
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Characterization of Oncogenic Fusion BCR-FGFR1

Permalink
https://escholarship.org/uc/item/6pv1407j

Author
Peiris, Malalage Nicole

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6pv1407j
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA SAN DIEGO  
 
 
 
 
 

Characterization of Oncogenic Fusion Protein BCR-FGFR1  
 

 
 

A thesis submitted in partial satisfaction of the requirements  
 

for the degree  
 

Master of Science 
 
 
 

in  
 
 
 

Chemistry  
 

 
 

By 
 
 
 

Malalage Nicole Peiris 
 
 
 

 
Committee in Charge: 
 

Professor Daniel J. Donoghue, Chair 
Professor Susan Taylor 
Professor Dong-Er Zhang 

 
 
 

2019 
 
 



	  ii	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Copyright  
 

Malalage Nicole Peiris, 2019 
 

All rights reserved. 
 
 

	  
	  



	  iii	  

 
 
 
 
 

 
 
 
 
 
 

The thesis of Malalage Nicole Peiris is approved, and it is acceptable in quality and form for  
 
publication on microfilm and electronically: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                       Chair 
 
 
 
 

 
 

University of California San Diego 
 

2019 
 
 
 
 
 
 
 



	  iv	  

 
DEDICATION 

 
 
 

This thesis is dedicated to my parents, Swarnakanthie Peiris who passed away in 2005 

after a hard battle with cancer, and my father, Malalage Chandrawansa Peiris. Although the 

memory of my mother lives on, this work is a constant reminder to never give up hope in finding 

a cure for cancer. I would especially also like to thank my father for his constant support and his 

push for me to develop my critical thinking skills. Tatha, I’ll always remember our conversations 

in the car when you would drive me to school in the mornings and would talk about a variety of 

topics always including politics, religion, and science. Thank you for encouraging me to think 

outside the box, and to consider other points of view. I’d like to think that I first developed my 

research skills through those conversations, and for that I’ll be forever grateful. I’m lucky and 

thankful to have had amazing parents who were not only supportive of my endeavors, but also 

enthusiastic about my work.  

I’d also like to dedicate this work to Dr. Heather Beck and Dr. Bernadette Marquez who 

taught me my first lab skills during my undergraduate career at UC Davis. Heather, your 

memory will never be forgotten. Thank you both for your kindness, support, and mentorship 

during those years.  

 

 

 

 

 

 



	  v	  

TABLE OF CONTENTS  

 

Signature Page…………………………………………………………………………..iii 

Dedication…………………………………………………………………………….…iv  

Table of Contents…………………………………………………………………….…..v  

List of Figures………………………………………………………………………..….vi  

List of Tables....…………………………………………………………………….….vii 

Acknowledgements………………………………………………………………….….ix 

Vita………………………………………………………………………………….…...x  

Abstract of the Thesis……………………………………………………………...........xi  

        Chapter 1 Receptor Tyrosine Kinases: Translocation Partners in Hematopoietic  

Disorders……………………………………………………………………...1 

                        Acknowledgements…………………………………………………………..23 

        Chapter 2 Characterization of the Oncogenic Fusion Protein BCR-FGFR1, a  

                         Client of the Molecular Chaperone HSP90………………………………….28 

   Abstract………………………………………………………………………28 

   Introduction…………………………………………………………………..29 

   Results………………………………………………………………………..30 

  Discussion…………………………………………………………………….40 

  Materials and Methods………………………………………………………..42 

  Acknowledgements…………………………………………………………...50 

  References…………………………………………………………………….52 

 



	  vi	  

LIST OF FIGURES  

 

Figure 1. General Structure of RTK Fusion Proteins…………………………………..5 

Figure 2. Cellular Localization of Various RTK Fusion Proteins……………………..10 

Figure 3. Major Signaling Pathways Activated by Common RTK Fusion Proteins…..16 

Figure 4.  Activation of Downstream Cell Signaling Pathways by BCR-FGFR1……..28 

Figure 5. Cell Transformation Assay by BCR-FGFR1………………………………...30 

Figure 6. Phosphorylated Sites on BCR-FGFR1…………………………………….....32 

Figure 7. Focus Assay Results with BCR-FGFR1 Mutants………………………….....34 

Figure 8.  Focus Assay Results with Dimerization Mutants……………………………37 

Figure 9. BCR-FGFR1 shows Hsp90 Addiction………………………………………..40 

 

 

 

 

 

 

 

 

 

 

 

 



	  vii	  

LIST OF TABLES  

 

Table 1. RTK Fusion Proteins in Blood Cancers……………………………….…….6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



	  viii	  

ACKNOWLEDGEMENTS  

 

 I would like to thank Dr. Dan Donoghue for allowing me to work in his laboratory these 

laws few years. I am extremely grateful to have the opportunity to have learned new scientific 

methods, techniques, and have performed this research under his supervision. His guidance and 

support have undoubtedly expanded my scientific views and have given me the skills to become 

the scientific researcher I am today. I would also like to express my extreme gratitude to April 

Meyer. April has both taught as well as assisted me on many experiments throughout my Masters 

work. Much of this work would not have been possible without April’s patience and support. I’d 

especially like to thank Dr. Katelyn Nelson for her assistance with experiments, as well as her 

mentorship and feedback. I’d also like to thank Dr. Leo Gallo, Juyeon Ko, Ezra Bissom-Rapp, 

Fangda Li, Clark Wang, Guillermo Cardenas, and Erika Assoun for their lasting support and 

kindness. Additionally, I’d also like to thank Dan Crocker for his constant support, partnership, 

and for all around being a fantastic person. 

 Chapter 1 in full is a reprint of the article Receptor Tyrosine Kinases: 

Translocation Partners in Hematopoietic Disorders, as published in Trends in Molecular 

Medicine. Nelson KN, Peiris MN, Meyer AN, Siari A, Donoghue DJ.  2017 23(1): 59-79.  The 

thesis author was a co-author of this paper. The thesis author was a co-author of this review, but 

did not perform the research described by the review. The thