPM-ALK downregulates STAT1 in ALCL cells. STAT1 is known to function as a tumor 

suppressor in some cancer cell types and phosphorylation of STAT1 at Y701 leads to its 

proteasomal degradation. Although the mechanism remains unclear, a STAT3-regulated E3 

ubiquitin ligase appears to be responsible. Tumor suppression in ALCL cells can be restored by 

re-elevating STAT1 expression levels [24].  

A correlation is seen between invasive cell ability and the PI3K/AKT pathway activation, 

which is implicated in cell migration. For the fusion proteins NPM-ALK, TPM3-ALK, TFG-ALK, 

CLTC-ALK, and ATIC-ALK, their ability to convey PI3K and AKT phosphorylation correlates 

with their transendothelial migration ability. When these same fusions are analyzed for STAT3 

expression, ATIC-ALK displays the highest phosphorylation of STAT3 [25]. STAT3 activation 

by NPM-ALK results in malignant cell transformation and altered gene expression levels [26-28]. 

NPM-ALK, TPM3-ALK, TFG-ALK, CLTC-ALK and ATIC-ALK fusion proteins contain 

an active ALK kinase domain resulting in cell transformation, proliferation, invasion, 

transendothelial cell migration and tumor development in nude mice. In general, the oncogenic 

effects of these proteins increase as expression levels increase. An exception is provided by the 

TPM3-ALK fusion protein, for which increased expression results in lower proliferation rates but 

increased invasiveness. This effect may be due the role of TPM3 as an actin filament stabilizer, 

potentially altering cell shape and movement. Finally, subcellular localization of these fusion 
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proteins is also reliant on the fusion partner. TPM3-ALK, TFG-ALK, CLTC-ALK, and ATIC-

ALK all display cytoplasmic localization, while NPM-ALK displays both nuclear and cytoplasmic 

localization, as discussed in detail above (Figure 2) [25, 29].  

 

FGFR translocations  

 

Much like ALK, FGFRs are often aberrantly activated in cancer by overexpression, 

mutation, or translocation [6]. In early hematopoietic cells, FGFRs are usually poorly expressed 

but as cells mature, FGFR expression generally increases. Human leukemia cells have been shown 

to express at least one type of receptor (FGFR1, FGFR3, or FGFR4) [30, 31].  

Many FGFR translocations have been identified in cancers, however this review will focus 

on the FGFR translocations involved in hematopoietic disorders. Particularly, FGFR1 is involved 

in 8p11 myeloproliferative syndrome (EMS), also known as stem cell leukemia-lymphoma 

syndrome (SCLL). EMS involves a chromosomal translocation that produces a dimerizing protein 

partner fused N-terminally to the kinase domain of FGFR1, normally located at the 8p11 locus. 

EMS is an aggressive myeloproliferative disorder that can quickly progress into acute myeloid 

leukemia (AML) [32]. However, EMS is rare, with less than 100 patients reported globally [33].  

 

Identified FGFR fusion partners and their cancers  

 

FGFR1 fusion partners in EMS are many and varied (Table 1) including: breakpoint cluster 

region (BCR), centriolin (CEP110), cleavage and polyadenylation specific factor 6 (CPSF6), cut-

like homeobox 1 (CUX1), FGFR1 oncogenic partner (FGFR1OP), human endogenous retrovirus-
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k (HERV-K), leucine rich repeat (in FLII) interacting protein 1 (LRRFIP1), myosin XVIIIA 

(MYO18A), nucleoporin 98kDa (NUP98), RAN binding protein 2 (RANBP2), tripartite motif 

containing 24 (TRIM24), translocated promoter region (TPR), sequestosome 1 (SQSTM1) and 

zinc finger 198 (ZNF198) [6]. These partners all serve as the N-terminal fusion partner to the 

kinase domain of FGFR1. Interestingly, many of these partners also contain leucine zipper, leucine 

rich, and coiled-coil domains. The commonality in these domains suggests a mechanism for 

activation of the cytoplasmic kinase domain in FGFR1. The contribution of a dimerization domain 

by each fusion partner is necessary for the phosphorylation and activation of the FGFR1 kinase 

domain, resulting in a gain-of-function fusion protein. Additionally, expression of the FGFR1 

kinase domain in these fusions is reliant on the promoter sequence of the partner N-terminal 

protein.  

In patients with EMS, the presence of an 8p11 translocation does not always mean an 

FGFR1 rearrangement. Studies have identified a small subset of 8p11 translocations as being 

related to Lysine acetyltransferase 6A (KAT6A) rearrangements, also located at the same 

chromosomal region as FGFR1. KAT6A is part of a histone acetyltransferase family, and is 

rearranged in chromosomal translocations in AML. KAT6A has several translocation partners, and 

is found in 2% of AML cases [34]. FISH analysis is recommended for patients with EMS and 8p11 

rearrangements in order to identify correct tyrosine kinase inhibitor (TKI) therapeutics [35]. 

Though not as common, FGFR3 is involved in translocations in hematopoietic disorders. 

Ets variant 6 (ETV6, previously known as TEL, translocation-ets-leukemia) is fused to FGFR3, 

and is found in T-cell lymphomas which progress to AML. Wild type ETV6 contains a helix-loop-

helix (HLH) domain, and serves as a transcription factor. The fusion of ETV6 to FGFR3 arises 

from the t(4; 12)(p16;p13) translocation. The ETV6-FGFR3 fusion contains the HLH domain of 



	 13 

ETV6 fused to the transmembrane domain of FGFR3, instead of directly to the kinase domain. 

The HLH domain in ETV6 is a dimerization domain, which allows for constitutive activation of 

the kinase domains in FGFR3. The ETV6-FGFR3 fusion leads to IL-3 independent growth in 

Ba/F3 cells, upregulated MAPK and PI3K, activation of STAT3 and STAT5, and showed 

cytoplasmic localization [36]. 

Multiple myeloma commonly contains a t(4;14) translocation between IgH promoter 

(chromosome 14) to the MMSET and FGFR3 genes (chromosome 4), a translocation which does 

not result in a novel FGFR3 fusion protein but rather overexpression. MMSET overexpression is 

observed in all translocation-positive cases and FGFR3 overexpression in 70% of translocation-

positive cases, which often exhibit activating point mutations in FGFR3 as well [6, 37]. This 

overexpression leads to IL-6 independent growth in the murine B9 MM cell line, upregulated 

MAPK and PI3K signaling, and induced lymphoid malignancies in mice [30, 37]. In chronic 

lymphocytic leukemia (CLL), rare translocations between FGFR3 and IgH [t(4;14)(p16;q32)] and 

IgL [t(4;22)(p16;q11.2) have been identified [6, 38].  

 

 Commonly identified fusion proteins ZNF198-FGFR1 and BCR-FGFR1 

 

The most commonly identified fusion protein is ZNF198-FGFR1, found in 45% of EMS 

cases. Endogenous ZNF198, also known as ZMYM2, contains a zinc finger related motif, a proline 

rich domain and a MYM domain, and is suggested to serve as a transcription factor [33, 39-41]. 

The fusion of ZNF198 and FGFR1 arises from the t(8;13)(p11;q12) translocation, where ZNF198 

on chromosome 13 is fused 5' to FGFR1 on chromosome 8. This fusion is found in both myeloid 

and lymphoid cells, suggesting a multipotent hematopoietic progenitor cell origin. The N-terminal 
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ZNF198 domain, particularly the proline rich domain, facilitates dimerization and activation of the 

FGFR1 kinase domain [33]. The ZNF198-FGFR1 fusion is oncogenic, as shown by IL-3 

independent Ba/F3 cell proliferation, high levels of tyrosine phosphorylation of STAT 1 and STAT 

5, as well as activation of PLC-γ, PI3K/AKT, and notch signaling pathways [42]. While wild-type 

ZNF198 displays nucleolar localization, the fusion protein exhibits cytoplasmic localization 

(Figure 2) [43-45].  

BCR-FGFR1 is another commonly identified fusion protein in EMS. BCR contains a 

coiled-coil domain, possesses serine/threonine kinase activity and is a GTPase activating protein 

for Rac1 [46]. BCR is more commonly found fused to ABL to form the BCR-ABL oncogene, 

where ABL encodes a non-receptor tyrosine kinase. This BCR-ABL fusion results from the 

Philadelphia chromosome, where exon 1 of BCR is fused to exon 2 of ABL, found in 95% of CML 

patients. The BCR-ABL fusion differs from the BCR-FGFR1 fusion, where BCR exon 4 is fused 

to FGFR1 exon 9 [47]. As BCR-ABL is not an RTK translocation, this fusion will not be discussed 

in detail here.  

The fusion of BCR and FGFR1 arises from the t(8;22) (p11;q11) translocation, occurring 

commonly in EMS but also observed in AML and B-cell lymphomas. This fusion gives rise to a 

kinase-kinase fusion product, with the serine-threonine kinase domain of BCR fused to the kinase 

domain of FGFR1. The tyrosine kinase domain of FGFR1 becomes constitutively activated by 

fusion to BCR, and leads to activation of STAT 3, STAT 5 and MAPK3/1 pathways in Ba/F3 cells, 

independent of IL-3 [48, 49]. The BCR-FGFR1 fusion protein localizes to the cytoplasm, but it is 

unknown if this localization plays a role in the oncogenicity BCR-FGFR1 (Figure 2) [50]. 
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Signaling changes due to fusion proteins 

 

Wild-type FGFR results in the activation of multiple signaling pathways including PLCγ, 

PIK3/AKT, MAPK, and STAT. FGFR signaling also phosphorylates the Shc and Src proteins, and 

is important in the role of cell proliferation and differentiation [51]. However, the difference 

between FGFR signaling and FGFR translocations and mutations are not completely understood. 

Signaling pathways have been most thoroughly examined for ZNF198-FGFR1 and BCR-FGFR1. 

Both fusions induce aberrant signaling through the dimerization of the kinase domain of FGFR1. 

Activation of FGFR1 through the ZNF198-FGFR1 fusion leads to phosphorylation or activation 

of FGFR1 targets such as STATs, PI3K, PLC-γ, AKT and MAPK. In addition, ZNF198-FGFR1 

is able to activate a pathway involving plasminogen activator inhibitor 2 gene (PAI-2/SERPINB2), 

which is not observed in native FGFR1 signaling. The PAI-2 gene induces resistance to TNF-α, 

which could suggest an alternative pathway contributing to the oncogenic potential of the ZNF198-

FGFR1 fusion [52].  

The BCR-FGFR1 fusion may be dependent on the adaptor protein Grb2 since an interaction 

between BCR and Grb2 at Y177 has been identified in BCR-ABL signaling, [46]. CML is typically 

characterized by the presence of the Philadelphia chromosome, resulting in the BCR-ABL fusion, 

while cases positive for other fusion proteins, including BCR-FGFR1 fusion, are considered 

atypical CML (aCML). Both CML and aCML share similar phenotypes, as both are 

myeloproliferative disorders of hematopoietic stem cells, and are characterized by leukocytosis, 

and a high number of immature granulocytes [53].  
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Figure 2. Cellular localization of various RTK fusion proteins. The identified localization of the 
parent RTKs and the resulting fusion proteins are shown. The RTK fusion proteins are depicted in 
their corresponding localization site. These RTK fusions may localize in the plasma membrane, 
centrosome, nuclear membrane, nucleus, or cytoplasm. 
 

 

PDGFR translocations  

 

Similar to other hematopoietic translocations, PDGFR fusion proteins express the RTK 

kinase domain as the C-terminal fusion protein partner whose expression is now reliant on the 

promoter sequence of the N-terminal protein. Unlike ALK receptors, wild-type PDGFRs are 

expressed at constant low levels in hematopoietic human and mouse cells [54, 55]. However, 

PDGFR expression does not appear to have an important role in normal hematopoiesis as 

determined by knockout mice [56]. Although rare, PDGFR translocations produce a constitutively 

dimerized and active fusion protein that presents a potential therapeutic target in cancer treatment.  
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 Identified PDGFR fusion partners and the cancers they occur in  

 

Although the occurrence rate of PDGFR translocations is low, a number of different fusion 

protein partners have been reported. The PDGFRA gene has been identified in translocations with 

BCR, FIP1-like 1 (FIP1L1), and striatin (STRN), while the PDGFRB gene has been involved in a 

larger number of translocations, involving partners such as myosin 18A (MYO18A), Rab5A, 

tropomyosin 3 (TPM3) and others listed in Table 1. Both PDGFRA and PDGFRB have been found 

fused to ETV6, a common PDGFR translocation partner. In myelodysplastic/myeloproliferative 

neoplasms (MDS/MPNs), 1.8% of cases appear to contain PDGFRB gene fusions [57]. As with 

ALK and FGFR translocations, most of the fusion partners discussed here contain dimerization 

domains which are essential for constitutive activation of the PDGFR receptor. An exception is 

FIP1L1-PDGFRα, discussed in the next section.  

For wild-type PDGFR, dimerization alone is not enough to constitute receptor activation. 

Activation of the kinase domain also relies on reorganization and homotypic interaction of the 

extracellular Ig-like domain D4 between PDGFR receptors [58]. However, in PDGFR fusion 

proteins, the extracellular domains are no longer present, yet the kinase domain is constitutively 

active (Figure 1). This indicates that an altered mechanism of activation which relies on the fused 

N-terminal dimerization domain is taking place, and is most likely also occurring for ALK and 

FGFR fusion proteins.  

One potentially interesting rearrangement results in the kinase domain of BCR fused to the 

kinase domain of PDGFRα, similar to the BCR-FGFR1 and BCR-ABL fusion proteins. This 

t(17;13) translocation between BCR and PDGFRA has been reported in atypical CML (aCML), 

CEL, B/myeloid mixed phenotype leukemia and T acute lymphoblastic leukemia (T-ALL). The 
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last two cases were not associated with eosinophilia and were considered unusual reports, as 

PDGFR rearrangements usually fall under the classification “Myeloid and lymphoid neoplasms 

associated with eosinophilia and abnormalities of PDGFRA, PDGFRB, or FGFR1”. Only a few 

cases of BCR-PDGFRα have been reported with varying breakpoints: exon 7, 12, or 17 for BCR 

fused to exon 12 or 13 of PDGFR [59, 60]. A molecular analysis comparing BCR-PDGFRα to 

BCR-FGFR1 or BCR-ABL to determine the different effects on tumorigenesis may prove 

interesting.  

 

Commonly identified fusion protein ETV6-PDGFRβ and FIP1L1-PDGFRα 

 

Fusion of ETV6 and PDGFRβ is a recurrent translocation defined by t(5;12)(q33;p13) and 

identified in chronic myelomonocytic leukemia (CMML). ETV6 has also been found fused to 

PDGFRA in one patient [61]. The ETV6 domain contains a helix-loop-helix (also called pointed, 

or sterile-α-motif, SAM) dimerization domain, which allows for ligand-independent activation of 

the PDGFR receptor. Increased cell proliferation and transformation demonstrated by ETV6-

PDGFRβ is reliant on increased fusion protein stability and increased STAT5 activation [62]. Stem 

cell differentiation is induced by the ETV6-PDGFRβ fusion protein through MAPK and STAT5 

pathway activation [63].  

This fusion protein, along with FIP1L1-PDGFRα and ZNF198-FGFR1, displays increased 

stability by evading ubiquinitation and degradation [64]. To prevent overactivation, RTKs are 

often controlled by proteosomal degradation, negative feedback signals and, upon ligand binding, 

the complex is internalized and degraded. Additionally, the PDGFR juxtamembrane domain acts 

as an inhibitory domain by interacting with and inhibiting the kinase domain when ligand is not 



	 19 

present [62, 65]. The C-terminal tail of PDGFR also functions as an allosteric inhibitor of the 

kinase domain [66]. Despite these processes, overactivation occurs through PDGFR translocations 

in myeloid malignancies [5].  

Most of the PDGFR fusion proteins, including ETV6-PDGFRβ fusion, involve a 

breakpoint occurring just before the transmembrane (TM) domain of PDGFRβ, although some 

contain a breakpoint in between the transmembrane and kinase domains (Table 1, Figure 1). For 

ETV6-PDGFRβ, cytoplasmic localization is seen, despite the presence of this hydrophobic TM 

domain. Experimental deletion of the transmembrane domain in the ETV6-PDGFRβ fusion does 

not hinder dimerization or kinase domain activation, but does result in a decrease of cell 

proliferation and STAT5 and MAPK activation, suggesting that cell transformation relies not only 

on activation, but also proper alignment of the kinase domain [62]. The inhibitory effects that the 

intracellular-juxtamembrane and C-terminal tail have on the wild-type receptor appear to be lost 

or subdued in this fusion protein. ETV6 is a common translocation partner in both hematopoietic 

and solid tumor cancers.  

Another common PDGFRα fusion protein is FIP1L1-PDGFRα discovered in 

myeloproliferative diseases associated with hypereosinophilia, sometimes referred to as chronic 

eosinophilic leukemia (CEL). This fusion protein is estimated to occur in 10-20% of eosinophilia 

cases [57]. This chromosomal rearrangement is caused by an 800-kb deletion in chromosome 4 

[del(4)(q12g12)], a segment including the cysteine-rich hydrophobic domain 2 (CHIC2) locus 

[67]. This fusion protein poses an exception to previously discussed tyrosine kinase fusion 

proteins, as FIP1L1 is dispensable for PDGFRα dimerization and Ba/F3 cell transformation. 

However, the FIP1 motif is involved in protein-protein interactions and is essential for homodimer 

formation of a fusion protein between FIP1L1 and retinoic acid receptor α (FIP1L1-RARA) in 
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leukemia. The FIP1L1 domain does play a role in human progenitor cell proliferation and contains 

two phosphotyrosine sites that may provide protein binding sites [55]. The IL-3 independent 

proliferation of Ba/F3 cells and the dispensability of the FIP1L1 domain was also recently 

confirmed by CRISPR/Cas genome editing to create the fusion at endogenous levels [68]. 

The breakpoint of FIP1L1-PDGFRα lies within the juxtamembrane domain of PDGFRα 

and disrupts an inhibitory WW-like domain, which is the key to constitutive receptor activation 

and transforming potential. The WW-like domain contains two conserved tryptophan residues in 

the juxtamembrane domain. When truncated by fusion protein formation, absence of one of the 

tryptophan residues results in constitutive receptor activation. The disruption of this domain has 

been noted in BCR-PDGFRα and STRN-PDGFRα [61, 69, 70]. A FIP1L1-PDGFRα containing 

the complete juxtamembrane domain is autoinhibited, which can be overcome by enforced fusion 

protein homodimerization by introduction of a new dimerization domain [70]. This suggests that 

fusion proteins with the transmembrane and juxtamembrane domains intact most likely require an 

alternative dimerization and activation mechanism provided by the N-terminal fusion partner. 

 

Signaling alterations by PDGFR fusion proteins 

 

PDGFRs become activated by the binding of PDGF ligands to the extracellular domain, 

thereby inducing dimerization of receptor monomers and autophosphorylation of tyrosine 

residues. Upon activation, binding of various signal transduction molecules occurs via 

phosphotyrosine interaction motifs such as SH2 or PTB, resulting in activation of downstream 

signaling. Some key interacting proteins include PI3K, PLCγ, Src family tyrosine kinases, SHP-2 

tyrosine phosphatase and STAT proteins [5]. 
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The abnormal presence of a constitutively active tyrosine kinase by translocation typically 

leads to an increase in cell proliferation, signaling, transformation, and activation of novel 

pathways. Although few PDGFR fusion proteins have been analyzed for biological function, a 

study analyzing both ETV6-PDGFRβ and FIP1L1-PDGFRα found that NFκB activation by these 

fusion proteins was required for human cancer cell proliferation and differentiation with a bias 

towards eosinophil lineage. These fusions play a large role in hypereosinophilia development in 

the absence of growth factors IL-3 and IL-5, whose expression usually supports eosinophil 

development. IL-5 expression is increased in cells expressing these PDGFR fusions, and in 

patients, an IL-5 gene polymorphism leads to a more severe disease development [71, 72]. In the 

presence of IL-3, ETV6-PDGFRβ can induce apoptosis in Ba/F3 cells, of which c-Jun N-terminal 

kinase (JNK) may be a major contributor [55].  

Multiple tyrosine phosphorylation sites (Y579/581) in PDGFRβ of ETV6-PDGFRβ are 

responsible for myeloproliferative neoplasm (MPN) development in mice. Mutation of these sites 

to phenylalanine results in development of T-cell lymphoma, but not MPN] [73]. For FIP1L1-

PDGFRα, it was identified that tyrosine 720 of PDGFRα is critical for SHP2 recruitment, which 

results in MAPK activation and hematopoietic cell transformation. Interestingly, SHP2 

recruitment represents an altered mechanism compared to the wild-type PDGFR, as cell 

proliferation and MAPK activation occurs regardless of SHP2 interaction with the wild-type 

receptor. SHP2 is involved in JAK/STAT, PI3K, MAPK, and other signaling pathway regulation, 

and has been implicated in leukemogenesis caused by mutations in KIT and FLT3 receptors [74]. 
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Both ETV6-PDGFRβ and FIP1L1-PDGFRα display cytosolic expression and result in the 

activation of STAT1, STAT3, and STAT5 (Figure 2, Figure 3). STAT5 plays an important role in 

myeloproliferation by PDGFR fusion protein expression [71, 74-76]. STAT5 activation was also 

demonstrated by KANK1-PDGFRβ fusion protein, despite an inactivity of JAK2 and inability of 

JAK inhibitor to affect cell growth. This fusion protein is found in MPN and arises because of a 

t(5;9) translocation that results in KN Motif and Ankyrin Repeat Domains (KANK1) fused to 

PDGFRB. KANK1 contributes three coiled-coil domains and an oligomerization domain, both of 

which are required for cell proliferation and upregulation of signaling. Interestingly, this fusion 

protein has been shown to exist as a homotrimer, of which either the coiled-coil or the 

oligomerization domain may be present to allow for this motif formation. KANK1-PDGFRβ also 

activates PLCγ and MAPK pathways, and displays cytosolic expression (Figure 2, Figure 3) [77].  

STAT5 activation was also shown to be essential for Ba/F3 cell transformation by the 

fusion protein Huntingtin Interacting Protein (HIP1)-PDGFRβ. This fusion protein also co-

localizes with Src Homology 2-containing Inositol 5-Phosphatase (SHIP-2) and displays cytosolic 

localization (Figure 2) [78]. Phosphorylation of SHIP-2 by the PDGFRβ fusion protein does not 

affect the 5-phosphatase-specific activity suggesting that the levels of SHIP-2 substrates 

(PtdIns(3,4,5)P(3) and Ins(1,3,4,5)P(4)) might be altered, which would result in increased cellular 

proliferation [79]. 

 



	 23 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Major signaling pathways activated by common RTK fusion proteins. Activation of 
STAT signaling is a commonly seen occurrence. The arrows indicate activated pathways; the 
activation of these pathways lead to cell survival and proliferation. A star indicates an alternate 
breakpoint; a triangle indicates kinase insert domain; TM is transmembrane domain; WW is WW-
like domain; P is phosphorylation site. 
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Other RTK translocations  

 

In addition to ALK, FGFR, and PDGFR fusions, other more rare RTK translocations have 

also been identified selectively in hematopoietic diseases. The rearranged during transfection 

(RET) RTK has been identified as a 3’ fusion partner, similar to that of ALK, FGFR and PDGFR, 

in hematopoietic diseases. Normally, RET is activated by binding of glial-derived neurotrophic 

factor (GNDF) ligands, which induce receptor dimerization and tyrosine phosphorylation. 

Recently, RET was identified in translocations with FGFR1OP [t(6;10)(q27;q11)] and BCR 

[t(10;22) (q11;q11)] in CMML] [80]. FGFR1OP contains the dimerizing LISH domain, which 

induces constitutive tyrosine kinase activity of the fused RET kinase domain. The FGFR1OP-RET 

fusion exhibits cytosolic localization and stimulates IL-3-independent proliferation of Ba/F3 cells. 

This fusion activates PI3K, STAT3 and STAT5 pathways in the absence of IL-3, reflecting the 

oncogenic potential of the FGFR1OP-RET fusion [81].  

In the BCR-RET translocation, BCR exon 4 is fused to exon 12 of RET, thus presenting a 

similar overall organization as the BCR-FGFR1 fusion. BCR-RET also promotes survival of Ba/F3 

cells independent of IL-3, resulting in ERK, STAT3 and AKT phosphorylation, and exhibits 

cytoplasmic localization (Figure 2). Signaling by either BCR-RET or FGFR1OP-RET results in 

enhanced ERK phosphorylation compared to BCR-ABL. Interestingly, studies have shown that 

RET fusion proteins effect hematopoietic differentiation. The presence of FGFR1OP-RET or 

BCR-RET fusions increased the percentage monocyte/macrophage colonies in methylcellulose 

cultures [80].  
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Colony stimulating factor 1 receptor (CSF1R) is a tyrosine kinase transmembrane receptor, and 

controls the production, differentiation, and function of macrophages [82]. In acute lymphoblastic 

leukemia (ALL), CSF1R has been identified as fused to myocyte enhancer factor 2D (MEF2D) in 

the translocation t(1;5)(q21;q33). MEF2D is a member of the MEF2 family of transcription factors, 

involved in control of muscle and neuronal cell development [83]. Studies suggest that the 

MEF2D-CSF1R fusion retains the MADS-box, a DNA binding and dimerization domain in 

MEF2D, fused to the N-terminus of the tyrosine kinase domain of CSF1R. Therefore, it is 

hypothesized that the MADS-box can lead to dimerization and constitutive activation of the 

tyrosine kinase in CSF1R] [84].  

Neurotrophic Tyrosine Kinase, Receptor, Type 3 (NTRK3) is a tyrosine kinase membrane 

receptor that phosphorylates itself and the MAPK pathway upon neutrotrophin binding. Kinase 

signaling through NTRK3 is suggested to play a role in development of proprioceptive neurons, 

which serve a role in sensing body positioning [85]. NTRK3 has been identified fused to the ETV6 

gene in AML, which encodes a transcriptional repressor, is involved in hematopoiesis and 

maintenance of the developing vascular network, and has also been involved in other fusion 

proteins inzeauding PDGFR and FGFR3. [86]. The ETV6-NTRK3 fusion arises from the 

t(12;15)(p13;q25) translocation, where ETV6 on chromosome 12 is fused to NTRK3 on 

chromosome 15; analogous to other RTK fusions, NTRK3 serves as the 3’ fusion partner in this 

fusion [87]. ETV6 contains a helix-loop-helix (HLH) domain which is necessary for the kinase 

activation in the ETV6-RTK fusions. Furthermore, ETV6-NTRK3 results in IL-3 independent 

proliferation of Ba/F3 cells and constitutive MAPK activity. Interestingly, human leukemic cells 

that contain the ETV6-NTRK3 fusion show selective inhibition with crizotinib, an ALK and ROS1 

inhibitor, and lestaurtinib, a FLT3 inhibitor [88]. 
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 Therapeutics for hematopoietic cancers containing RTK translocations  

 

There are a number of drugs that have been characterized for their potential to inhibit the 

fusion proteins discussed in this review. They function to inhibit or reduce the kinase activity of 

the RTK fusion partner leading to reduced proliferation, increased apoptosis and altered 

downstream signaling in cells expressing the fusion. 

 

ALK fusions 

 

Crizotinib (PF-02341066), the first ALK inhibitor to be clinically tested, is a potent, ATP-

competitive, small molecule inhibitor initially designed against the hepatocyte growth factor 

receptor (c-Met) to inhibit phosphorylation. It is efficacious for c-Met and for ALK in lymphoma 

cell lines that express the NPM-ALK fusion protein [7, 89]. This ALK inhibitor also shows an 

antitumor activity in ALCL Karpas299 xenograft models expressing the NPM-ALK fusion by 

inhibiting c-Met and ALK downstream signaling, resulting in reduction of tumor growth [90]. 

Crizotinib has been extensively used to treat solid tumors containing EML4-ALK and STRN-ALK 

fusions in thyroid cancer and EML4-ALK rearrangements in non-small cell lung cancer (NSCLC) 

[91-95]. Crizotinib is currently in multiple clinical trials for treating patients with ALCL 

(clinicaltrials.gov). 

Unfortunately, resistance and relapse can occur with crizotinib treatment leading to 

secondary mutations in ALK making the drug ineffective. The human cell lines Karpas299 and 

SupM2 containing the NPM-ALK fusion are used as model systems for ALCL. After treating the 
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cell lines with high doses of crizotinib, resistant cells were found to contain mutations in the ALK 

kinase domain, L1196Q and I1171N, which are able to confer resistance to crizotinib in NPM-

ALK expressing Ba/F3 cells. The L1196Q is a mutation of the ATP binding pocket gatekeeper 

residue, which occurs in the hinge region between the N and C lobes. Point mutation of this region 

prevents or reduces the binding of the inhibitory molecules and is a common occurrence in 

inhibitor-resistant cancers. The I1171N mutation is part of the hydrophobic spine of the kinase 

domain critical for tyrosine kinase activity [96]. In RANBP2-ALK the kinase domain mutation 

G1269A was found in patients with AML and NSCLS after crizotinib treatment. This mutation 

occurs in the ATP binding pocket and is critical for ATP or crizotinib binding, likely decreasing 

affinity of crizotinib [97].  

An alternative selective ALK inhibitor, ceritinib (LDK378), has been approved for 

treatment of NSCLC with the NPM-ALK fusion and is in a phase II trial for relapsed/refractory 

ALK+ hematologic malignancies (clinicaltrials.gov, NCT02343679) [89]. Another alternative, 

brigatinib (AP26113), also leads to resistance through point mutations in the ALK kinase domain 

in NPM-ALK-amplified ALCL cells [98]. One study finds that removal of the kinase inhibitor 

actually leads to apoptosis of the brigatinib-resistant ALCL cells expressing NPM-ALK by 

hyperactivation of the MAPK pathway. This suggests that a periodic suspension of drug treatment 

could be beneficial for cancer patients with ALK translocations/amplifications. Additionally, since 

NPM-ALK fusion proteins are only active in the cytoplasm, blocking nuclear export of the fusion 

with selective inhibitors of nuclear export (SINE), such as selinexor (KPT-330), are under 

investigation in clinical trials for hematological and solid cancers [21]. 
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Interestingly, a non-toxic naturally-occurring compound found in extracts from the plant 

silybum marianum (milk thistle) seeds, silibinin, which has known anti-tumor effects, is able to 

inhibit NPM-ALK activation and downstream signaling including STAT3 and AKT, leading to 

reduced proliferation and increased apoptosis in Karpas299 and SupM2 cell lines. [99].  

 

FGFR fusions 

 

The importance of inhibiting aberrant FGFR signaling in FGFR-dependent malignancies 

is a well-established therapeutic target; however, specific FGFR inhibitors have been elusive 

[100]. The classic FGFR inhibitor, dovitinib (TKI258, CHIR258) is a multi-targeted RTK inhibitor 

which targets FGFR, PDGFR, VEGFR, FLT3 and c-KIT. When the EMS associated fusion 

proteins ZNF198-FGFR1 and BCR-FGFR1 are expressed in Ba/F3 cells, treatment with dovitinib 

results in the inhibition of STAT5, MAPK, IL-3 independence and phosphorylation of the fusion 

proteins. Proliferation of FGFR1OP2-FGFR1 cell lines was also inhibited by dovitinib [101]. A 

phase II trial for dovitinib was recently completed in 2015 for patients with solid or hematologic 

malignancies with mutations or translocations of FGFR and other RTKs (NCT01831726). The 

FDA-approved FGFR inhibitor, ponatinib (AP24534), is also a multi-RTK inhibitor that is 

currently in multiple trials for AML and CML [100]. It shows potential for treatment of EMS as 

cell lines expressing the ZMYM2-FGFR1, BCR-FGFR1 and FGFR1OP2-FGFR1 fusions are 

susceptible to ponatinib, leading to reduced proliferation, survival and phosphorylation of the 

FGFR1 fusion proteins and downstream substrates and induction of apoptosis. In addition, cells 

from EMS patients show reduced colony growth when treated with ponatinib [101, 102].  
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A promising new pan-FGFR tyrosine kinase inhibitor, JNJ-42756493, currently in clinical 

trials to evaluate its safety, pharmacokinetics and pharmacodymanics in patients with solid tumors 

or lymphoma, also shows in vitro and in vivo potency towards FGFR3-TACC3 fusions found in 

glioblastoma [103]. Another specific pan-FGFR inhibitor, infigratinib (BGJ398), shows potential 

for EMS treatment as it is able to reduce survival and proliferation of TPR-FGFR1 expressing 

32Dcl3 cells [104]. It is currently in clinical trials for patients with FGFR genetic alterations 

(NCT02160041).  

In order to overcome the resistance that can occur with kinase inhibitors, FGFR irreversible 

inhibitors 2 (FIIN-2) and 3 (FIIN-3), have recently been developed which target cysteines in the 

ATP binding pocket. They inhibit the proliferation of cells dependent upon the gatekeeper mutants 

of FGFR1 or FGFR2 which often lead to drug resistance as discussed in 6.1 [105].  

Interestingly, cord blood transplantation has also been used to treat patients with EMS who 

were positive for BCR-FGFR1 fusions. Cord blood transplantations involve treating patients with 

umbilical cord blood, which is used as a stem cell source. Patients who did not respond to 

chemotherapy were successfully treated with cord blood transplantation, resulting in a 2-year long 

remission [106, 107]. 

 

 

PDGFR fusions 

 

Imatinib is a multikinase inhibitor selective for ABL, PDGFR and c-Kit and is the most 

common treatment for malignancies associated with activated PDGFR. Hematolymphiod 

neoplasms associated with PDGFRα and PDGFRβ fusions such as FIP1L1-PDGFRα and ETV6-
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PDGFRβ respond well to treatment with imatinib, with secondary resistance being uncommon. In 

contrast, patients with rare and aggressive neoplasms containing FGFR1 fusions tend not be 

responsive to imatinib treatment [57]. BCR-PDGFRα fusions found in aCML become undetectable 

when treated with imatinib. Detecting the difference between CML and aCML, both of which 

display highly similar phenotypes, is important for diagnosis to prevent treatment with an 

inadequate TKI, such as imatinib for BCR-ABL or bosutinib which does not inhibit PDGFR [59]. 

When resistance does occur, mutations have been found in the ATP binding site gatekeeper 

residue, T674I, of FIP1L1-PDGFRα. A novel TKI, S116836, has recently been found to be 

effective in inhibiting both FIP1L1-PDGFRα and FIP1L1-PDGFRα T674I downstream signaling 

and reducing xenograph tumors in nude mice [108].  

It is becoming increasingly apparent that there will never be a unique drug that will 

continue to be effective against hematopoietic cancers. The fusion proteins driving these cancers 

often becoming resistant, leading to additional mutations, highlight the need for multiple types of 

drugs at various times during treatment. It is critical to genetically identify the translocation 

occurring in order to find the most effective treatments. 
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Table 1. TKIs: Therapeutics for Hematopoietic Disorders 

 

 

 

 

RTK Drug Mechanism www.ClinicalTrials.gov  
ALK Crizotinib 

(PF02341066) 
Multi-target TKI against ALK, 
MET, ROS-1; ATP binding 
pocket 

NCT02487316; NCT01979536; 
NCT01606878; NCT02419287; 
NCT00939770; NCT00585195; 
NCT01524926 

ALK Ceritinib 
(LDK378) 

TKI against ALK; ATP 
binding pocket 

NCT01742286; NCT0729961; 
NCT02465528; NCT02186821; 
NCT02343679 

ALK Brigatinib 
(AP26113) 

TKI against ALK and EGFR; 
ATP binding pocket 

NCT01449461  

ALK Selinexor 
(KPT330) 

Selective inhibitor of nuclear 
export; modifies CRM1-cargo 
binding  
cysteine residue 

NCT02530476; NCT02573363; 
NCT02093403; NCT02416908; 
NCT02088541; NCT02299518; 
NCT02403310; NCT02249091; 
NCT02485535; NCT02212561; 
NCT02091245 

ALK Silibinin Antioxidant; biochemical 
activity under investigation 

No trials with Lymphomas 
 

FGFR Dovitinib 
(TKI258) 

Multi-target TKI against 
FGFR, PDGFR, VEGFR, 
FLT3, c-KIT; ATP binding 
pocket 

NCT01831726  
 

FGFR Ponatinib 
(AP24534) 

Multi-target TKI against 
FGFR, PDGFR, VEGFR; ATP 
binding pocket 

NCT02627677; NCT02467270; 
NCT00660920; NCT01667133; 
NCT01746836; NCT02398825; 
NCT01207440; NCT01620216 

FGFR Infigratinib 
(BGJ398) 

pan FGFR inhibitor; ATP 
binding pocket 

NCT02160041 
 

FGFR FIIN2 and 
FIIN3 

TKI against FGFR and EGFR; 
targets Cys residue(s) in ATP 
binding pocket 

No trials  
 

PDGFR Imatinib 
(STI571) 

Multi-target TKI against 
PDGFR, ABL, c-KIT; ATP 
binding pocket 

NCT00044304; NCT00038675  

PDGFR S116836 Multi-target TKI against 
gatekeeper residue of PDGFR, 
FLT, TIE2, KIT, SRC family 
kinases; ATP binding site 

No trials 
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Summary and overview 

 

Factors that influence the occurrence of translocations include chromosome position, DNA 

damage response pathways, transcription frequency and epigenetic factors. Transcription can be a 

driver of translocations, possibly due to DNA supercoiling and torsional stress which can lead to 

topoisomerase induced breaks [14]. In this review, we have discussed 60 translocations involving 

RTKs in hematopoietic disorders including ALK, FGFR, PDGFR, RET, CSF1R and NTRK3. 

These RTK fusion proteins all contain an RTK kinase domain fused to a protein partner which 

contributes a dimerization domain. These dimerization domains allow the RTK kinase domain to 

autophosphorylate, resulting in a constitutively active kinase domain, leading to increased 

activation of downstream cellular signaling pathways and cancer progression. Although these 

translocations have been identified, the mechanism and pathways of activation for many these 

RTK fusions have yet to be discovered. While RTK-targeted therapies have proven to be 

beneficial, many cases result in drug resistance or relapse, which invokes the need for more 

effective treatments, and more options for RTK-translocation induced cancers. It is imperative to 

identify the translocations occurring in cancers and utilize multiple drug types during different 

treatment stages. A better understanding of these constitutively active RTK fusions provides 

insight to developing targeted therapies for hematopoietic disorders.  
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Chapter 2 

Oncogenic Fusion Protein BCR-FGFR1 Requires the Breakpoint Cluster Region-Mediated 

Oligomerization and chaperonin Hsp90 for Activation 

 

Abstract 

Mutation and translocation of fibroblast growth factor receptors often lead to aberrant 

signaling and cancer. This work focuses on the t(8;22)(p11;q11) chromosomal translocation which 

creates the BCR-FGFR1 fusion protein. This fusion occurs in stem cell leukemia/lymphoma, 

which can progress to atypical chronic myeloid leukemia, acute myeloid leukemia, or B-Cell 

lymphoma. This work focuses on biochemical characterization of BCR-FGFR1 and identification 

of novel therapeutic targets. The tyrosine kinase activity of FGFR1 is required for biological 

activity as shown using transformation assays, IL-3 independent cell proliferation, and liquid 

chromatography/mass spectroscopy analyses. Furthermore, BCR contributes a coiled-coil 

oligomerization domain, also essential for oncogenic transformation by BCR-FGFR1. The 

importance of salt bridge formation within the coiled-coil domain is demonstrated, as disruption 

of three salt bridges abrogates cellular transforming ability. Lastly, BCR-FGFR1 acts as a client 

of the chaperone protein Hsp90, suggesting that BCR-FGFR1 relies on the Hsp90 complex to 

evade proteasomal degradation. Transformed cells expressing BCR-FGFR1 are sensitive to the 

Hsp90 inhibitor Ganetespib, and also respond to combined treatment with Ganetespib plus the 

FGFR inhibitor BGJ398. Collectively, these data suggest novel therapeutic approaches for future 

stem cell leukemia/lymphoma treatment: inhibition of BCR oligomerization by disruption of 

required salt bridges; and inhibition of the chaperonin Hsp90 complex.  
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Introduction 
 

 Fibroblast growth factor receptors (FGFRs) are part of the receptor tyrosine kinase (RTK) 

family and are responsible for cell growth and proliferation. The FGFR family is composed of four 

homologous receptors; all contain three extracellular immunoglobulin-like domains, a 

transmembrane domain, and a split kinase domain. When these receptors are bound to fibroblast 

growth factor (FGF) and heparin sulfate proteoglycans, they are able to dimerize, which leads to 

auto-phosphorylation of the kinase domain and activation of downstream cell signaling pathways 

including signal transducer and activator of transcription (STAT), mitogen activated protein kinase 

(MAPK), protein kinase B (AKT), and phospholipase C gamma (PLCγ). FGFR signaling results 

in cellular migration, cell proliferation, angiogenesis, and wound healing (1). 

 FGFRs are often aberrantly activated in cancer by overexpression, mutation, or 

translocation. Specifically, FGFR1 is involved in stem cell leukemia/lymphoma (SCLL), also 

known as 8p11 myeloproliferative syndrome (EMS) (2). SCLL is characterized by a chromosomal 

translocation that produces a dimerizing protein partner fused to the kinase domain of FGFR1 (3). 

Although SCLL is rare, it can aggressively progress to atypical chronic myeloid leukemia (aCML), 

acute myeloid leukemia (AML), or B cell lymphoma. Despite extensive chemotherapy, the only 

known curative option for SCLL patients is hematopoietic stem cell transplantation. Although both 

Ponatinib and Pemigatinib (INCB054828) have been used to treat patients with mixed results, few 

other alternative treatment plans exist for patients who are either awaiting or are unable to receive 

transplantation (4, 5). 

 This work focuses on the t(8;22)(p11;q11) chromosomal translocation resulting in the 

BCR-FGFR1 fusion protein with exon 4 of BCR (Breakpoint Cluster Region) fused to exon 9 of 

FGFR1. Although BCR was first identified fused to Abelson murine leukemia viral oncogene 
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homolog-1 (ABL), also known as the Philadelphia chromosome, BCR has since then been 

identified fused to ret proto-oncognene (RET), Janus kinase 2 (JAK2), and platelet derived growth 

factor receptor alpha (PDGFRA) (6-9). Although a common fusion partner, the endogenous 

function of the BCR gene remains obscure. The fusion protein BCR-FGFR1 retains the coiled-coil 

dimerization/oligomerization domain, putative serine/threonine kinase domain, and partial 

RhoGEF domain from BCR (10).  

 The BCR-FGFR1 fusion is not well characterized, and this work seeks to elucidate the 

underlying mechanisms behind BCR-FGFR1 mediated SCLL. Although tyrosine kinase inhibitor 

therapies (TKIs) are traditionally used to treat certain hematological cancers, the use of TKIs often 

results in drug resistance in patients. Thus, it is crucial to determine additional therapeutic 

strategies in treating hematopoietic cancers. Here we suggest disruption of the BCR coiled-coil 

dimerization domain and Hsp90 inhibition as novel therapeutic targets for BCR-FGFR1 driven 

SCLL. Data presented here may also allow for additional approaches in treating BCR-ABL 

mediated CML, due to the similarity between BCR-ABL and BCR-FGFR1 fusion proteins.  
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Results 
Signaling Cascade Activation by BCR-FGFR1 

 The role of BCR in this fusion protein has remained unclear, as BCR-FGFR1 retains the 

coiled-coil oligomerization domain, putative serine/threonine kinase domain, and partial RhoGEF 

domain from BCR. In order to elucidate if BCR-FGFR1 relies on the tyrosine kinase activity of 

FGFR1, a K514A kinase dead mutation (12), or a K656E kinase activating mutation (11, 15), were 

introduced in the FGFR1 tyrosine kinase domain in both FGFR1 and BCR-FGFR1 backgrounds 

(Fig. 1A). These studies were performed in HEK293T cells, as they have previously been used in 

FGFR signal transduction and protein phosphorylation studies (16). HEK293T cells expressing 

either full-length FGFR1 or BCR-FGFR1 variants were analyzed for MAPK, STAT3 and STAT5 

activation, and FGFR1 receptor phosphorylation. Expression of FGFR1 shows slight activation of 

the MAPK pathway, while expression of the activated FGFR1-K656E shows elevated 

phosphorylation levels of MAPK (Fig. 4). Expression of BCR-FGFR1 or BCR-FGFR1-K656E 

also resulted in MAPK phosphorylation. Additionally, STAT3 and STAT5 phosphorylation were 

strongly elevated by BCR-FGFR1 and BCR-FGFR1-K656E, in comparison to FGFR1 or FGFR1-

K656E, indicating that BCR-FGFR1 induces both MAPK and STAT pathway activation (Fig. 4).  

To examine the phosphorylation of each fusion construct compared with FGFR1, FGFR1-

K656E and FGFR1-K514A were expressed in HEK293T cells, collected and immunoprecipitated 

with a C-terminal FGFR1 antibody, and probed for tyrosine phosphorylation. An increase in 

tyrosine phosphorylation was observed in both BCR-FGFR1, and BCR-FGFR1-K656E expressing 

cells, when compared to FGFR1, indicating that the contribution of BCR as a partner gene to this 

fusion increases the constitutive phosphorylation of FGFR1 (Fig. 4). Interestingly, although the 

putative serine/threonine kinase domain in BCR is present in the BCR-FGFR1 fusion protein, 

HEK293T cells expressing BCR-FGFR1-K514A, which contains BCR fused to a kinase dead 
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FGFR1, does not activate MAPK or STAT pathways (Fig. 4). In addition, no tyrosine 

phosphorylation of FGFR1 was detected for cells expressing BCR-FGFR1-K514A, suggesting 

that BCR-FGFR1 relies on the constitutive kinase activity of FGFR1 for activation of downstream 

cell signaling.  
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Figure 4. Cell signaling activated by BCR-FGFR1. (A) Schematic of FGFR1 and BCR-FGFR1 
with K514A kinase dead, and K656E kinase activating mutations shown. FGFR1 contains an 
extracellular ligand binding domain with immunoglobulin-like domains (Ig), a transmembrane 
domain (TM), a split tyrosine kinase domain, and kinase insert domain (KI). BCR-FGFR1 contains 
breakpoint cluster region (BCR) exon 4 at the N-terminus fused to the kinase domain of fibroblast 
growth factor receptor 1 (FGFR1) at exon 9. BCR contributes a coiled-coil (CC) and a putative 
serine/threonine (S/T) kinase domain to the BCR-FGFR1 fusion. (B) Lysates of HEK293T cells 
expressing either FGFR1 or BCR-FGFR1 derivatives were immunoprecipitated with anti-FGFR1 
antibody and immunobotted with phosphotyrosine antibody (panel 1). These lysates were 
immunoblotted with anti-FGFR1 antibody to detect expression of transfected clones (panel 2). 
Lysates were examined for activation of the STAT3, STAT5 and MAPK pathways using phospho-
specific antibodies; phospho-STAT3 (Y705) (panel 3), phospho-STAT5 (Y694) (panel 5) and 
phospho-MAPK (T202/Y204) (panel 7). Membranes were stripped and re-probed for total STAT3, 
STAT5 and MAPK shown in panels 4, 6 and 8, respectively. 
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Cell Transforming ability of BCR-FGFR1 by Focus Assay 

 In order to investigate the transforming ability of BCR-FGFR1 and subsequent mutants, 

these constructs were assayed in a NIH3T3 cell transforming assay. NIH3T3 cell transformation 

assays were one of the original assays used to discover and characterize novel oncogenes such as 

of activated RAS, MUC4, AKT and various other oncogenes (16, 17). NIH3T3 cells expressing 

BCR-FGFR1, BCR-FGFR1-K656E, and FGFR1-K656E exhibited high levels of focus formation 

(Fig. 2; B, D, G). FGFR3-TACC3, a known fusion oncogene (15, 16), was used as a positive 

control. Interestingly, BCR-FGFR1 and BCR-FGFR1-K656E exhibited nearly 3-fold higher focus 

formation in comparison to FGFR3-TACC3. NIH3T3 cells expressing either FGFR1, FGFR1-

K514A, or BCR-FGFR1-K514A did not form any visible foci (Fig. 5), indicating that the kinase 

activity of FGFR1 is critical to the transforming ability of this fusion.  
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Figure 5. Cell transformation of NIH3T3 cells by BCR-FGFR1. Representative plates from a focus 
assay are shown, with transfected constructs indicated. The graph shows the number of foci scored, 
normalized for transfection efficiency, and calculated as a percentage of transformation relative to 
FGFR3-TACC3 –/+ standard error of the mean (SEM). Assays were performed a minimum of 
three times per each DNA construct. 
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BCR-FGFR1 Promotes IL-3 Independent Cell Growth  

 The BCR-FGFR1 fusion protein has been solely discovered in hematopoietic cancers to 

date. 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 (16, 18). 32D cells were 

used to investigate the proliferative potential of cells expressing FGFR and BCR-FGFR1 

derivatives in the presence and absence of IL-3, and in the absence or presence of aFGF (Fig. 6). 

 FGFR1, FGFR1-K656E, BCR-FGFR1, and BCR-FGFR1-K656E were electroporated into 

32D cells. Only 32D cells which expressed either BCR-FGFR1 or BCR-FGFR1-K656E were able 

to proliferate in the absence of IL-3, as seen through MTT metabolic assays and cell counts (Fig. 

6). The addition of aFGF in the absence of IL-3 resulted in a slight increase in cell growth for 

FGFR1 and FGFR1-K656E, but no change for BCR-FGFR or BCR-FGFR1-K656E (Fig. 6), as 

expected since the extracellular ligand binding domain of FGFR1 is removed in the fusion proteins. 

All transfected constructs displayed cell viability in the presence of IL-3 (Fig. 6). Thus, these data 

demonstrate that the BCR-FGFR1 fusion protein requires the N-terminal contribution of BCR for 

IL-3-independent proliferation as assayed in 32D cells.  
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Figure 6. BCR-FGFR1 supports interleukin-3-independent proliferation. 32D control cells and cell 
lines selectively expressing FGFR1, FGFR1-K656E (FGFR1*), BCRFGFR1 and BCR-FGFR1-
K656E (BCR-FGFR1*) were cultured in the absence of interleukin-3 (IL-3) (A and D), in the 
presence of aFGF/Heparin (B and E) and in the presence of IL-3 (C and F). Total number of cells 
were counted on days 1, 3, 5, 7 and 9 to examine IL-3 independent growth (A, B, and C). Cell 
viability was determined by MTT metabolic assay (D, E, and F). All control cells and cell lines 
were assayed in triplicate. Standard deviation is shown. 
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LC-MS/MS Analysis Identifies Novel Phosphorylation Sites 

 The strong tyrosine phosphorylation signal seen in BCR-FGFR1 and BCR-FGFR1-K656E 

lysates though immunoblotting (Fig. 4) led to the inquiry of whether there were any novel 

phosphorylation sites within these fusion proteins. To investigate this question, HEK293T cell 

lysate expressing either FGFR1 or BCR-FGFR1 derivatives were immunoprecipitated and 

analyzed by LC-MS/MS as described (16). 

Both BCR-FGFR1 and BCR-FGFR1-K656E exhibit high phosphorylation levels on key 

tyrosine residues in the FGFR1 kinase domain, whereas BCR-FGFR1-K514A exhibited only slight 

phosphorylation (Fig. 7). The lack of phosphorylation on the activation loop tyrosine residues in 

BCR-FGFR1-K514A indicates that FGFR1 kinase activity is critical for activation of the BCR-

FGFR1 fusion. 

Additional serine, threonine, and tyrosine phosphorylation sites were also detected in BCR-

FGFR1 or BCR-FGFR1-K656E (Fig. 7) which have not been previously reported. To determine 

the role of these novel phosphoacceptor sites within the BCR domain of BCR-FGFR1 fusion 

proteins, phosphorylated serine or threonine residues were mutated to alanine, and phosphorylated 

tyrosine residues in BCR were mutated to phenylalanine. Each construct was assayed for focus 

formation. In addition to these mutations, a BCR(Y177F)-FGFR1 mutant was also assayed as it 

mutates the Grb2 binding site, previously shown to reduce activation of the BCR-FGFR1 fusion 

protein (19, 20). 

The Y177 Grb2 mutation in BCR-FGFR1 shows a 50% decrease in transforming ability 

when compared to NIH3T3 cells expressing BCR-FGFR1. However, all additional mutations in 

BCR phosphoacceptor sites displayed little to no difference in transforming ability. The mutant 

BCR(T359A/S367A/S369A/S377A)-FGFR1, which mutates phosphorylated residues within the 
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ABL SH2 binding domain present in BCR, was also transforming. Taken together, LC-MS/MS 

data and cell transformation assays suggest that tyrosine phosphorylation on activation loop 

residues within the FGFR1 kinase domain is critical for BCR-FGFR1 activation. BCR-FGFR1 

relies on an active FGFR1 kinase domain for transformation, while phosphorylation on residues 

within the BCR domain does not appear to be critical. 

 

Table 2. Biological activity of mutations in phosphoacceptor sites 

Construct	 Foci	Relative	to	
BCR-FGFR1	(%)	 SEM	(%)	

Mock	 0	 0	

BCR-FGFR1	 100	 11	

BCR(Y177F)-FGFR1	 55	 16	

BCR(Y436F)-FGFR1	 120	 2	

BCR(Y455F)-FGFR1 108	 9	

BCR(S122A)-FGFR1 97	 1	

BCR(Y246F)-FGFR1 105	 7	

BCR(S459A)-FGFR1 129	 1	

BCR(Y554F)-FGFR1 126	 11	

BCR(T359A/S367A/S369A/S377A)-FGFR1 129	 3	
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Figure 7. Phosphorylated residues in BCR-FGFR1 derivatives identified by mass spectrometry 
analysis. FGFR1 and BCR-FGFR1 derivatives were transfected into HEK293T cells and examined 
for phosphorylation by mass spectrometry as described in the Methods. The phosphorylation sites 
are indicated that were greater than 1% of the total phosphorylation detected in the sample. P-Tyr 
is shown in red; P-Thr is shown in green; P-Ser is shown in blue. Duplicate, independent samples 
were averaged; (A) BCRFGFR1-K514A, (B) BCR-FGFR1, (C) BCR-FGFR1-K656E. There was 
no significant difference in the phosphorylation sites detected in the FGFR1 kinase domains in 
BCRFGFR1 fusions compared to the FGFR1 derivatives (data not shown). (D) A schematic 
presentation of the BCR-FGFR1 fusion protein with key amino acid positions and domains 
labeled. The oligomerization domain (OLIGO), the Grb2 and the Abl SH2 binding domains are 
shown. Also shown is the partial DBL-homologous (DBL) domain, which is a structural RhoGEF 
domain of guanine nucleotide exchange factors for Rho/Rac/Cdc42-like GTPases.  
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Salt Bridge Disruption in BCR Dimerization Domain Abrogates Cell Transforming Ability 

The coiled-coil oligomerization domain of BCR is an attractive therapeutic target, as it is 

essential for cell transformation as demonstrated with assays done in BCR-ABL (21). Previous 

work has shown the necessity of salt bridge formation for the activation of oncogenic fusion 

protein ETV6-NTRK3, which is found in AML (22). Here we investigated the importance of salt 

bridge formation in the BCR coiled-coil domain as a potential requirement for the oligomerization 

and oncogenic activation of BCR-FGFR1. 

The coiled-coil oligomerization region of BCR spans amino acid residues 3-75 and has 

been proposed to contain two interhelical salt bridges stabilizing the two coils in an antiparallel 

coiled-coil (23) (Fig. 8). The first salt bridge (Salt Bridge #1) was proposed to form between 

residues Glu34 and Arg55, whereas the second salt bridge (Salt Bridge #2), between Glu46 and 

Arg53 is observed through the crystal structure of the BCR oligomerization domain (Fig. 8) (23-

25). Each salt bridge residue was individually mutated to a residue of the opposite charge to abolish 

the electrostatic interaction. When residues Glu34 or Arg55 in BCR Salt Bridge #1 were mutated 

to the opposing charge, E34R or R55E respectively, little to no effect was observed in cell 

transformation (Fig. 8). Likewise, when residues Glu46 or Arg53 in BCR Salt Bridge #2 were 

mutated to the opposing charge, E46R or R53E respectively, no effect in cell transformation was 

observed (Fig. 8). 

We also became aware of the possible importance of a putative intrahelical salt bridge (Salt 

Bridge #3) involving E52 and R55 (23) (Fig. 8). Since R55 is also involved in Salt Bridge #1, this 

means that mutation of R55E to probe the importance of Salt Bridge #1 inadvertently disrupts the 

intrahelical Salt Bridge #3. This extra layer of complexity was analyzed as shown in Table 2. The 

upper portion of the table lists all possible mutations in Salt Bridges #1 and #2 (mutants 2-5) which 
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do not disrupt Salt Bridge #3. The lower portion of the table lists all possible mutations in Salt 

Bridges #1 and #2 which also perturb Salt Bridge #3 (mutants 7-12). 

When only Salt Bridge #3 was disrupted in the E52R mutation (Fig. 8), little effect was 

observed. When various combinations of mutations were examined, affecting Salt Bridge #3 

together with either Salt Bridge #1 or Salt Bridge #2, the effects on biological activity were 

variable (Fig. 8). However, cell-transforming ability by BCR-FGFR1 was significantly reduced or 

completely abrogated when all three salt bridges were disrupted simultaneously: the mutant 

E34R/E46R/E52R exhibited <1% transformation activity, and the mutant R53E/R55E exhibited 

only 14% (Fig. 8). These data suggest that these three salt bridges in the BCR coiled-coil domain 

together provide a critical and partially redundant role in the oligomerization and activation of 

BCR-FGFR1. Fig. 8D presents focus assay plates for BCR-FGFR1 (Fig. 8), and for selected 

mutants that disrupt either 2 or 3 salt bridge simultaneously (Fig 8).  
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Figure 8.  Three salt bridges are required for BCRFGFR1 activity. Focus assay results with salt 
bridge mutations made in BCR coiled-coil domain. (A) The anti-parallel heptad repeats of the 
coiledcoil domain of BCR showing the residues in the “e” and “g” positions.23 The two 
interhelical salt bridges are indicated between residues E34 and R55 (#1) in the “g” positions, and 
between E46 and R53 (#2) in the “e” positions. Below, residues 30 through 65 of the anti-parallel 
region are shown with the salt bridges indicated. Also shown in the linear sequence is the location 
of the intrahelical salt bridge involving E52-R55 in the “d” and “g” positions. (B) The crystal 
structure of the breakpoint cluster region (BCR) coiled-coil oligomerization domain is shown 
(PDB code 1K1F), as viewed using Chimera software.24,25 Positive residues R53 and R55 are in 
blue while negative residues E34, E46, and E52 are in red. (C) Results from NIH3T3 
transformation assay expressing BCR-FGFR1 fusions with salt bridge mutations. Foci were 
scored, normalized for transfection efficiency and quantitated relative to BCRFGFR1 –/+ standard 
error of the mean (SEM). Each DNA construct was assayed at least three times. (D) Representative 
plates from a focus assay are shown. In the interest of space, plates are shown only for selected 
mutants that disrupt either two or three salt bridges simultaneously, as indicated. 
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BCR-FGFR1 is an HSP90 Addicted Oncoprotein 

 Heat shock protein 90 (Hsp90) is a highly conserved, ubiquitously expressed molecular 

chaperone that controls the stability of certain proteins (26). Prior work has shown that Hsp90 is 

overexpressed in certain cancers, and the Hsp90 complex provides stability for various oncogenic 

proteins, which are necessary for cancer cell survival (27). Many of these oncogenes, such as 

mutated P53 or BCR-ABL take advantage of the Hsp90 chaperone system to avoid ubiquitination 

and proteasomal degradation (28). Here, we aim to uncover if BCR-FGFR1 is a client of Hsp90 

and possibly relies on the Hsp90 complex for stability and cellular survival. 

 HEK293T cell lysate expressing either FGFR1 or BCR-FGFR1 derivatives were 

immunoprecipitated with FGFR1 antisera and immunoblotted for Hsp90. An interaction was 

observed between Hsp90 and BCR-FGFR1 derivatives (Fig. 9). To further analyze if BCR-FGFR1 

is dependent on Hsp90 for cellular stability and activity, assays with potent Hsp90 inhibitor, 

Ganetespib, were performed. HEK293T cells expressing either FGFR1 or BCR-FGFR1 

derivatives were treated with 200 nM Ganetespib for 4 h, then analyzed for overall FGFR1 

expression and activation of downstream cell signaling pathways (Fig. 9). A significant reduction 

in BCR-FGFR1 expression is observed following Ganetespib treatment (Fig. 9B, top panel). 

Furthermore, treatment with this Hsp90 inhibitor shows a decrease in phosphorylated STAT3, and 

complete ablation of phosphorylated BCR-FGFR1, when compared to control cells treated (Fig. 

9). Interestingly, MAPK retains phosphorylation, despite the loss of phosphorylated BCR-FGFR1 

(Fig. 9B, 2nd panel). Although unexpected, this result could be due to the Grb2 binding site present 

in BCR, which activates downstream Ras and MAPK pathways independently of FGFR1 

activation (19). The dramatic decrease in BCR-FGFR1 expression with the addition of Ganetespib 
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suggests that BCR-FGFR1 may be a client protein of Hsp90 and potentially uses the Hsp90 

complex for protein stability within the cell.  

 To investigate if BCR-FGFR1 relies on Hsp90 for cell transformation, NIH3T3 cells 

expressing FGFR1 or BCR-FGFR1 derivatives were treated with increasing concentrations of 

Ganetespib. Ganetespib concentrations were titrated to allow for a dose that effectively treated 

BCR-FGFR1 expressing cells without harming non-expressing NIH3T3 cells. A reduction of cell 

transformation and focus formation is observed with increasing concentrations of Ganetespib (Fig. 

10).  The BCR-FGFR1 derivatives were more sensitive to the Ganetespib than FGFR1-K656E, 

possibly due to the lack of HSP90 association with FGFR1-K656E (Fig. 10). 

 Furthermore, in order to determine if the effects of Ganetespib were synergistic with FGFR 

inhibition, a combinatorial experiment was performed on NIH3T3 cells expressing either BCR-

FGFR1 or FGFR1 derivatives, which were simultaneously treated with Ganetespib and a TKI. 

These cells were treated with a constant 15 nM Ganetespib and were dosed with increasing 

concentrations of BGJ398, a potent FGFR inhibitor (Fig 10). A potentially synergistic effect is 

observed between Ganetespib and BGJ398, as foci production among cells expressing either BCR-

FGFR1 or FGFR1 derivatives dramatically decreases. These data suggest that the use of Hsp90 

inhibition combined with TKI treatment may be beneficial for BCR-FGFR1 expressing cells.  

 The effect of Ganetespib was also examined using 32D IL-3-dependent cells. The IL-3-

independent proliferation of the BCR-FGFR1 expressing 32D cells was reduced by treatment with 

Ganetespib as measured by MTT assay (Fig. 10). The Ganetespib did not affect the normal 

dependence of the cells on IL-3, as shown in Fig. 10D. Therefore, these data suggest that BCR-

FGFR1 is dependent on the molecular chaperone Hsp90 for cellular transformation. 
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Figure 9.  BCR-FGFR1 activity relies upon Hsp90. (A) Lysates from HEK293T cells expressing 
FGFR1 and BCR-FGFR1 derivatives were immunoprecipitated with FGFR1 and immunoblotted 
with anti-Hsp90 antibody (top panel). The membrane was reprobed for total FGFR1 (panel 2). The 
bottom panel shows the Hsp90 expression in lysate samples. (B) HEK293T cells expressing 
FGFR1 and BCR-FGFR1 derivatives were treated with –/+ 200 nM Ganetespib for 4 hours (h) 
prior to lysing. Lysates were examined for expression of the clones with anti-FGFR1 (panel 1), 
examined for activation of MAPK and STAT3 pathways using phospho-specific antibodies; 
phospho-MAPK (T202/Y204) (panel 2) and phospho-STAT3 (Y705) (panel 4). Membranes were 
stripped and reprobed for total MAPK and STAT3 shown in panel 3 and 5, respectively. Tyrosine 
phosphorylation of FGFR1 and BCR-FGFR1 derivatives was examined by immunoprecipitating 
FGFR1 followed by immunoblotting with anti-phosphotyrosine antibody (panel 6). The Hsp90 
interaction was examined by immunoblotting with anti-Hsp90 antibody on FGFR1 
immunoprecipitations (panel 7). The bottom control panel shows expression of GAPDH. 
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Figure 10.  Effects of Ganetespib on BCR-FGFR1 activity in cellular assays. (A) NIH3T3 
transformation assay. Cells expressing FGFR1-K656E, BCR-FGFR1 and BCRFGFR1-K656E 
were treated with increasing concentrations of the Hsp90 inhibitor, Ganetespib (10, 20, 23, 26 and 
30 nM). After 14 days (d), foci were scored and each sample was normalized by transfection 
efficiency set to 100% as the starting value under conditions of no Gantespib. Mock transfected 
cells and cells expressing FGFR1 were also included in this assay; no foci were observed. (B) 
Effects of Ganetespib (15 nM) together with increasing concentrations of FGFR-specific TKI 
BGJ398 in NIH3T3 transformation assays. Quantitation as in (A) above. Mock transfected cells 
and cells expressing FGFR1 were also included in this assay; again, no foci were observed (C and 
D). Ganetespib inhibits 32D cell proliferation stimulated by BCR-FGFR1. 32D control cells and 
cells selectively expressing BCRFGFR1 were cultured in panel C in the absence of IL-3 and, in 
panel D, in the presence of IL-3, together with Ganetespib at 0, 2.5, and 5.0 nM. Cells expressing 
FGFR1 were also included in this assay and showed no cell proliferation in the absence of IL-3, 
as shown earlier (Figure 3A and D). Cell viability was determined by MTT metabolic assay. All 
control cells and cell lines were assayed in triplicate. Standard error is shown. 
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Discussion 
 

 Considerable advances have been made in our understanding of the molecular basis of 

hematological cancers. Since the identification of BCR-ABL almost 60 years ago (29), over 500 

oncogenic translocations have been identified in hematopoietic cancers alone, which emphasizes 

the importance of identifying and characterizing these oncogenic drivers (30). With the emergence 

of personalized medicine, the characterization of activators of SCLL, such as BCR-FGFR1, is 

critical in determining additional therapeutic targets. Although the use of TKIs to treat SCLL is 

becoming more commonplace, TKI treatment often results in drug resistance in patients, 

highlighting the need for additional therapies for SCLL (31). 

 

Biological and Biochemical Characterization of BCR-FGFR1  

Through the data presented, we were able to extensively characterize the fusion protein 

BCR-FGFR1. We demonstrate that the N-terminal fusion of BCR results in constitutive activation 

of FGFR1. Through our cell signaling studies, we demonstrate that BCR-FGFR1 activates 

ERK/MAPK and JAK/STAT pathways, and possesses transforming activity in NIH3T3 cells 

However, BCR-FGFR1-K514A was unable to activate either pathway, or transform NIH3T3 cells, 

indicating that BCR-FGFR1 relies on the kinase activity of FGFR1 for activation. Furthermore, 

32D cells expressing BCR-FGFR1 or BCR-FGFR1-K656E were able to proliferate in the absence 

of IL-3, indicating the oncogenic potential of this fusion protein. 

LC-MS/MS data additionally demonstrate that BCR-FGFR1 relies on the kinase activity 

of FGFR1 for oncogenic activity. Phosphorylation on key tyrosine residues in the FGFR1 kinase 

domain, including Y653 and Y654 in the activation loop, is observed in BCR-FGFR1 and BCR-

FGFR1-K656E, which is absent in kinase-dead BCR-FGFR1-K514A. Although novel 
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phosphorylation sites were detected on BCR, these phosphoacceptor sites do not appear to be 

critical for the cell transformation or oncogenic ability of BCR-FGFR1.  

 

Novel Therapeutic Targets for SCLL induced by BCR-FGFR1  

 Currently, hematopoietic stem cell transplantation is the primary curative option for 

patients who have SCLL. Here, we have described two novel potential therapeutic approaches: 

disruption of ionic bonding that stabilizes BCR oligomerization, and inhibition of the chaperonin 

Hsp90 complex.  

The coiled-coil oligomerization domain of BCR has previously been demonstrated to be 

essential for the transforming ability of BCR-ABL (21). However, the requirement of electrostatic 

interactions within the coiled-coil domain for oligomerization has not been investigated. Here, we 

have described a novel inhibition of BCR-FGFR1 mediated cell transformation through abolishing 

three salt bridge interactions in the coiled-coil domain of BCR. This ablation of cell transformation 

is seen through focus forming assays, as the disruption of these salt bridges in the BCR-FGFR1 

mutant E34R/E46R/E52R (mutant #11) almost completely abolishes focus formation. 

Furthermore, the intrahelical Salt Bridge #3, formed by residue Glu52 with Arg55 in BCR, plays 

a crucial role in providing stability for the coiled-coil domain in BCR. The apparent ability of 

Arg55 to form complex salt bridges with Glu34 and Glu52 highlights the potential importance of 

cooperativity exhibited by complex salt bridges and their contribution to protein stability (32). 

Taken together, these data suggest that these three salt bridges provide a critical role in the 

activation of BCR-FGFR1. The potential loss of oligomerization and near absence in focus 

formation suggests that the coiled-coil domain of BCR is an attractive therapeutic target for SCLL.  
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Additionally, we have shown that BCR-FGFR1 is a client of the Hsp90 chaperone 

complex, and potentially uses this complex to avoid proteasomal degradation in the cell. Previous 

work has shown that the FGFR1OP2-FGFR1 fusion is also a client of the Hsp90 complex, and that 

targeting the Hsp90 complex resulted in reduced activity of this fusion protein (33). The interaction 

and dependence of BCR-FGFR1 on the Hsp90 complex is established through cell transformation 

assays, and analysis of downstream cell signaling. A decrease in overall expression of BCR-

FGFR1 is detected with the addition of Ganetespib, a potent Hsp90 inhibitor. Furthermore, BCR-

FGFR1 expressing cells treated with Ganetespib displayed a reduction in STAT and MAPK 

activation, and no FGFR1 phosphorylation. Additionally, the transformation ability of cells 

expressing BCR-FGFR1 decreases when treated with increasing concentrations of Ganetespib, 

indicating that this fusion protein relies on the Hsp90 complex for cellular stability, and is sensitive 

to Hsp90 inhibition. We also examined the combined effects of Ganetespib with the FGFR 

inhibitor BGJ398 in NIH3T3 cell transformation assays, and in 32D cell proliferation assays in the 

absence and presence of IL-3. Taken together, these data show that BCR-FGFR1 may rely on the 

Hsp90 molecular chaperone complex to avoid proteasomal degradation (34).  

Through this work, we have described potential approaches to inhibit BCR-FGFR1 

induced SCLL. Although TKI therapies have been used to traditionally treat certain hematopoietic 

cancers, their use has often resulted in drug resistance. Recently it was discovered that FGFR1 

fusion kinases are associated with the upregulation of MYC, which drives SCLL (35). Targeting 

the MYC complex in addition to chemotherapy, and the approaches described here may also be 

therapeutically beneficial for patients with SCLL.  
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Relevance for BCR-ABL Driven Cancers  

Since the initial characterization of BCR-ABL, the emergence of cancer genome 

sequencing has played a vital role in the detection of other translocation-induced malignances. 

BCR-ABL is detected in 95% of CML cases, and variants of this gene exist with alternative 

breakpoints. The most commonly found transcript is the BCR-ABL p210 variant which contains 

a breakpoint of BCR exon 13 fused to exon 1 of ABL (10). In comparison to BCR-FGFR1, BCR-

ABL retains more of the BCR gene in this fusion. However, both fusions retain the oligomerization 

domain, putative serine threonine/kinase domain and GEF domain. Due to the similarity between 

these fusions, we propose that the work described here will be relevant to BCR-ABL fusions as 

well. In particular, the inhibition of the BCR coiled-coil domain through salt bridge disruption may 

be an additional therapeutic target for BCR-ABL. Furthermore, retention of the GEF domain in 

BCR-FGFR1 has been shown to result in reduced leukemogenesis (36).  

Although TKIs are usually the first line of treatment for CML, many patients will require 

concurrent forms of therapy to ensure complete remission (37). Hsp90 inhibition has become an 

attractive therapeutic target in treating BCR-ABL induced CML. More recently, aminoxyrone was 

shown to be effective in inhibiting imatinib resistant CML (37). While Ganetespib binds to the N-

terminal ATP binding site in Hsp90, Aminoxyrone binds to the C-terminal tail of Hsp90, 

preventing its dimerization. The combination of Hsp90 inhibition with traditional chemotherapy 

and TKI treatment may be beneficial in patients with CML or SCLL. These recent findings again 

highlight the importance of the characterization of oncogenic translocations as well as the 

development of additional therapeutic targets to treat therapy-refractory leukemia.  
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Materials and Methods 

DNA Constructs 

 The BCR gene (pSG65-Bcr) was purchased from Addgene (Watertown, MA, USA) and 

was subcloned into pcDNA3. FGFR1 and FGFR1-K656E were previously described (11). To 

construct BCR-FGFR1, a BamHI site was introduced by PCR-based site-directed mutagenesis 

after amino acid L584 in BCR and before amino acid V429 in FGFR1. This unique internal BamHI 

site was used together with an upstream site of EcoRI to subclone the 5’ region of BCR into the 

FGFR1 pCDNA3 plasmid, creating a fusion breakpoint of BCR exon 4 fused to FGFR1 exon 9. 

The BamHI site adds 6 bases which code for a GS linker between the 5’ BCR and the 3’ FGFR1. 

FGFR1-K514A (12) and all other mutations described were introduced by PCR-based site-directed 

mutagenesis. FGFR1 or BCR-FGFR1 clones were subcloned into the pLXSN expression plasmid 

for use in NIH3T3 or 32D cells. Details of plasmid DNAs used are in Supplemental Information. 

 

Cell Transfection, Immunoprecipitation, Immunoblot Analysis 

 HEK293T cells were transfected with 3 μg of the pcDNA3 plasmid constructs using 

calcium phosphate transfection as described (13). Immunoblotting was performed as described 

(14). NIH3T3 focus assays were performed as described (15). Number of foci were, normalized 

by transfection efficiency, and quantitated relative to a positive control +/-SEM.  

Hsp90 inhibitor, Ganetespib was added to HEK293T transfected cells at a concentration of 

200 nM for 4 h during cell starvation at 10% CO2, 37 °C. Transfected NIH3T3 cells were 

maintained with 0, 10, 20, 23, 25, or 30 nM Ganetespib for 14 days, and fixed and scored as 

described. For combination drug treatment, 15 nM Ganetespib was used with the FGFR inhibitor 
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BGJ398 at 0, 2.5, or 10 nM. All cell assays were performed a minimum of 3 times. More detailed 

information is provided in Supplemental Information. 

 

Interleukin-3 (IL-3) independent growth in 32D cells  

 A total of 1 x 106 32D cells were electroporated (1,500V, 10ms, 3 pulse) by Neon 

Transfection system using 30 μg of FGFR1 or BCR-FGFR1 derivatives in pLXSN in triplicate. 48 

h after transfection, cells were selected with 1.5 mg/mL Geneticin (G418) for 10 days to generate 

stable cell lines before starting IL-3 independent growth assays. Triplicate flasks were seeded with 

the cell lines at 4 x 104 cell/ml in the presence or absence of mouse IL-3. In addition, 1 nmol/L of 

aFGF and 30ug/ml of heparin was added to a set of flasks in the absence of IL-3. On days 1, 3, 5, 

7, and 9 samples were counted and measured for MTT metabolic activity as described (16). For 

Ganetespib treatment, cells were seeded with 0, 2.5, or 5.0 nM Ganetespib –/+ IL-3. MTT 

metabolic activity was measured on days 3, 5, and 7. A concentration of 10 nM or higher of 

Ganetespib was found to be toxic to 32D cells in the presence of IL-3. 

 

Mass Spectrometry Sample Preparation 

 Liquid chromatography/mass spectroscopy (LC-MS/MS) for phosphopeptide analysis was 

as described previously (16).  
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Chapter 3 

 

BCR: A Promiscuous Fusion Partner in Hematopoietic Disorders 

 

Abstract  

Considerable advances have been made in our understanding of the molecular basis of 

hematopoietic cancers. The discovery of the BCR-ABL fusion protein over 50 years ago has 

brought about a new era of therapeutic progress and overall improvement in patient care, mainly 

due to the development and use of personalized medicine and tyrosine kinase inhibitors (TKIs). 

However, since the detection of BCR-ABL, BCR has been identified as a commonly occurring 

fusion partner in hematopoietic disorders. BCR has been discovered fused to additional tyrosine 

kinases, including: Fibroblast Growth Factor Receptor 1 (FGFR1), Platelet-derived Growth Factor 

Receptor Alpha (PDGFRA), Ret Proto-Oncogene (RET), and Janus Kinase 2 (JAK2). While BCR 

translocations are infrequent in hematopoietic malignancies, clinical evidence suggests that 

patients who harbor these mutations benefit from TKIs and additional personalized therapies. The 

improvement of further methodologies for characterization of these fusions is crucial to determine 

a patient’s treatment regimen, and optimal outcome. However, potential relapse and drug 

resistance among patients’ highlights the need for additional treatment options and further 

understanding of these oncogenic fusion proteins. This review explores the mechanisms behind 

cancer progression of these BCR oncogenic fusion proteins, comparing their similarities and 

differences, examining the significance of BCR as a partner gene, and discussing current treatment 

options for these translocation-induced hematopoietic malignancies.  
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Introduction: Chromosomal Translocations in Cancer 

Cancer arises from genetic alterations consisting of gene mutation, gene over-activation or 

gene loss of function. In the last 60 years, chromosomal translocations that encode for functional 

oncogenic proteins have been identified in numerous cancer types, and account for approximately 

20% of all malignant neoplasms [1]. With the emergence of personalized medicine and cancer 

genome sequencing, characterization, and analysis of mutations such as chromosomal 

translocations are vital. Translocations usually arise from multiple DNA double strand breaks 

(DSB) in chromosomes that can occur for various reasons. Illegitimate V(D)J recombination, class 

switch recombination, homologous recombination, non-homologous end joining, and genome 

fragile sites are all suggested to produce chromosomal translocations [2]. However, the presence 

of a translocation is not always a hallmark of cancer [3]. Previous studies have found leukemogenic 

translocations in the blood of healthy individuals, indicating that translocations alone may not be 

sufficient to produce malignant cells. Instead, these translocations produce pre-malignant cells, 

which may require additional mutations for cancer to occur [2-4].  

 Identified chromosomal translocations are numerous and varied, many of which produce a 

translatable fusion protein with oncogenic potential. However, a common theme amongst these 

fusions is the contribution of a dimerization domain by a partner gene, often fused to a kinase [5]. 

Arguably the most well studied oncogenic fusion, breakpoint cluster region-Abelson murine 

leukemia viral oncogene 1 (BCR-ABL), discovered in 1960 and found in 95% of chronic myeloid 

leukemia cases (CML), is the archetype of this theme. BCR is located on chromosome 22, and 

since its original discovery as part of the Philadelphia chromosome, BCR has been identified fused 

to multiple tyrosine kinases, including JAK2, PDGFRA, RET, and FGFR1 in hematopoietic 

malignancies [5]. Yet, the underlying reason behind the commonality of BCR as a fusion partner 
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is not well understood. It has been speculated that genes such as BCR are located near 

chromosomal fragile sites. These sites are specific genomic regions that show gaps or breaks on 

metaphase chromosomes due to replication stress which are prone to breakage and translocation 

as a result. Indeed, 64% of breakpoints in chromosomal translocations implicated in hematological 

malignancies correspond to common fragile sites, and may account for the increased frequency of 

BCR as a fusion partner in hematopoietic neoplasms [6]. Furthermore, BCR-ABL positive CML 

is a leukemic stem cell disease, where CML is maintained by a population of leukemic stem cells, 

that are capable of cell colonization [7, 8]. Although BCR fusions have been detected in solid 

tumors, BCR fusion proteins that are drivers of cancer have solely been identified in hematological 

cancers to date [9]. BCR is highly expressed hematopoietic tissue, which may account for its 

function as a fusion partner in blood cancers (Table 3) [10]. 

 Here we present a timely review, which examines the importance of BCR as a translocation 

partner in hematopoietic cancers. The commonality of BCR as a fusion partner will be addressed, 

along with an in-depth analysis of BCR fusion proteins found to date (Tables 2,3). The molecular 

mechanisms of these BCR fusions will be discussed in detail, along with current treatment options 

and patient outcomes for cancers positive for these fusions (Figure 11). The discovered oncogenic 

BCR fusions once again highlight the importance of determining malignant genetic alterations in 

patients, and a need for personalized medical treatments.  
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BCR: The Philandering Partner  

 Since the discovery of the oncogenic fusion protein BCR-ABL, additional translocations 

with BCR as a fusion partner have been uncovered. Here, we discuss the fusions of BCR-ABL, 

BCR-FGFR1, BCR-JAK2, BCR-PDGFRA, and BCR-RET and their involvement in 

hematopoietic malignancies (Figure 11, Table 3). In addition to these well characterized fusion 

proteins, other BCR fusions have been discovered in solid tumors and hematological cancers, 

however these fusions have yet to be studied (Table 4). Although the reasoning behind the 

commonality of BCR as a fusion partner is not understood, we aim to discuss the mechanisms and 

current treatment options for cancers driven by these fusions.  
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Figure 11. A schematic representation of commonly found BCR fusion proteins. All fusions 
contain the coiled-coil domain found in BCR exon 1, fused to an activated kinase domain. All 
BCR fusions found in hematopoietic malignancies contain BCR as an N-terminal fusion partner. 
The dashed red line depicts the breakpoint for each fusion. The commonly found BCR-ABL p210 
variant, BCRFGFR1, BCR-PDGFRA, BCR-JAK2, and BCR-RET are all depicted above. CC 
domain, coiled-coil domain; putative S/T kinase, putative serine/threonine kinase domain; DNA 
BD, DNA binding domain; F-Actin BD, F-Actin binding domain; SH2, Src Homology 2 domain; 
SH3, Src Homology 3 domain; DH, Dbl homology domain; PH, Pleckstrin Homology domain; 
RhoGEF, guanine nucleotide exchange factor for Rho/Rac/Cdc42-like GTPases. 
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BCR-ABL 

 The discovery of BCR-ABL was one the most influential findings for the treatment of 

hematopoietic malignancies, as this eventually identified the first target for specific TKIs, paving 

the way for directed drug therapies in patients. Nowell and Hungerford first discovered the 

Philadelphia chromosome, which encodes the BCR-ABL fusion protein in 1960, during the 

analysis of CML cases. The identification of the Philadelphia chromosome was a turning point, as 

this was the first demonstration of a chromosomal rearrangement being linked to a specific cancer 

[11]. Despite the discovery of BCR-ABL in 1960, it was not until 36 years later in 1996, when 

Imatinib was discovered to be an inhibitor of ABL and was used to treat BCR-ABL positive CML 

[12, 13]. Since the initial characterization of BCR-ABL, the emergence of cancer genome 

sequencing has played a vital role in the detection of other translocation-induced malignancies. In 

fact, over 500 oncogenic translocations have been identified in hematopoietic cancers to date, 

again emphasizing the importance of identification and characterization of these oncogenic drivers 

for the development of finely tuned therapies for patients [14]. 

 The Philadelphia chromosome results from the t(9;22)(q34;q11) translocation, which is 

detected in 95 % of CML cases. CML is considered a three-stage disease described by an initial 

chronic phase where patients exhibit an expansion of the granulocytic cell lineage, typically lasting 

3-4 years. Additional mutations can force the progression of CML into accelerated phase, followed 

by blast phase, which is characterized by the presence of 30% or more blast cells in peripheral 

blood or bone marrow [15]. Produced as a result of the Philadelphia chromosome, variants of the 

BCR-ABL gene fusion exist with alternative breakpoints from either gene, which can be found in 

various leukemias (Figure 11) [16]. The most commonly occurring BCR-ABL fusion is the p210 

variant, where BCR exon 13 or 14 is found fused upstream of exon 1 to ABL; this variant is often 
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found in CML. A BCR-ABL p190 variant, where BCR exon 1 is fused to ABL exon 2, is more 

frequently found in pediatric ALL and AML, and BCR-ABL p230, where BCR exon 19 is found 

exon 2 of ABL is seen in neutrophilic CML [16]. The p190 BCR-ABL variant characterizes a more 

acute leukemia usually of lymphoid origin, whereas the p210 BCR-ABL variant is a chronic 

leukemia of myeloid origin. Furthermore, p210 BCR-ABL is expressed primarily in early stages 

of myeloid maturation, with a decrease in expression seen with myeloid differentiation, suggesting 

that this disease is of stem cell origin [16]. It was recently uncovered that p210 and p190 BCR-

ABL variants employ a differential signaling network to function within the cell. While the p210 

variant saw a stronger activation of STAT5 and MAPK, the p190 variant activated Lyn kinase, as 

seen through quantitative comparative proteomic analysis [17]. The varying activation of 

phosphatase and tyrosine kinase pathways by the p210 and p190 variants, respectfully, suggests a 

different role of each variant as a driver of either myeloid or B-lymphoid transformation (Table 3) 

[17].  

  Interestingly, all variants contain BCR as a N-terminal fusion partner, fused to C-terminal 

ABL. All gene fusions also retain an intact BCR coiled-coil dimerization domain as well as a 

functional ABL kinase domain. It has been postulated that the coiled-coil domain from BCR 

facilitates the dimerization of ABL, thus activating its function. Furthermore, the coiled-coil 

domain in BCR also promotes the association of BCR-ABL with actin fibers, as BCR-ABL fusions 

lacking a coiled-coil domain had only a small increase in actin association. While ABL contains a 

C-terminal actin-binding domain in this gene fusion, mutations in either the coiled-coil domain of 

BCR or the C-terminal actin-binding domain in ABL attenuate the transformation ability of this 

fusion protein [15, 18].  



	 86 

The BCR-ABL fusion exhibits cytoplasmic localization, and activation of the JAK/STAT, 

PI3K/AKT, and the RAS pathways (Figure 12). Specifically, the activation of STAT5 may 

contribute to the anti-apoptotic activity shown by patient derived BCR-ABL cell lines [16]. 

Additionally, BCR-ABL expression leads to IL-3 independent growth of Ba/F3 cells, despite the 

lack of secreted IL-3 detected in these cells [19]. Although ABL is a non-receptor kinase and 

usually displays low levels of constitutive kinase activity, the BCR-ABL fusion protein shows 

constitutively activated tyrosine kinase activity, attributed to the kinase domain in ABL. 

Furthermore, the extent of transforming activity is correlated to the degree of tyrosine kinase 

activity of BCR-ABL [16]. In addition, BCR-ABL is known to induce the tyrosine phosphorylation 

of Crkl, Shc, Syp, Fes, Vav, and paxillin proteins, suggesting a possible cell signaling or cell 

growth associated role for these interactions [16]. Endogenous BCR interacts with BCR-ABL and 

can form heterotetromers through the BCR coiled coil domain. Furthermore, BCR binds to SH2 

domains present in ABL, which is postulated to be functional feedback regulation, as serine 

phosphorylation within the kinase domain of BCR inhibits the kinase activity of ABL [16].  

Altered mRNA translation and interaction between various upregulated genes have been 

shown to aid the cellular survival of BCR-ABL. In patient derived BCR-ABL positive cell lines, 

this fusion protein increased expression and activity of transcriptional inducer and translational 

regulator heterogeneous nuclear ribonucleoprotein K (HNRPK) through MAPK activation. 

Furthermore, the HNRPK/MAPK pathways have been demonstrated to control BCR-ABL activity 

through the regulation of myc mRNA translation [20].  In addition to gene over activation or 

mutation, the misregulation of non-coding RNAs have been implicated in various cancers [PMID 

28701486]. Non-coding RNAs are transcripts coded by the genome, which are not translated into 

protein. However, non-coding RNAs are known to regulate chromatin dynamics, gene expression, 
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growth and development. Furthermore, alteration in long noncoding RNAs (lncRNAs) expression 

or mutation has been shown to promote malignant neoplasms [21]. In particular, lncRNAs have 

been discovered to be involved in the progression of BCR-ABL positive CML [21, 22]. BCR-ABL 

mediated cell transformation requires the silencing of tumor suppressor, lncRNA-BGL3, which 

was suppressed through c-myc dependent DNA methylation [22].  BCR-ABL has been shown to 

exhibit anti-apoptotic activity; the oncogenicity of BCR-ABL is facilitated by the suppression of 

apoptosis through the expression of the anti-apoptotic protein Bcl-2 [23]. Bcl-2 is a downstream 

target of the Ras pathway, and it is suggested that BCR-ABL regulation of Bcl-2 requires an active 

Ras signaling pathway [24]. A newly discovered interaction between scaffold protein AHI-1, 

BCR-ABL and Dynamin-2 (DNM-2) has been demonstrated to regulate the leukemic properties 

of hematopoietic stem cells (HSCs). This AHI-1/BCR-ABL/DNM-2 complex regulates HSCs 

through cellular endocytosis and ROS mediated autophagy, suggesting that this complex is a 

possible therapeutic target for the eradication of leukemic HSCs [25].  

The extensive characterization of BCR-ABL has led to therapeutic advances for patients 

with Philadelphia chromosome positive CML. Although interferon alfa, hydroxyurea, or busulfan 

had typically been used to treat CML, these failed to achieve complete cytogenic response. 

However, the discovery and use of the potent TKI, imatinib, has led to significant advances in 

overall CML remission and has elicited hematologic and cytogenic response in a majority of 

patients [26]. The discovery of imatinib followed by the emergence of 2nd and 3rd generation TKIs, 

such as has dasatinib, nilotinib, and bosutinib has led to an increase in life expectancy of CML 

patients from 3-7 years to that similar to the general population [27]. However, the use of imatinib 

in patients has led to imatinib resistant CML malignancies in some cases. Mechanisms of imatinib 

resistance include point mutations in the ABL kinase domain, over expression of BCR-ABL, or 
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up regulation of SRC kinase, which acts independently of BCR-ABL [28]. Although imatinib 

treatment remains the standard of care for Philadelphia chromosome positive CML, increasing 

imatinib resistance has led to the development of 2nd and 3rd generation TKIs for targeted therapy. 

Treatment with 2nd generation TKIs dasatinib, nilotinib, and bosutinib have shown efficacy in 

patients who developed BCR-ABL kinase domain mutations while receiving imatinib [28]. 

However, all 2nd generation TKIs are inactive towards the BCR-ABL T351I mutation, a gatekeeper 

mutation commonly identified in imatinib resistant CML [28]. Ponatinib, a 3rd generation TKI with 

activity against BCR-ABL T351I mutation, has shown promising results in patients [28]. Five-

year results from the ponatinib phase 2 PACE trial has shown that this 3rd generation TKI is 

effective in treating patients with relapsed or intolerant CML, Philadelphia chromosome positive 

ALL, or malignancies with BCR-ABL T351I [29]. Furthermore, these long-term results indicate 

that ponatinib demonstrates clinical value with long lasting responses in chronic phase CML 

patients, suggesting the use of ponatinib is beneficial in patients who are not sensitive to 1st or 2nd 

generation TKIs (Figure 12) [29].  

Although TKIs are the first line of treatment for CML, many patients will require additional 

concurrent forms of treatment for complete remission [30]. The cellular function of BCR-ABL is 

dependent on the molecular chaperone Hsp90, suggesting that drugs which target this chaperone 

complex could be therapeutically beneficial [30]. Indeed, the inhibitor Aminoxyrone (AX), which 

targets Hsp90 dimerization via the Hsp90 C-terminal domain, has achieved success in inducing 

apoptosis in patient derived CML cell lines. These results indicate that C-terminal Hsp90 inhibition 

may be a therapeutic option for patients with other types of therapy-refractory leukemia. The 

characterization and analysis the BCR-ABL fusion protein has led to new therapeutic 
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advancements, which emphasize the importance of personalized medicine in healthcare, and the 

need for an increased understanding of these oncogenic fusions.  

 

BCR-FGFR1 

The fusion of BCR and fibroblast growth factor receptor 1 (FGFR1) arises from the t(8;22) 

(p11;q11) translocation, occurring commonly in EMS or stem cell leukemia (SCLL) but also 

observed in AML, atypical chronic myeloid leukemia (aCML) and B-cell lymphomas. This fusion, 

similar to other well characterized oncogenic BCR fusions, contains BCR as the N-terminal fusion 

partner (Figure 1). In addition, patients who are positive for BCR-FGFR1 often exhibit symptoms 

of leukocytosis [31]. Although patients who harbor FGFR1 re-arrangements have a relatively poor 

prognosis, patients who harbor the BCR-FGFR1 fusion and receive chemotherapy while in blast 

crisis often regress to chronic phase after therapy [31]. Interestingly, most patients who had the 

t(8;22) (p11;q11) translocation had B lineage of the blast phase, indicating that the site of BCR 

breakpoint may play an important role in triggering B lineage [31].  

While FGFR1 normally contains an extracellular immunoglobulin-like domain, a 

transmembrane domain, and a cytosolic kinase domain, this fusion gives rise to a putative kinase-

kinase fusion product, with the putative serine-threonine kinase domain of BCR fused to the 

tyrosine kinase domain of FGFR1. Exon 4 of BCR has been found fused to exon 9 of FGFR1, with 

the RhoGEF domain in BCR partially intact in this fusion [32]. This fusion displays predominantly 

cytoplasmic localization, and the kinase domain of FGFR1 becomes constitutively activated, 

leading to the activation of STAT3, STAT5, AKT, MAPK, as well as IL-3 independent growth of 

Ba/F3 cells (Figure 2) [5]. Interestingly, similar to all other oncogenic BCR fusions, BCR-FGFR1 
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also retains the coiled-coil dimerization domain of BCR. This dimerization domain appears to be 

essential for the oncogenic activity of this fusion protein.  

The RhoGEF domain in BCR is suggested to play an inhibitory role for BCR-FGFR1 

oncogenicity. Loss of the GEF domain in this fusion increased leukemogenesis, enhanced cell 

proliferation, and promoted stem cell expansion and lymph node metastasis in mice [33]. In 

addition, deletion of the GEF domain suppressed the activation of RHOA and PTEN, leading to 

increased activation of AKT. Although the fundamental biochemical and oncogenic consequence 

of the BCR-FGFR1 fusion protein is clearly constitutive FGFR1 activation, deletion of the GEF 

domain in BCR is suggested to contribute as well through its suppression of RHOA signaling [33].  

Furthermore, expression of various genes and miRNAs have been implicated in BCR-

FGFR1 driven cancers. Cell lines derived from mouse models for leukemogenesis driven by BCR-

FGFR1 have shown that high MYC expression is associated with constitutive expression of this 

fusion protein. Additionally, suppression of MYC function through interruption of the MYC-MAX 

complex halts cell cycle grown and enhanced apoptosis in Ba/F3 cells expressing BCR-FGFR1 

[34]. While miRNAs have pathogenic roles in the progression of leukemias, the miR-17/92 cluster 

has been associated with the development of B lymphomas resulting from BCR-FGFR1 expression 

[35]. Forced expression of the miR-17/92 cluster resulted in cell proliferation, while inhibition 

resulted in reduced cell growth and apoptosis, indicating that the miR-17/92 cluster is a 

downstream effector of FGFR1 in BCR-FGFR1 driven leukemia [35]. Moreover, dynamic gene 

profile changes can accompany the progression of SCLL due to constitutive FGFR1 kinase 

activity, as studied in BCR-FGFR1 AML and SCLL mouse models [36]. SCLL is often 

characterized as a stem cell disease, where leukemic stem cells are usually considered an 

underlying cause to the resistance of chemotherapy. Numerous genes found in T-cell receptor 
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function, T-cell development, migration, and activation were found inactivated in hematopoietic 

stem cells. In particular, transcription factors Zeb2, GFI1b, BCL11a, and IRF8A, which maintain 

normal hematopoietic stem cells, were found to be either inactivated, or suppressed in leukemic 

stem cells, suggesting that their down regulation may have important consequences for the 

development of BCR-FGFR1 driven AML [36].  

Patients who harbor a BCR-FGFR1 gene arrangement have a relatively poor prognosis, 

with few treatment options available. Despite extensive chemotherapy, the only known curative 

option for patients is allogenic hematopoietic stem cell transplantation (HSCT), however this 

treatment is not well characterized due to a small patient sample size [37]. Patients who were 

treated with HSCT had a 77.8% complete remission rate with long-term disease-free survival, even 

if residual disease was detected during the time of transplantation. However, patients who received 

HSCT from a matched sibling donor experienced disease relapse, suggesting a possible 

dependence on graft-vs-leukemia effect for obtaining disease free survival for BCR-FGFR1 

positive cancers. Due to the limited population of HSCT treated patients, the complete effect of 

transplantation remains to be uncovered [37]. Additionally, further characterization of BCR-

FGFR1 has led to the use of several TKI therapies, which may be beneficial for patients either in 

search of a HSCT, or those not eligible for transplantation. Recently, TKIs dovitinib, ponatinib, 

and dasatinib were used to treat a patient who harbored the BCR-FGFR1 gene fusion (Figure 2). 

While dovitinib has a high specificity for FGFR1 inhibition, ponatinib has a broader TKI effect, 

and dasatinib is readily clinically available. All three TKIs exhibited a growth inhibitory effect on 

primary EMS leukemic cells, indicating that these drugs may be therapeutically beneficial in 

patients who harbor a BCR-FGFR1 translocation [38]. The use of these novel RTK therapies 
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against EMS yet again highlights the need for personalized medicine for the treatment of 

oncogenic gene fusion driven cancers.  

 

BCR-JAK2 

As a non-receptor tyrosine kinase, Janus kinase 2 (JAK2) is one of the 4-membered JAK 

family located on chromosome band 9p24 that plays a crucial role in myelopoietic regulation [39, 

40]. Upon binding of relevant cytokines, the cytokine receptor-JAK2 complex becomes activated, 

leading to progressive phosphorylation of the downstream signal transducer and activation of 

transcriptions (STATs), which translocate to the nucleus and regulates gene expression [40, 41]. 

To date, the known oncogenic associations of JAK2 in myeloproliferative neoplasms (MPNs) 

consist of either gain-of-function mutation or translocation [40, 42]. The most commonly found 

mutation in MPNs is the V617F in JAK2, which induces constitutive activation on the JH2 domain 

of JAK2, thereby conferring enhanced downstream signaling activities [43].  

The oncogenic gene fusion BCR-JAK2 occurs rarely, with a few cases found in typical 

chronic myeloid leukemia (CML), acute myeloid leukemia (AML), acute lymphoblastic leukemia 

(ALL), and B-cell lymphomas [39, 41, 42]. To date, the clinically discovered BCR-JAK2 stemmed 

mostly from translocation t(9;22)(p24;q11) with one exception of t(9;18)(p24;q12) [44]. These 

chimeric proteins show a fusion between BCR exon 1 to exon 19, 15, or 17 of JAK2, respectively. 

Despite the existence of various versions of breakpoints, all the BCR-JAK2 fusions preserved an 

intact N-terminal coiled-coil domain provided by BCR the protein kinase domain (JH1) from the 

JAK2, suggesting a constitutively activated JH1 domain caused by oligomerization due to the 

coiled-coil domain of BCR (Figure 1) [39, 42].  
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Studies have revealed that stable Ba/F3 cell line transfected with BCR-JAK2 demonstrated 

cytoplasmic localization, constitutive receptor phosphorylation, enhanced activation of STAT5, as 

well as tumorigenesis on mice when injected this cell line [41]. In vitro experiments showed that 

treating the same Ba/F3 cells with TG101209, a JAK2 selective inhibitor, completely abolished 

the signaling activities of BCR-JAK2; additionally, flow cytometry data showed increased 

apoptotic activities in Ba/F3 cells [41]. Upon treatment with Ruxolitinib, an FDA approved 

JAK1/JAK2 inhibitor, patients harboring BCR-JAK2 initially showed complete remission 

followed by relapse 18 to 12 months, indicating the limited efficacy of this option [44]. These 

results collectively suggest that therapeutic potential of JAK2 specific inhibitors to treat patients 

harboring BCR-JAK2 (Figure 12).  

 

BCR-PDGFRA 

The fusion of BCR to PDGFRA is the second most common fusion protein involving 

PDGFRA. This BCR-PDGFRA fusion was first discovered in patients with atypical chronic 

myeloid leukemia (aCML) with a breakpoint of t(4;22) (q12;q11), fusing either exon 7 exon 12 of 

BCR to exon 12 of PDGFRA (Figure 11). Contrary to cases of CML, clinical data discovered the 

presence BCR-PDGFRA instead of the more commonly found fusion protein BCR-ABL, 

suggesting the oncogenic potential of this translocation [45]. To date, this oncogenic fusion protein 

has been found in myeloproliferative neoplasms and T-cell lymphoblastic leukemia with 

alternative breakpoints, joining BCR exon 7, 12 or 17 to PDGFRA exon 13 [46-48]. Within these 

fusions, BCR exon 7 contains the intact oligomerization domain, putative serine/threonine kinase 

domain, and partial GEF domain, whereas exon 12 and 17 of BCR provide the entirety of GEF 

domain [46-48]. Resulting from this gene fusion is an oncogenic driver that preserves the N-
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terminal coiled-coil oligomerization domain of BCR followed by a truncated WW domain as well 

as an intact kinase domain provided of PDGFRA at the C-terminus [49]. It is possible that BCR-

PDGFRA undergoes oligomerization using the N-terminal coiled-coil domain provided by BCR, 

thereby resulting in the constitutive activation of the kinase domain in the PDGFRA moiety.  

Platelet-derived Growth Factor Receptor Alpha is one the of four genes in the PDGFR 

family, normally located on chromosomes 7, 22, 4 and 11 in humans [50]. When expressed in the 

immune system, it is often found in bone marrow, whole blood, white blood cells and lymph nodes, 

as well as thymus [10]. Canonically, PDGFRs consist of 5 immunoglobin like/ligand binding 

domains, a juxtamembrane domain, a WW domain, as well as a kinase domain [50, 51]. Similar 

to other RTKs, upon ligand binding, PDGFR undergoes receptor dimerization, 

autophosphorylation, thereby activating downstream pathways including RAS, and JAK/STAT 

pathways [5]. Previous studies have shown that a WW domain is conserved across the PDGFR 

family such that this sequence, containing two conserved tryptophan residues, serves an 

autoinhibitory role in the juxtamembrane domain. Loss of the WW domain contributes to receptor 

constitutive activation, overactivation of downstream pathways, thereby leading to carcinogenesis 

[5, 51]. 

Currently, little is known about the localization of BCR-PDGFRA. However, prior studies 

on FIP1L1-PDGFRA, a similar gene fusion found in chronic eosinophilic leukemia conserving 

exon 12 of PDGFRA, suggested a cytoplasmic localization. As such, it was discovered that 

FIP1L1-PDGFRA overly activates JAK/STAT5 pathway but not the Ras/MAPK pathway. Unlike 

wild type PDGFRA, the cytoplasmic localization of FIP1L1-PDGFRA prevents access to the 

farnesylated Ras, therefore unable to activate the MAPK pathway [49]. Due to the same 

conservation of exon 12 PDGFRA and the loss of the juxtamembrane, WW domain as well as the 
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coiled-coil domain contributed by BCR, there exists a number of structural similarities between 

BCR-PDGFRA and FIP1L1-PDGFRA. Therefore, BCR-PDGFRA may share the same functional 

mechanisms and localization such that BCR-PDGFRA localized in the cytoplasm and over 

activates similar signaling pathways as FIP1L1-PDGFRA.  

Previous studies have shown that by targeting the kinase domain of PDGFRA moiety with 

the TKI imatinib, patients showed a decrease in BCR-PDGFRA expression and maintained a rapid, 

efficient response, indicating the efficacy of imatinib in targeting this oncogenic driver (Figure 2). 

This again emphasizes the need for targeted therapies in oncogenic BCR translocation-induced 

neoplasms [46].  

 

BCR-RET 

The translocation of BCR to RET (Rearranged during Transfection) t(10;22)(q11;q11) 

were first discovered in patients harboring chronic myelomonocytic leukemia (CMML) [52]. It is 

a product of fusing exon 4 of BCR to exon 12 of RET, joining the oligomerization domain, 

serine/threonine kinase domain, and partially GEF domain of BCR with an intact kinase domain 

of RET (Figure 1) [16, 52] Following the initial discovery of this translocation, studies have 

revealed interleukin 3 (IL-3) independent growth using BaF/3 cells and transforming activities 

using NIH3T3 cells upon transfection with BCR-RET, showing the carcinogenesis of this driver 

gene [52].  

As a member of the tyrosine kinase family, the proto-oncogene RET resides on human 

chromosome 10q11.2, regulating cell survival, proliferation, and motility [53]. When expressed in 

the human immune system, the RET protein is often harbored in bone marrow, white blood cells, 

whole blood, and lymph nodes, as well as thymus [10]. RET contains an extracellular domain that 
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contains four cadherin-like domains, followed by a transmembrane domain, and a tyrosine kinase 

domain [54]. Upon binding of the glial cell line-derived neurotrophic factor (GDNF) ligand family 

(GDNF, neurturin, artemin and persephin), RET undergoes receptor dimerization followed by 

autophosphorylation, whereby activating downstream pathways including Ras/ERK, PI3K/AKT, 

as well as JAK/STAT [53, 55]. RET has vast implications in human diseases and is commonly 

discovered in the forms of gain-of-function and loss-of-function mutations and gene fusions, 

resulting directly in human pathogenesis such as Hirschsprung disease, papillary thyroid cancer 

(PTC) and CMML [54, 55]. 

Different from BCR-ABL, BCR-RET has been found overly activating the Ras-ERK 

pathway, in addition to JAK/STAT3 and PI3K/AKT pathways, while showing no significant 

increase in the STAT5 activation [52]. Although imatinib (Gleevec) has shown strong efficacy in 

targeting BCR-ABL in CML, patients harboring BCR-RET have shown little response to imatinib. 

However, when treated with Sorafenib, a TKI targeting RET, patients have shown major 

hematological remission, showing normal white blood count (Figure 2) [52]. The use of these 

novel RTK therapies against these translocations highlights the need for personalized medicine for 

the treatment of oncogenic gene fusion driven cancers. 
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Figure 12. Oncogenic BCR fusion proteins and cellular signaling cascades. BCR-ABL, BCR-
FGFR1, and BCR-RET all activate STAT, MAPK, and AKT, while BCR-JAK2 only activates the 
STAT pathway, and signaling by BCR-PDGFRA remains to be elucidated. All drugs shown inhibit 
the kinase activity of each fusion protein and has been used in patients who are positive for the 
respective oncogenic fusion.  
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 Table 4. Additional BCR Fusions Found in Cancers 

 

 

 

 

 

 

 

Translocation Breakpoint Cancer Type Reference 

ABL1-BCR (9q34.12) (22q11.23) CML [82, 83] 

BCR-MRVI1 t(11;22) (p15;q11) Breast: Adenocarcinoma [83, 84] 

BCR-UPB1 t(22;22) (q11;q11) Mouth-Oropharynx: Squamous cell 
carcinoma [83, 84] 

PDGFRA-BCR (4q12) (22q11.23) Chronic Myeloproliferative Disease, 
CML [77, 83] 

STYX1-BCR (7q11.23) (22q11.23) CML [83, 85] 

BCR-GNAZ (22q11.23) (22q11.22) Squamous cell carcinoma [83, 86] 

BCR- LOC220729 (22q11.23) (3q29)  [77, 83] 

BCR- MTHFS (22q11.23) (15q25.1)  [77, 83] 

BCR- PI4KA (22q11.23) (22q11.21) Head and Neck [83, 87] 

BCR-SET (8p11.23) (22q11.23)  [83, 88] 

PRRC2B- BCR (9q34.13) (22q11.23) ALL, Lymphoblastic leukemia [89] 

BCR- CYYR1 (22q11.23) (21q21.3)  [77, 83] 

BCR- GOLPH3L (22q11.23) (1q21.3)  [77, 83] 

BCR- MOV10L1 (22q11.23) (22q13.33) Breast: Adenocarcinoma [83, 84] 

BCR-MTTP (22q11.23) (4q23)  [77, 83] 

BCR-RALGPS1 (22q11.23) (9q33.3) ALL, Lymphoblastic leukemia [77, 83] 

BCR-TOM1 (22q11.23) (22q12.3) Mouth-Oropharynx: Squamous cell 
carcinoma [83, 84] 

JAK2-BCR (9p24.1) (22q11.23) Acute Myelocytic Leukemia-M1 [77, 83] 

RBM6-BCR (3p21.31) (22q11.23)  [77, 83] 
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BCR: Normal Structure and Function 

BCR, also known as BCR1, RhoGEF and GTPase activating protein, is a protein-coding 

gene, which has been associated with 8p11 myeloproliferative syndrome (EMS), chronic myeloid 

leukemia (CML), and acute lymphoblastic leukemia (ALL). BCR was first identified fused to 

Abelson murine leukemia viral oncogene homolog-1 (ABL), also known as the Philadelphia 

chromosome. However, since then, BCR has been identified fused to Ret Proto-Oncognene (RET), 

Janus kinase 2 (JAK2), Platelet Derived Growth Factor Receptor Alpha (PDGFRA) and Fibroblast 

Growth Factor Receptor 1 (FGFR1). Interestingly, BCR fusion proteins that are drivers of cancer 

have only been identified in hematological cancers (Table 3). Although a common fusion partner, 

the endogenous function of the BCR gene remains unknown. Here, we seek to define the BCR 

gene in two ways; firstly, through its domains found in oncogenic fusion proteins, and secondly 

through unraveling the endogenous function of BCR.  

 

BCR Domains Commonly Found in Oncogenic Fusion Proteins  

The BCR gene is located on chromosome 22q11, spans for 130kb and contains 23 total 

exons, with alternative exon 1 and exon 2, ultimately coding for a 1271 amino acid protein [16].  

The structure of the BCR protein is varied with many domains (Figure 13). The first exon 

includes an oligomerization domain, putative serine/threonine kinase domain, a growth factor 

receptor bound protein 2 (Grb2) binding site, a BCR associated protein-1 (BAP-1) interacting site, 

and two SH2 domains. A central guanine nucleotide exchange factor (GEF) domain is 

encompassed by exons 3-8, followed by a RacGap domain found in exons 19-23 and PSD95, Dlg1, 

zo-1 (PDZ) domain binding motif [16, 56]. (Figure 13) 
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BCR contains an anti-parallel coiled-coil oligomerization domain, which plays a crucial 

role in the kinase activity of its fusion partner [57, 58]. This dimerization domain is located on the 

N-terminus and spans from amino acids 1-75. Disruption of the coiled-coil domain either by 

insertion of a beta-turn sequence, or complete deletion of amino acids 1-75 results in a loss of 

transformation of BCR-ABL in rat-1 fibroblasts, indicating the importance of the BCR 

dimerization domain for transformation [58]. Additionally, inhibition of the dimerization domain 

in BCR has been accomplished by the use of a designed coiled-coil, which preferentially binds to 

BCR-ABL than to itself. This peptidomimetic disrupts the dimerization of BCR, and thereby halts 

activation of the ABL kinase [59]. Inhibition of the BCR oligomerization domain remains the only 

therapeutically targetable domain known in BCR to date. Furthermore, the contribution of a 

dimerization domain by BCR is critical in the transforming ability and activation of its fusion 

partner.  

BCR contains a putative serine/threonine kinase, as well as two SH2 domains in exon 1. 

Although BCR has weak homology to other known serine/threonine kinases, BCR has been shown 

to autophosphorylate on serine and threonine residues and can phosphorylate both casein and 

histones [60]. Furthermore, cysteine 332 in BCR is essential for its kinase activity, as mutations 

that effect C332 abrogates its autophosphorylation activity [60]. 

BCR also contains two SH2 domains, which interact with ABL SH2 binding sites. These 

SH2 domains on BCR encompass amino acids 192-242 and 293-413 on BCR exon 1. Full length 

BCR binds specifically to the SH2 binding site on ABL, through phosphorylated serine and 

phosphorylated threonine residues [61]. Furthermore, BCR is known to interact with growth factor 

receptor bound protein2 (Grb2) at Y177 in BCR. This interaction is mediated by tyrosine 

phosphorylation where Grb2 SH2 domain interacts with Y177 on BCR [62]. Ablation of this 
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interaction when BCR Y177 is mutated to phenylalanine significantly reduces Ras pathway 

activation as seen in BCR-ABL. BCR associated protein-1 (Bap-1), a 14-3-3 family member of 

the phospho-serine binding adapter proteins is shown to associate with BCR through sequences 

encoded in the first exon of BCR [63]. Tyrosine phosphorylation of BCR reduces association of 

Bap-1 with BCR [64].  

The central GEF domain in BCR which spans amino acids 501-870 contains tandem dbl 

homology (DH) and pleckstrin homology (PH) domains, which are shared by all members of the 

RhoGEF family. The DH domain represents the catalytic core of the RhoGEF family, and BCR is 

known to catalyze the exchange of GDP for GTP on small GTPases Rac1, Cdc42, and RhoA [65]. 

Additionally, xeroderma pigmentosum group B (XPB), an ATP dependent helicase that is part of 

the TFIIH transcription factor complex has been shown to interact with the GEF domain in BCR. 

The binding of XPB to BCR in BCR-ABL reduced the ATPase and helicase activity of XPB, 

suggesting that the dysfunction of XPB may play a part in blastic crisis in CML [66]. Although 

BCR contains GEF activity in its central domain, it is a unique protein as it also contains GAP 

activity in its C-terminus, thus, possessing two opposing functions. Both BCR and ABR show 

GAP catalytic activity towards Rac and Cdc42, suggesting that BCR serves both as GEF and GAP 

for these GTPases [67].   

Although the breakpoints for BCR fusion proteins in hematologic cancers vary, they all 

contain the coiled-coil dimerization domain present in BCR (Figure 13), indicating that the 

dimerization domain is vital for the oncogenic ability of these fusions.  
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Unraveling the Endogenous Function of BCR  

BCR is ubiquitously expressed, with the highest expression levels in brain and 

hematopoietic cells. It is expressed in the early stages of myeloid differentiation and these 

expression levels reduce significantly as cells mature. In addition to BCR, BCR related genes 

BCR2, BCR3, and BCR4, have also been mapped to chromosome 22q11. While these BCR related 

genes are not translated into protein, they all contain high sequence similarity to the last seven 

exons of protein coding BCR1 [68]. BCR2 is the closest in proximity to the centromere of 

chromosome 22, followed by BCR4, BCR1, and BCR3. BCR2 and BCR4 both have amplified loci 

in K652 cells, a leukemia cell line containing the BCR-ABL fusion, which indicates that they fall 

between the amplification unit of ABL locus on the Philadelphia chromosome. Active BCR related 

gene, ABR, is an additional BCR related gene, located on chromosome 17p13.3. ABR, unlike 

BCR2, BCR3, and BCR4, is transcriptionally active and contains both the GEF and GAP domains, 

located in the C-terminus of BCR, but lacks the putative serine/threonine kinase activity found in 

the N-terminus of BCR [69].  

BCR is shown to act as a negative regulator of cell proliferation and oncogenic 

transformation [70]. BCR is shown to bind to AF-6; this interaction is mediated via the PDZ 

domain of AF-6, which binds to the PDZ binding domain at the C-terminus of BCR encoded by 

the last four amino acids S-T-E-V. In addition, BCR, AF-6 and RAS have been shown to form a 

trimeric complex which is suggested to down regulate RAS mediated signaling at sites of cell-to-

cell contact [70].  

The complexity of the BCR protein is once again established through its function as both 

a GEF and GAP, as seen through its central domain and its C-terminus, respectfully. GEFs regulate 
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the exchange of GDP for GTP, thereby activating GTPases, whereas GAPs hydrolyze GTP and 

turn off GTPase signaling [71].  

Although BCR is most often characterized as part of the Philadelphia Chromosome, 

recently, both BCR and ABR have been identified as critical regulators of brain development. BCR 

and ABR mRNAs are highly expressed in the brain, and disruptions of BCR and ABR in mice 

leads to abnormalities in postnatal cerebellar development [72, 73]. Furthermore, BCR was shown 

to localize at excitatory synapses and mice deficient in BCR exhibited enhanced Rac1 activity and 

had impaired spatial and object recognition memory [74]. BCR is a known regulator of the Par-

Tiam1 complex, which controls cell polarity. Loss of BCR in this complex resulted in faster, 

random migration, and polarity defects in astrocytes [75]. In addition, the adapter protein, Src 

homology 2 domain containing protein 5 (SH2D5) has been shown to bind to BCR and regulate 

levels of Rac1GTP. The phospho-tyrosine domain in SH2D5 binds to the NxxF motif in the N-

terminal region of BCR [76]. This interaction is crucial for the regulation of Rac1-GTP levels, and 

is suggested to impact synaptic plasticity, which is necessary for learning and memory. These 

additional studies further confirm the multi-faceted role of BCR in the cell, in addition to its 

common occurrence as a fusion partner.  
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Figure 13. A schematic representation of the BCR protein. BCR consists of an anti-parallel coiled-
coil dimerization domain, within amino acids 1–75. Directly below is the crystal structure for this 
domain, depicted as a dimer (PDB 1K1F). The putative serine/ threonine kinase domain is 
portrayed through residue 426. This domain contains two SH2 binding sites, which interact with 
ABL SH2 domains. The adapter protein Grb2 binds to phosphorylated Y177 on BCR, and Bap1 
also interacts with BCR via phosphorylated serine residues present in the second SH2 binding site. 
The RhoGEF domain is shown, containing Dbl Homology (DH) and Pleckstrin Homology (PH) 
domains, typical of a GEF. XPB associates with the GEF domain. The RacGAP domain 
encompasses amino acids 1054–1227, while the PDZ binding domain binds to AF-6 through the 
S-T-E-V motif found in the C-terminus of BCR. PDZ domains are named for three proteins that 
share the domain; Post synaptic density protein (PSD95), Drosophila Disc large tumor suppressor 
(Dlg1), and Zonula occludens-1 protein (zo-1). The associated proteins shown are: Grb2, Growth 
factor receptor-bound protein 2; Bap1, BRCA1 associated protein-1 (ubiquitin carboxy-terminal 
hydrolase); XPB, Xeroderma Pigmentosum type B (an ATP-dependent DNA helicase) 
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The Importance of Stem Cells in BCR-Fusion Hematopoietic Cancers 

 CML is considered a stem cell disease, where leukemic stem cells maintain a population 

of chemotherapeutic resistant cells. Both BCR-ABL and BCR-FGFR1 driven hematopoietic 

malignancies are considered of stem cell origin, and it is speculated that this may be the same for 

BCR-PDGFRA, BCR-RET and BCR-JAK2 induced cancers as well, however this remains to be 

investigated.  

 In particular, BCR-ABL expression during development of embryonic stem cells causes 

expansion of multipotent and myeloid progenitors, which could be the potential cell of origin 

responding to BCR-ABL induced CML. Although imatinib therapy has improved the standard of 

care in CML patients, many patients harbor residual leukemic cells following the discontinuation 

of imatinib treatment. Furthermore, it has been demonstrated that these leukemic stem and 

progenitor cells are not oncogene addicted, and do not respond to imatinib treatment, which 

proposes a difficult problem to overcome, and again highlights the need for additional therapeutic 

strategies to treat these malignancies.  

 BCR-FGFR1 driven cancers are also considered to be of stem cell origin. Furthermore, 

genes found in T-cell receptor function, T-cell development, migration, and activation were found 

inactivated in hematopoietic stem cells, indicating that this suppression could drive BCR-FGFR1 

induced AML.   

 The understanding of these BCR fusion protein induced stem cell cancers will give further 

insight for additional therapeutic advancements.   
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At the Forefront: T Cell Therapy in Ph+ Leukemias 

 The discovery of novel TKIs against BCR-ABL along with HSCT and chemotherapy 

treatment has improved response rates and disease-free survival in patients. However, many 

obstacles still remain in treating imatinib resistant patients or older patients who are often ineligible 

for HSCT, or TKI treatment [76]. Although treatment with ponatinib is promising in BCR-ABL 

T351I positive CML, ponatinib is often associated with arterial thrombotic events in older patients 

with known cardiovascular disease [77]. Furthermore, unlike CML patients, patients with BCR-

ABL driven ALL often relapse, despite treatment with TKIs [78]. Recently, CD19 chimeric 

antigen receptor T-cell therapy (CAR-T) therapy, and Bi-specific T-cell engager (BiTE) therapies 

have shown promise in treating hematological malignancies that result from BCR fusion protein 

driven cancers [79,80].  

CAR-T-cell therapy uses engineered T cells expressing chimeric antigen receptors to 

redirect antigen specificity in adoptive immunotherapy and has been primarily used to treat 

leukemias and lymphomas [81]. However, CAR-T therapy has now emerged as a potential 

therapeutic option for BCR-ABL driven malignancies as well [82]. Recently, three patients 

positive for BCR-ABL p190 ALL were able to receive a molecular or complete hematologic 

remission following treatment with T cell therapy [83]. Of these patients, two were also given 

imatinib or ponatinib in addition to T-cell therapy, indicating that both TKIs and CAR-T cell 

therapy may work together to achieve hematologic remission. Although CAR-T therapy has been 

investigated in BCR-ABL driven ALL to date, it is hypothesized that this line of T cell therapy 

will also be beneficial in additional BCR fusion-driven cancers.  

 Although much headway has been made in treating Ph+ CML, additional therapies are 

necessary for patients who are TKI refractory or are unable to tolerate current therapies due to age, 
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or comorbidities. Thus, the use of T cell therapies for treating BCR-ABL induced malignancies is 

a promising therapeutic advance in tackling these problems. Although these therapies have only 

been investigated in Ph+ cancers to date, it is speculated that both CAR-T therapy and BiTE 

therapy will be beneficial in treating additional BCR fusion driven cancers.  

 

Conclusion 

The emergence of personalized medicine and cancer genome sequencing has led to the 

discovery of chromosomal translocations, which are capable of producing an oncogenic protein. 

Of these translocations, BCR has been identified as a common fusion partner in hematopoietic 

cancers with over 5 known fusion partners to date. Although the reason behind commonality of 

BCR as a fusion partner is not well understood, it is speculated that these BCR fusions result from 

proximity to chromosomal fragile sites. Notably, BCR contributes a coiled-coil dimerization 

domain to all fusions discussed in this review, suggesting the importance of this domain for the 

oncogenic potential of these fusions.  

The initial discovery of BCR fusion proteins led to the impactful role of personalized 

medicine in patient care. BCR-ABL, in particular was identified as the first target for TKI therapy, 

which opened up the door for targeted therapies in translocation induced cancers. Although the 

use of these targeted therapies is beneficial in various cancers, many obstacles remain due to 

relapse or drug resistance in patients. Therefore, additional approaches will be required for the 

characterization and treatment of translocation induced cancers. The identification of oncogenic 

BCR fusion proteins emphasizes the importance of determining malignant genetic alterations in 

patients and stresses the need for the development of personalized medical treatments for 

hematopoietic cancers. 
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Chapter 4 

BCR-FGFR1, a Driver of Myeloproliferative Cancers, Requires Grb2 and PLCγ1 for 

Biological Activity 

 

ABSTRACT 

Fibroblast growth factor receptors (FGFRs) are critical for cell proliferation and 

differentiation. However, mutation and translocation of these receptors lead to aberrant signaling, 

which often results in cancer.  This work focuses on the (8; 22)(p11; q11) chromosomal 

translocation, which creates the breakpoint cluster region (BCR) fibroblast growth factor receptor1 

(FGFR1)(BCR-FGFR1) fusion protein, a driver of 8p11 myeloproliferative syndrome, also known 

as stem cell leukemia/lymphoma. Patients who are positive for this cancer subtype are given a poor 

prognosis, highlighting the need for additional therapeutic options to treat BCR-FGFR1 driven 

hematologic malignancies. This work demonstrates the critical roles of the small adapter protein 

Grb2 and the membrane associated enzyme, PLCγ1 for BCR-FGFR1 mediated biological activity. 

The BCR(Y177F)-FGFR1(Y766F) double mutant abolishes interactions with Grb2 and PLCγ1, 

and is no longer biologically active, despite containing an active tyrosine kinase domain 

contributed by FGFR1.  Furthermore, this study uses in vitro cell-based assays and quantitative 

proteomics methods to elucidate the protein-protein interaction network and phospho-proteome of 

the BCR-FGFR1 fusion protein.  Seen through mass spectrometry proteomic analyses, it is 

demonstrated that Gab1 and PTPN11(Shp2) may act downstream of Grb2 and PLCγ1 to mediate 

BCR-FGFR1 driven oncogenic activity. Additionally, we establish PLCγ1 as a novel therapeutic 

target for BCR-FGFR1 driven malignancies. Transformed cells expressing either BCR-FGFR1, or 

its kinase activated mutant were sensitive to the PLCγ1 inhibitor, U73122.  Lastly, transformed 
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cells expressing BCR-FGFR1 or its tyrosine kinase activated derivative, are sensitive to treatment 

with the irreversible FGFR inhibitor Futibatinib (TAS-120).  Collectively, this study demonstrates 

the importance of Grb2 and PLCγ1 protein-protein interactions for BCR-FGFR1 driven cell 

growth and establishes PLCγ1 inhibition as a viable target to treat this subgroup of hematologic 

cancers.  

 

INTRODUCTION  

Cancer often arises from genetic alterations consisting of gene mutations, gene over-

activation, or gene loss of function [1].  Over the last half century, chromosomal translocations 

that encode functional oncogenic proteins have been identified as drivers of multiple cancers, and 

account for 20% of all malignant neoplasms [2]. Although the mechanism behind chromosomal 

translocations is not well defined, it is speculated that they can arise from DNA double strand 

breaks due to illegitimate VDJ recombination or due to perturbation of DNA replication from 

transcription-associated replication stress [3,4]. With the emergence of personalized medicine and 

cancer genome sequencing, characterization of these drivers of cancer is vital to advance 

therapeutic methods and improve patient outcome.  

Receptor tyrosine kinases (RTKs) play an important role in the regulation of cellular 

proliferation, survival, migration, and angiogenesis [5]. However, the dysregulation of RTK 

signaling is implicated in a variety of diseases, notably in cancer. Recently, genomic studies have 

revealed the presence of RTK fusion proteins as drivers of blood cancers [6]. In particular, 

fibroblast growth factor receptors (FGFRs), members of the RTK family, have been identified as 

recurrent translocation partners in both solid and hematologic malignancies [7]. Constitutively 

activated FGFR1 fusion proteins give rise to 8p11 myeloproliferative syndrome (EMS), also 
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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 [8,9]. Identified FGFR1 fusions contain a dimerizing protein partner fused to the 

tyrosine kinase domain of FGFR1 [7]. Patients positive for FGFR1 driven SCLL often present 

with eosinophilia and have a poor prognosis as these fusions are not respondent to 1st generation 

tyrosine kinase inhibitor (TKI) therapies [9]. Although both 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 [10].  

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, putative 

serine/threonine kinase domain, and partial RhoGEF domain contributed by BCR, and a tyrosine 

kinase domain contributed by FGFR1. BCR-FGFR1 remains poorly characterized and this work 

seeks to elucidate the underlying mechanisms responsible for BCR-FGFR1 driven SCLL.  

This study demonstrates the importance of the small adapter protein Grb2, and the enzyme 

PLCγ1 for BCR-FGFR1 mediated oncogenic cell growth, seen through cell-based assays and 

quantitative mass spectrometry-based proteomics analyses. Additionally, this work reveals that 

secondary kinase activating mutations in the tyrosine kinase domain of FGFR1 do not overcome 

a requirement for Grb2 and PLCγ1 for BCR-FGFR1 mediated biological activity.  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 
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BCR-FGFR1 phosphoproteome and protein interactome. This systemic study revealed Gab1 and 

PTPN11 (Shp2) as possible 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, as the PLCγ1 inhibitor U73122 was able to suppress BCR-FGFR1 mediated cell growth, 

even in the presence of tyrosine kinase activating mutations. Additionally, Futibatinib, a small 

molecule TKI, was able to suppress downstream signaling and cell transformation, indicating that 

this small molecule FGFR inhibitor may be effective in treating SCLL. Together, this data unravels 

the essential roles of Grb2 and PLCγ1 in BCR-FGFR1 mediated oncogenic growth, with the 

presence of kinase activating mutations and suggests PLCγ1 is a potential therapeutic target in 

treating SCLL.  

 

RESULTS 
  

BCR-FGFR1 Requires Grb2 and PLC γ1 Interaction for Cell Transformation  
Protein-protein interactions required for BCR-FGFR1 driven oncogenic activation and 

cancer progression have thus far remained unclear. Grb2, a small adapter protein, has been shown 

to associate with SOS (son of sevenless) and lead to Ras activation. Previous work has shown that 

a Grb2 interaction with Tyr177 in BCR-ABL is necessary for  CML, however, the role of Grb2 in 

SCLL remains unclear [11]. 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 unknown [12].  Unlike additional FGFR fusion proteins 

identified in solid cancers, such as FGFR3-TACC3, FGFR1 fusion proteins identified in 

hematologic malignancies are not truncated at their respective FGFR C-terminus, and contain an 
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intact Tyr766 in FGFR1, a known PLCγ1 interaction site [7,	13].  To elucidate if BCR-FGFR1 

requires an interaction with Grb2 or PLCγ1 for oncogenic activity, BCR(Y177F)-FGFR1, or BCR-

FGFR1(Y766F), containing single mutations to ablate the Grb2 and PLCγ1 interaction sites, 

respectively, and BCR(Y177F)-FGFR1(Y766F), containing a double mutation, were assayed for 

NIH3T3 cell transformation. NIH3T3 cells expressing BCR(Y177F)-FGFR1 exhibited nearly a 

50% decrease in cell transformation ability, while cells expressing BCR-FGFR1(Y766F) showed 

an 80% reduction in cell transformation, compared to cells expressing wildtype BCR-FGFR1 (Fig. 

14C). Interestingly, NIH3T3 cells expressing BCR(Y177F)-FGFR1(Y766F), a double mutant 

where both Grb2 and PLCγ1 interaction sites are mutated to phenylalanine, did not form any foci 

(Fig. 14C).   While BCR(Y177F)-FGFR1(Y766F) contains an active tyrosine kinase domain 

contributed by FGFR1, cells expressing this protein were unable to transform cells, indicating that 

Grb2 and PLCγ1 may play an important role in BCR-FGFR1 mediated oncogenic cell 

transformation.   
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Figure 14. Biological transformation of NIH3T3 cells by BCR-FGFR1 or the BCR-FGFR1 
derivatives lacking a Grb2 or PLCγ1 interaction site. (A) Depicts a cartoon schematic of amino 
acid mutations made to ablate the Grb2 and PLCγ1 interaction sites in BCR-FGFR1. (B) A graph 
of foci formation relative to BCR-FGFR1. (C) Pictures of representative focus plates stained with 
Giemsa stain to allow for foci visualization. Mock cells are used as a negative control.  
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BCR(Y177F)-FGFR1(Y766F) is Unable Confer IL-3 Independent Growth  
 

The BCR-FGFR1 fusion protein has solely been identified in hematological malignancies 

to date.  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 [10]. 32D cells were used 

to investigate the proliferative potential of cells expressing BCR-FGFR1 and its subsequent 

derivatives in the presence and absence of IL-3. As such, DNA constructs encoding BCR-FGFR1, 

BCR(Y177F)-FGFR1, BCR-FGFR1(Y766F) or BCR(Y177F)-FGFR1(Y766F) were 

electroporated into 32D cells and were subject to selection with G418 sulfate as described 

[10].   32D cells expressing BCR(Y177F)-FGFR1(Y766F) were unable to proliferate in the 

absence of IL-3, as detected by MTT metabolic assays (Fig. 15A). All transfected constructs 

displayed cell viability in the presence of IL-3 (Fig. 15B). Thus, this data demonstrates the 

importance of Tyr177 in BCR and Tyr766 in FGFR1 in promoting IL-3 independent growth and 

suggests the requirement of Grb2 and PLCγ1 interactions with BCR-FGFR1 for proliferative 

growth. Although 32D cells expressing BCR(Y177F)-FGFR1(Y766F) contains an active tyrosine 

kinase domain contributed by the FGFR1 fusion partner, the requirement for Grb2 and PLCγ1 

interaction may regulate the oncogenic potential and cell proliferation caused by the BCR-FGFR1 

fusion protein.  
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Figure 15. 32D cell proliferation assay measured by MTT metabolic activity. (A) represents stable 
cell lines stably expressing the labeled BCR-FGFR1 fusion protein or BCR-FGFR1 derivatives, 
grown in the absence of IL-3 over a period of 11 days. (B) represents stable cell lines stably 
expressing the labeled BCR-FGFR1 fusion protein or BCR-FGFR1 derivatives, grown in the 
presence of IL-3 over a period of 11 days.  All cell lines were subject to G418 selection.  
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STAT3 Signaling Along with Grb2 and PLCγ1 Association is Necessary for BCR-FGFR1 

Mediated Cell Growth  
Elucidation of the cell signaling cascade employed by BCR-FGFR1 and its derivatives is 

essential in uncovering this fusion protein’s mechanism of oncogenic activation. The cell signaling 

differences between BCR-FGFR1 and the non-transforming BCR(Y177F)-FGFR1(Y766F) 

remain unclear, particularly since this mutant retains tyrosine kinase activity contributed by 

FGFR1 (Fig.	16). Signaling analyses were performed in HEK293T cells, as they have previously 

been used in FGFR signal transduction and protein phosphorylation studies [14].   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 collected, lysed, and 

analyzed for cell signaling differences via immunoblot. HEK293T cells expressing BCR-FGFR1 

display activation of MAPK, STAT3, and PLCγ1 pathways, while BCR-FGFR1(K514A), 

containing a kinase inactivating mutation, was unable to activate downstream signaling pathways 

(Fig. 16A). HEK293T cells expressing the non-transforming BCR(Y177F)-FGFR1(Y766F) 

displayed a substantial decrease in STAT3 signaling, near ablation in PLCγ1 phosphorylation, all 

while retaining FGFR1 activation loop phosphorylation (Tyr653/Tyr654), as detected through 

immunoblot (Fig. 16A).  While BCR(Y177F)-FGFR1 and BCR-FGFR1(Y766F) single mutants 

retained similar FGFR1 activation loop phosphorylation levels and STAT3 activation as the wild-

type 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 

(Fig. 16B). BCR-FGFR1(K514A), a kinase inactive mutant, was unable to associate with neither 

Grb2 nor PLCγ1, as again detected through immunoblot, suggesting that kinase activity is required 
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for this protein-protein interaction (Fig. 16B).  This data suggests that 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 (Fig. 16A-B).  Furthermore, this cell signaling analyses suggest that MAPK 

activation maybe dispensable 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 and confer IL-3 independent growth in 32D 

cells (Fig. 14B, 15A).   
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Figure 16. HEK293T cell lysate expressing BCR-FGFR1 or its derivatives subject to immunoblot 
analysis. (A) Depicts downstream pathways activated by either BCR-FGFR1, a kinase inactivated 
BCR-FGFR1(K514A), BCR(Y177F)-FGFR1, BCR-FGFR1(Y766F), or BCR(Y177F)-
FGFR1(Y766F). All pathways were detected by anti-sera directed towards each phosphorylated 
protein as shown. Blotting for total protein shown below each activated panel. (B) Depicts 
immune-precipitation interactions through immunoblot. Anti-sera corresponding to either Grb2 or 
FGFR1 were used to detect protein interactions for BCR-FGFR1 and its respective derivatives.   
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Kinase Activating Mutations in BCR-FGFR1 do not Overcome a Dual Grb2 and PLCγ1 

Interaction Requirement  

It is estimated that nearly a quarter of all CML patients will change tyrosine kinase inhibitor 

(TKI) treatment due to intolerance or resistance [15].  Specifically, kinase activating mutations 

and gatekeeper mutations are commonly found in patients who are subject to TKI treatment [15].	

Therefore, we introduced a kinase activating K656E mutation to determine if an over activated 

kinase would alter the potential requirement of 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 [7,	16, 17].  

To elucidate if a kinase activating mutation can compensate for interactions with Grb2 and 

PLCγ1, a K656E mutation was inserted alongside BCR-FGFR1 DNA constructs containing either 

Grb2 or PLCγ1 site ingle mutants, or BCR-FGFR1 DNA constructs containing a Grb2 and PLCγ1 

site double mutant and assayed for both cell transformation ability and downstream cell signaling 

activation (Fig. 17 A-C).  

The afore mentioned DNA constructs were stably transfected into NIH3T3 cells and were 

assayed for focus formation as described previously (Fig 14, Fig 17A). Cells expressing either 

BCR-FGFR1, or BCR-FGFR1(K656E) were able to transform cells, however, cells expressing the 

BCR(Y177F)-FGFR1(K656E/Y766F), with mutations potentially abolishing an interaction with 

both Grb2 and PLCγ1, in tandem with a kinase activating mutation, were unable to transform 

NIH3T3 cells (Fig 17B). Furthermore, cells expressing either BCR(Y177F)-FGFR1(K656E) or 

BCR-FGFR1(K656E/Y766F), with mutations potentially eliminating an interaction with either 

Grb2 or PLCγ1, respectively, in tandem with a K656E kinase activating mutation, exhibited a 50% 
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decrease in foci formation, similar to the single mutants assayed previously (Fig 1B, Fig. 4B).  This 

data demonstrates that a kinase activating mutation does not surmount a potential protein-protein 

interaction between BCR-FGFR1, with both Grb2 and PLCγ1 for cell transformation and 

oncogenic activity.  

HEK293T cells were transfected with either BCR-FGFR1, BCR-FGFR1(K656E), 

BCR(Y177F)-FGFR1(K656E), BCR-FGFR1(K656E/Y766F) or BCR(Y177F)-

FGFR1(K656E/Y766F) and were analyzed via western blot for differences in downstream cell 

signaling. Interestingly, cells expressing the non-transforming triple mutant, BCR(Y177F)-

FGFR1(K656E/Y766F), containing a deficiency in both Grb2 and PLCγ1 interaction sites along 

with a kinase activation K565E mutation, displayed a lack of PLCγ1 phosphorylation, while 

maintaining FGFR1 activation loop phosphorylation (Y653/Y654) (Fig. 17C). Additionally, cells 

expressing this clone displayed increased levels of MAPK phosphorylation, similar to 

BCR(Y177F)-FGFR1(Y766F), despite the inability of either of these variants to transform 

NIH3T3 cells (Fig. 16A, 17C) Together, this data suggests that kinase activating mutations may 

not overcome the need for protein-protein interactions between BCR-FGFR1, Grb2 and PLCγ1 

for oncogenic growth, highlighting the important role of Grb2 and PLCγ1 for BCR-FGFR1 

mediated oncogenesis.  
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Figure 17. Biological transformation of NIH3T3 cells and investigation of downstream pathway 
activation by BCR-FGFR1 or the BCR-FGFR1(K656E) derivatives lacking a Grb2 or PLCγ1 
interaction site. (A) Is a cartoon depiction of the BCR-FGFR1(K656E) constructs. (B) is a graph 
of cell transformation by BCR-FGFR1(K656E) and its derivatives in NIH3T3 cells. All plates 
were normalized for transfection efficacy by G418 selection. (C) Is 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. 
Blotting for total protein shown below each activated panel. 
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Determining the BCR-FGFR1 Protein Interactome and Phospho-proteome  
 

 Uncovering the protein interactome and phospho-proteome of various oncogenes have led 

to the identification of various biomarkers and therapeutic targets in cancer [18, 19,	20]. Recent 

studies have utilized proteomic approaches to determine differences in cell signaling between 

BCR-ABL p210 and p190 isoforms [21]. We employed the use of a quantitative mass 

spectrometry-based proteomic workflow to identify the BCR-FGFR1 mediated protein interaction 

network and phospho-proteome. The overall aim of this proteomic study was two-fold: first being 

the identification of key differences in biological activity between BCR-FGFR1 and its 

biologically inactive mutants, whereas the second was the elucidation of potential therapeutic 

targets for BCR-FGFR1 driven SCLL.  

 

Interactome Analysis  

To identify the potential differences in the protein interaction network of BCR-FGFR1 and 

the non-biologically active mutants, HEK293T cells expressing either BCR-FGFR1, 

BCR(Y177F)-FGFR1(Y766F), BCR(Y177F)-FGFR1(K656E/Y766F), or a kinase inactive BCR-

FGFR1(K514A) were harvested as previously described [10]. These cells were then lysed in TAP 

buffer, and the soluble cell lysate concentration was determined. A total of 10mg of cell lysate was 

used per sample with four biological replicates each (Fig. 18A). Purification of BCR-FGFR1 or 

BCR-FGFR1 mutant complexes was achieved through immunoprecipitation with BCR anti-sera 

on protein A/G magnetic beads. Overall, this study detected over 3000 unique protein complexes, 

with a strong enrichment of BCR-FGFR1 and BCR-FGFR1 derivative complexes. To 

subsequently identify the interactome differences between BCR-FGFR1 and its non-biologically 

active mutants, interacting protein hits were screened against interactions with the kinase inactive 
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BCR-FGFR1(K514A) mutant. Each interacting protein presented in this data was detected in at 

least three biological replicates (Fig. 18B).  

BCR-FGFR1 preferentially forms protein complexes with PTPN11 (Shp2), GAB1, ECSIT, 

USP15, and GPR89 in addition to Grb2 and PLCγ1 (Fig. 18B). Furthermore, mutation of the Grb2 

and PLCγ1 interacting sites, seen in the BCR(Y177F)-FGFR1(Y766F) and BCR(Y177F)-

FGFR1(K656E/Y766F) mutants lead to a loss in protein complex formation with the above-

mentioned proteins (Fig. 18B). BCR(Y177F)-FGFR1(Y766F) interacts with seven additional 

proteins, and BCR(Y177F)-FGFR1(K656E/Y766F) retains 39 unique protein interactions not 

detected in wild-type BCR-FGFR1 protein complexes (Fig. 18B).  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 is known to activate signal 

transduction pathways [22, 23]. 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 [24, 25].   

While this quantitative data confirms interactions with Grb2 and PLCγ1 are necessary for BCR-

FGFR1 driven cell proliferation, it also suggests that Grb2-mediated downstream interactions with 

GAB1 and PTPN11 may be necessary for biological activity. Furthermore, ECSIT and USP15 

may also play a part in BCR-FGFR1 mediated cell growth. However, additional studies are 

required to investigate if inhibition of these protein-protein interactions will be therapeutically 

beneficial.   
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Phospho-Proteome and Total Proteome Analysis  

Elucidation of the phospho-proteome of oncoproteins has led to better understanding of 

their mechanism of biological activation. As such, we chose to determine the BCR-FGFR1 induced 

total proteome and phospho-proteome to further understand the cell signaling differences between 

the wild-type fusion and the biologically inactive mutants.  HEK293T cells expressing either BCR-

FGFR1 or its derivatives were harvested in PBS for this analysis. Following cell lysis, all resultant 

peptides were labeled with a tandem mass tag (TMT), cell lysate was combined, and subjected to 

IMAC and CST Y1000 phospho-enrichment prior to LC/MS detection (Fig. 18A). A total of 5mg 

of cell lysate was used per sample, with four biological replicates each. This analysis method 

resulted in the detection of over 5,000 phosphorylated proteins, which were compared in activity 

to the wild-type BCR-FGFR1 fusion (Fig. 18C). 

 In addition to a decrease in Grb2 and PLCγ1 phosphorylation, the biologically inactive 

BCR-FGFR1 mutants also demonstrate substantially reduced phosphorylation of PTPN11 and 

TCP1 (Fig 18C). Notably, PTPN11 protein complex formation is also absent in the biologically 

inactive BCR-FGFR1 mutants as seen in the interactome analysis, however, a change in GAB1 

phosphorylation was not detected (Fig. 18B, C). TCP1, a protein chaperone that is part of the TRiC 

complex, is also inactivated in the biologically inactive mutants, suggesting that TCP1 may play a 

role in the regulation of the BCR-FGFR1 oncoprotein. The inactive BCR-FGFR1 mutants also 

demonstrate an increase in MAPK1, MARK2, and CDK1 phosphorylation (Fig. 18C). This 

increase in MAPK activation is also seen through immunoblot, however the roles of MARK2 and 

CDK1 for BCR-FGFR1 mediated oncogenic activity requires additional investigation (Fig. 16A, 

17C).  
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Unsupervised hierarchical clustering was performed on identified phosphorylated peptides 

for the biologically inactive BCR-FGFR1 mutants compared to the wild-type BCR-FGFR1 fusion 

(Fig. 18D). Upregulated and downregulated phosphorylation sites of BCR-FGFR1 compared to 

the biologically inactive mutants are shown, following correction for p-value (Table 5). This data 

shows an increase in Grb2, PLCγ1, PTPN11, and TCP1 phosphorylation in the BCR-FGFR1 

phospho-proteome compared to the biologically inactive mutants. Additionally, 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, 

compared to the BCR(Y177F)-FGFR1(Y766F) and BCR(Y177F)-FGFR1(K656E/Y766F) 

phospho-proteome (Fig. 18E).  Overall, this data suggests that the BCR-FGFR1 phospho-proteome 

may be driven by Grb2, PLCγ1, and PTPN11 mediated signaling cascades, which ultimately 

results in cell proliferation.  

The total proteome was analyzed to determine if any differences in protein expression 

contributed to the activity of BCR-FGFR1, or loss of activity of the inactive mutants. Indeed, 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 (Fig. 18F, Table 6) [26, 27]. Overexpression of these genes may explain the increase in 

STAT3 activation seen in BCR-FGFR1 compared to its biologically inactive derivatives (Fig. 

16A). 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 or decrease in 

expression in 8 proteins when compared to BCR-FGFR1 (Fig. 18F). Of these, GADD45A and 

IP6K2 are particularly interesting. GADD45A is a well characterized TP53 effector and stress 

induced protein and has been shown to induce overactivation of the MAPK pathway, ultimately 
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leading to apoptosis [28].  The overexpression of GADD45A may explain the increase in 

phosphorylated MAPK signaling in the biologically inactive mutants as seen through western blot 

(Fig. 16A, 17C) and phospho-proteome analysis (Fig. 18C, Table 5). Additionally, IP6K2 is a 

protein that belongs to the inositol phosphokinase family, and its expression positively mediates 

apoptosis [29]. Overall, the total proteome of the wild-type 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 6).   
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Figure 18. LC/MS to determine the protein interactome phospho-proteome of BCR-FGFR1 and 
BCR-FGFR1 derivatives. (A) A schematic of the workflow used for LC/MS. HEK293T cells 
expressing either BCR-FGFR1 or its biologically inactive derivatives were subjected to a proteome 
and phospho-proteome analysis and separately for interactome analysis. (B) Identified interacting 
proteins with either BCR-FGFR1, outlined in purple, or the biologically inactive mutants, outlined 
in either yellow or green. (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 p-values between BCR-FGFR1 and BCR(Y177F)-FGFR1(Y766F).  
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Figure 18 (Continued). LC/MS to determine the protein interactome phospho-proteome of BCR-
FGFR1 and BCR-FGFR1 derivatives. (D) A heatmap representation of the quantified phospho-
peptides with a total of 351 phospho-acceptor sites were identified following correction for the 
kinase dead BCR-FGFR1(K514A) mutant. MT2 corresponds to BCR(Y177F)-FGFR1(Y766F) 
and MT3 corresponds to BCR(Y177F)-FGFR1(K656E/Y766F). (E) Gene ontology functions that 
are upregulated in the BCR-FGFR1 driven phospho-proteome compared to the inactive mutants. 
(F)   A volcano plot representation of the total proteome proteins in BCR(Y177F)-FGFR1(Y766F) 
compared to BCR-FGFR1. This plot is normalized to log2 fold change and the respective p-values 
between BCR-FGFR1 and BCR(Y177F)-FGFR1(Y766F). 
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GO Process 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_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

 
Table 5: Upregulated (pink) and downregulated (blue) phospho-proteins in BCR-FGFR1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6: Upregulated (pink) and downregulated (blue) GO processes in BCR-FGFR1 proteome  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Phosphorylated protein sites P Value
GRB2_Y209 5.99E-11
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
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
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
DTL_S717 4.05E-05
ANKZF1_S47,ANKZF1_S51,ANKZF1_S56 1.59E-05
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PLCγ1: A 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 [30].  However, PLCγ1 has emerged as a therapeutic 

target for hematologic cancers in recent years [12,	31]. Suppression of PLCγ1 has demonstrated 

higher sensitivity to chemotherapeutic agents and lower cell proliferation rates [12]. To access the 

role of 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, and assayed for 

metabolic activity. Wild type 32D cells, and 32D cells stably expressing BCR-FGFR1 were treated 

with either DMSO vehicle control, 1uM U73122, or 3uM U73122, in the presence or absence of 

IL-3 (Fig. 19A-B). Cells expressing BCR-FGFR1 exhibited a dose dependent response to U73122 

treatment in the absence of IL-3 (Fig 19A). Importantly, treatment with U73122 did not hinder 

wildtype 32D cell growth, indicating that U73122 treatment was selective towards 32D cells which 

expressed BCR-FGFR1 (Fig. 19B).  

To determine if U73122 was effective in inhibiting cell growth in kinase activated variants, 

NIH3T3 cells stably expressing BCR-FGFR1 or BCR-FGFR1(K656E) were treated with either 

DMSO vehicle control or increasing concentrations of U73122 and were assayed for focus 

formation (Fig. 19C). U73122 concentrations were titrated to allow for a dose that effectively 

treated BCR-FGFR1 or BCR-FGFR1(K656E) expressing cells without harming non-expressing 

NIH3T3 cells. A dose dependent reduction of foci formation is observed for both BCR-FGFR1 

and BCR-FGFR1(K656E) expressing cells, indicating that U73122 is able to inhibit cell 

transformation in the presence of kinase activating mutations (Fig. 19C). This data suggests that 
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PLCγ inhibition may be a useful therapeutic approach for BCR-FGFR1 driven hematologic 

cancers. Furthermore, since patients who are treated with TKIs develop resistant mutations, often 

through kinase activating or gatekeeper residue mutations, PLCγ inhibition presents a novel 

therapeutic strategy to treat BCR-FGFR1 driven SCLL [1,10].  

U73122 is a small molecule inhibitor of PLCγ, however the underlying mechanism of 

action of this drug remains unclear [32]. To elucidate how U73122 hinders BCR-FGFR1 driven 

cell transformation, HEK293T cells expressing either BCR-FGFR1 or BCR-FGFR(K656E), 

treated with either DMSO vehicle control or increasing concentrations of U73122, were collected, 

lysed, and analyzed via immunoblot (Fig. 19D). Cells expressing both BCR-FGFR1 and BCR-

FGFR1(K656E) displayed a slight decrease in activation loop phosphorylation in the kinase 

domain of FGFR1 when treated with 10uM U73122 (Fig. 19D). While a decrease in MAPK or 

STAT3 phosphorylation is not seen with U73122 treatment, a dose dependent decrease in PLCγ1 

activation is observed via immunoblot for BCR-FGFR1 expressing cells. This data suggests that 

U73122 acts in a selective manner to inhibit PLCγ1 phosphorylation, independent of the 

Ras/MAPK and Jak/STAT pathways, and that inhibition of PLCγ1 may be a therapeutic strategy 

to treat BCR-FGFR1 driven SCLL.  
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Figure 19. PLCγ1 inhibition through small molecule inhibitor U73122 halts BCR-FGFR1 and 
BCR-FGFR1(K656E) mediated cell growth. (A) 32D cells stably expressing BCR-FGFR1 or 
wildtype 32D cells were grown in the absence of IL3, treated with increasing concentrations of 
U73122 and assessed for metabolic activity via MTT assay. (B) 32D cells stably expressing BCR-
FGFR1 or wildtype 32D cells were grown in the presence of IL3, treated with increasing 
concentrations of U73122 and assessed for metabolic activity via MTT assay. (C) NIH3T3 cells 
stably expressing BCR-FGFR1 or BCR-FGFR1(K656E) treated with increasing concentrations of 
U73122. (D) HEK293T cells expressing either BCR-FGFR1 or BCR-FGFR1(K656E) analyzed 
for downstream signaling activation with the corresponding phosphorylated anti-sera. Total 
respective protein immunoblots shown as well.  
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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, it is common for 

patients to develop secondary kinase domain resistance mechanisms in response to TKI treatment 

[5, 33,34]. Futibatinib (TAS-120) is a non-ATP competitive irreversible pan-FGFR inhibitor, 

which has demonstrated clinical efficacy in patients harboring FGFR2-fusion driven 

cholangiocarcinoma [33]. However, the efficacy of Futibatinib has not been investigated in 

FGFR1 fusion driven hematologic malignancies. To determine if BCR-FGFR1 is sensitive to 

Futibatinib, 32D cells stably expressing BCR-FGFR1 were treated with either DMSO vehicle 

control, 1nM Futibatinib, or 2nM Futibatinib, in the presence or absence of IL-3 (Fig. 20A-B). 

Cells expressing BCR-FGFR1 exhibited a dose dependent response to Futibatinib treatment in the 

absence of IL-3 (Fig. 20A). Wildtype 32D cells treated with Futibatinib in the presence of IL-3 

were able to proliferate, indicating that Futibatinib treatment was selective towards 32D cells 

expressing BCR-FGFR1 (Fig. 20B). 

 Due to the potent inhibition of cell proliferation seen in 32D cells expressing BCR-FGFR1, 

the efficacy of Futibatinib was studied on BCR-FGFR1(K656E), to determine if this TKI was 

effective in inhibiting cell transformation caused by secondary kinase activating mutations. 

Therefore, NIH3T3 cells stably expressing either BCR-FGFR1 or BCR-FGFR1(K656E) were 

treated with either DMSO vehicle control or increasing dosages of Futibatinib and assayed for cell 

transformation (Fig. 20C). A dose dependent reduction of foci formation is observed for both 

BCR-FGFR1 and BCR-FGFR1(K656E) expressing cells, indicating that Futibatinib is able to 

inhibit cell transformation in the presence of kinase activating mutations (Fig. 20C). This data 
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suggests that Futibatinib may be efficacious in treating hematologic malignancies harboring 

secondary kinase domain mutations in FGFR1.   

 To further understand the effects of Futibatinib on signal transduction, HEK293T cells 

expressing either BCR-FGFR1 or BCR-FGFR1(K656E), treated with either DMSO vehicle 

control or increasing concentrations of Futibatinib, were collected, lysed, and analyzed via 

immunoblot (Fig. 20D). Cells expressing both BCR-FGFR1 and kinase activated BCR-

FGFR1(K656E) displayed a dose dependent decrease in FGFR1 kinase activation loop 

phosphorylation due to Futibatinib treatment, as detected by immunoblot. Furthermore, a 

noticeable decrease in phospho-MAPK, phospho-STAT3, and phospho-PLCγ1 is observed for 

cells expressing either BCR-FGFR1 or BCR-FGFR1(K656E) (Fig. 20D).  

Although Futibatinib inhibits both BCR-FGFR1 and BCR-FGFR1(K656E) mediated cell 

transformation, higher concentrations of Futibatinib were needed to reduce FGFR1 

phosphorylation and downstream signaling with the addition of a secondary K656E kinase 

activating mutation (Fig. 20C-D). Together, this data suggests that Futibatinib may be beneficial 

in treating BCR-FGFR1 driven hematologic malignancies, and that Futibatinib is effective in 

inhibiting cell transformation due to secondary kinase activating mutations in FGFR1.  
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Figure 20. FGFR inhibition through small molecule inhibitor Futibatinib (TAS-120)  halts BCR-
FGFR1 and BCR-FGFR1(K656E) mediated cell growth. (A) 32D cells stably expressing BCR-
FGFR1 or wildtype 32D cells were grown in the absence of IL3, treated with increasing 
concentrations of Futibatinib and assessed for metabolic activity via MTT assay. (B) 32D cells 
stably expressing BCR-FGFR1 or wildtype 32D cells were grown in the presence of IL3, treated 
with increasing concentrations of Futibatinib and assessed for metabolic activity via MTT assay. 
(C) NIH3T3 cells stably expressing BCR-FGFR1 or BCR-FGFR1(K656E) treated with increasing 
concentrations of Futibatinib. (D) HEK293T cells expressing either BCR-FGFR1 or BCR-
FGFR1(K656E) analyzed for downstream signaling activation with the corresponding 
phosphorylated anti-sera. Total respective protein immunoblots shown as well.  
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DISCUSSION 

Considerable advances have been made in understanding the underpinnings of hematologic 

cancers. Since the discovery of BCR-ABL, over 500 additional oncogenic fusion proteins have 

been identified as drivers of hematologic malignancies to date, emphasizing the importance of 

characterizing these drivers and their respective cancers [10]. Specifically, FGFRs have recently 

emerged as targetable fusion protein partners in both solid and hematologic malignancies [35]. 

While FGFR2 fusion proteins have been identified as drivers of a subset of intrahepatic 

cholangiocarcinoma, FGFR1 fusion proteins are implicated as drivers of stem cell 

leukemia/lymphoma. Although the use of TKI therapy is becoming more commonplace, this 

treatment often results in acquired drug resistance in patients, often through secondary kinase 

activating mutations, highlighting the need to develop alternative treatment strategies to treat 

FGFR driven cancers [5].	 Therefore, this novel study combines cell-based assays and quantitative 

proteomic methods to investigate potentially therapeutically targetable protein-protein interactions 

of BCR-FGFR1, a driver of SCLL.  

Through the data presented, we demonstrate that BCR-FGFR1 relies on the small adapter 

protein, Grb2, and the enzyme PLCγ1 for biological activity and the activation of cell signaling 

pathways (Fig. 14,15,16). Mutation of the Grb2 and PLCγ1 phospho-acceptor sites in BCR-

FGFR1 through the BCR(Y177F)-FGFR1(Y766F) mutations abolished cell transformation in 

NIH3T3 cells and 32D cells (Fig 14, 15). While single mutations of either the Grb2 interaction site 

or PLCγ1 interaction site reduced biological activity, both mutations were necessary for ablation 

of cell transformation. Interestingly, the BCR(Y177F)-FGFR1(Y766F) double-mutant, despite 

being biologically inactive, retains tyrosine kinase activity, underscoring the importance of Grb2 

and PLCγ1 for oncogenic activation (Fig. 16). Furthermore, addition of a secondary K656E kinase 
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activating mutation in BCR-FGFR1 did not overcome a dual requirement for Grb2 and PLCγ1 

interaction for biological activity (Fig. 17). As such, the BCR(Y177F)-FGFR1(K656E/Y766F) 

mutant was unable to transform NIH3T3 cells, and unable to activate the PLCγ1 signaling pathway 

(Fig. 17). Therefore, this data demonstrates the importance of PLCγ1 signaling for BCR-FGFR1 

mediated cell growth. 

Our novel proteomic screen unveils for the first time the BCR-FGFR1 protein interactome 

and phospho-proteome (Fig. 18). This data confirms that Grb2 and PLCγ1 interactions are 

necessary for BCR-FGFR1 mediated cell proliferation, and identifies GAB1, and PTPN11 as 

possible downstream effectors of Grb2 and PLCγ1 (Fig. 18). While it has previously been 

established that interactions between Grb2, Gab1, and PTPN11 may promote activation of cell 

signaling cascades, this novel study demonstrates the importance of these interactions for BCR-

FGFR1 mediated oncogenic cell growth. Importantly, PTPN11(Shp2) inhibition has recently 

emerged as a therapeutic target in multiple cancer models [36].  Importantly,	this data agrees with 

previous studies which suggest inhibition of PTPN11 may be a viable therapeutic target for SCLL 

[37].  

Recently, PLCγ1 inhibition has emerged as a therapeutic target for hematologic cancers 

[38].  Specifically, suppression of PLCγ1 increased chemosensitivity and decreased cell 

proliferation in AML cell lines [12]. Additionally, PLCγ1 phosphorylation status is a biomarker 

for metastatic risk in luminal breast cancer, and increased expression of activated PLCγ1 is 

associated with worse clinical outcome [39].  However, the importance of PLCγ1 for SCLL 

remained uncharacterized prior to this study. While this work confirms the importance of PLCγ1 

for BCR-FGFR1 driven SCLL, through cell-based assays and quantitative proteomics, we further 

demonstrate that PLCγ1 inhibition reduces overall cell transformation, seen through the assays 
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performed with U73122 (Fig. 19). U73122, a known inhibitor of PLCγ1, was able to drastically 

decrease biological cell transformation due to BCR-FGFR1, or a kinase activated BCR-

FGFR1(K656E) expressing mutant (Fig. 19).  Although these studies were specific to the BCR-

FGFR1 fusion protein, it is reasonable to deduce that this data may be applicable to additional 

FGFR1 fusions, as the PLCγ1 phospho-acceptor site on FGFR1 is conserved in all identified 

FGFR1 fusions in SCLL [7].   

The use of ATP-competitive TKIs have shown durable responses in patients with FGFR 

driven tumors [40]. However, patients often develop acquired resistance to these inhibitors, often 

through the emergence secondary kinase activating mutations, as observed in FGFR2 fusion driven 

intrahepatic cholangiocarcinoma [33,34,35].  Our work demonstrates that Futibatinib (TAS-120), 

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 (Fig. 

20) The data presented here demonstrates that Futibatinib may be efficacious in treating BCR-

FGFR1 driven SCLL, and maybe able to overcome additional kinase activating mutations.  

The characterization of driver mutations in cancer is imperative, as it allows for a 

mechanistic understanding of cancer progression and may allow for the development of additional 

therapeutic strategies.  Furthermore, the increased use of cancer genome sequencing may give way 

to identification of additional cancer-causing mutations. As such, understanding the mechanism of 

drivers of cancer such as BCR-FGFR1 is vital. Although rare, patients who are diagnosed with 

BCR-FGFR1 positive SCLL are given a poor prognosis, underscoring the importance of 

investigating this leukemic subset. Together, this study illuminates the mechanism of activation 

behind BCR-FGFR1 driven SCLL and suggests PLCγ1 as a novel therapeutic target to treat this 

disease. 
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Materials and Methods 

DNA Constructs 

 The BCR gene (pSG65-Bcr) was purchased from Addgene (Watertown, MA, USA) and 

was subcloned into pcDNA3. FGFR1 and FGFR1-K656E were previously described. To construct 

BCR-FGFR1, a BamHI site was introduced by PCR-based site-directed mutagenesis after amino 

acid L584 in BCR and before amino acid V429 in FGFR1. This unique internal BamHI site was 

used together with an upstream site of EcoRI to subclone the 5’ region of BCR into the FGFR1 

pCDNA3 plasmid, creating a fusion breakpoint of BCR exon 4 fused to FGFR1 exon 9. The 

BamHI site adds 6 bases which code for a GS linker between the 5’ BCR and the 3’ FGFR1. 

FGFR1-K514A and all other mutations described were introduced by PCR-based site-directed 

mutagenesis. BCR-FGFR1 clones were subcloned into the pLXSN expression plasmid for use in 

NIH3T3 or 32D cells. DNA Constructs All DNA constructs were confirmed by DNA sequencing. 

 

Cell Culture  

HEK293T cells were maintained in 10% Fetal Bovine Serum (FBS) in DMEM media with 

1% penicillin/streptomycin in 10% CO2, 37 °C. NIH3T3 cells were maintained in 10% Bovine 

Calf Serum (CS) in DMEM media with 1% penicillin/streptomycin 10% CO2, 37 °C. 3 32D clone 

3 (ATCC CRL-11346) cells were maintained in RPMI 1640 media with 5%-10% FBS, 1% 

penicillin/streptomycin and 5 ng/mL mouse IL-3 in 5% CO2, 37 °C.  
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Cell Transfection, Immunoprecipitation, Immunoblot Analysis 

HEK293T cells were transfected with 3 μg of the pcDNA3 plasmid constructs using 

calcium phosphate transfection as described. Approximately 24 h after transfection, cells were 

starved with no FBS for 18 h. Cells were washed in ice-cold PBS and lysed in 

radioimmunoprecipitation assay buffer [RIPA; 50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 

1% TritionX-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mmol/L NaF, 1 mmol/L sodium 

orthovanadate, 1 mmol/L PMSF, and 10 μg/mL aprotinin]. Lowry assay was used to measure total 

protein concentration. For immunoprecipitation, either Grb2 (C-23) or FGFR1 antibody (D8E4) 

was added to lysates for overnight incubation at 4°C with rocking, immune complexes were bound 

to Protein A-Sepharose (MilliporeSigma, Burlington, MA, USA) and washed extensively with 

RIPA buffer. Samples were separated by 10% or 12.5% SDS-PAGE and transferred to Immobilon-

P membranes (MilliporeSigma, Burlington, MA, USA). Immunoblotting was performed as 

described. NIH3T3 focus assays were performed as described. Number of foci were, normalized 

by transfection efficiency, and quantitated relative to a positive control +/-SEM.  All assays were 

performed a minimum of 3 times.  

 

Interleukin-3 (IL-3) independent growth in 32D cells  

 A total of 1 x 106 32D cells were electroporated (1,500V, 10ms, 3 pulse) by Neon 

Transfection system using 30 μg of  BCR-FGFR1 or its derivatives in pLXSN in triplicate. 48 h 

after transfection, cells were selected with 1.5 mg/mL Geneticin (G418) for 10 days to generate 

stable cell lines before starting IL-3 independent growth assays. Triplicate flasks were seeded with 

the cell lines at 4 x 104 cell/ml in the presence or absence of mouse IL-3. On noted days, samples 

were counted and measured for MTT metabolic activity as described. For U73122 and Futibatinib 
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treatment, cells were seeded with the stated concentrations of drug –/+ IL-3.  MTT metabolic 

activity was measured on days 1, 4, 7, and 10. A concentration of 5 uM or higher of U73122 was 

toxic to 32D cells in the presence of IL-3. 

 

Antibodies and Reagents  

Antibodies were obtained from the following sources: BCR (B-12), Grb2 (C-23), STAT3 

(C-20), from Santa Cruz Biotechnology (Dallas, TX, USA); FGFR1 (D8E4), phospho-STAT3 

(Tyr705; D3A7), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) PLC gamma 

(2822) and phospho-PLC gamma (2821)  from Cell Signaling (Danvers, MA, USA); GAPDH 

(GT239) from GeneTex (Irvine, CA, USA); horseradish peroxidase (HRP) anti-mouse, HRP anti-

rabbit, and Enhanced chemiluminence (ECL and Prime-ECL) reagents were from GE Healthcare 

(Little Chalfont, UK). MG132, and recombinant mouse IL-3 were obtained from R&D Systems 

(Minneapolis, MN, USA). Pierce protein A/G magnetic beads were from MilliporeSigma 

(Burlington, MA, USA), Geneticin (G418) was from Gibco (Waltham, MA, USA), and 

Lipofectamine 2000 Reagent was from Invitrogen (Carlsbad, CA, USA). U73122  was from 

Selleck Chemicals (Houston,TX, USA), and Futibatinib (TAS-120) was from Chemgood (Glen 

Allen, VA, USA).  

 

U73122 and Futibatinib Experiments  

Experiments involving U73122 and Futibatinib were performed using HEK293T cells 

transiently transfected as described. 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 
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immunoprecipitation analyses. For experiments involving U73122 or Furtibatinib performed in 

NIH3T3 cell focus assays, cells were transfected and split out for focus assay as described. 

NIH3T3 cells expressing either BCRFGFR1 or FGFR1 derivatives were dosed with the stated 

concentrations of U73122 or Futibatinib. These 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 transfected and treated as described. A minimum of four replicates 

per sample were prepared and analyzed. Clarified lysates were immunoprecipitated with FGFR1 

antisera (Aviva OAAB11171) overnight at 4°C with rocking. Immune complexes were collected 

with Pierce protein A/G magnetic beads as per manufacturer’s directions. Following 

immunoprecipitation, proteins were digested directly on-beads using Trypsin/Lys-C mix, and then 

subjected to liquid chromatography/mass spectroscopy (LC-MS/MS) as described (4). 

Phosphopeptides were enriched prior to LC-MS/MS using IMAC (Immobilized Metal 5 Affinity 

Chromatography) columns (Thermo Scientific, Waltham, MA, USA). For proteomics analysis, 

spectral data were analyzed by MaxQuant label free quantitation (LFQ) (5) 
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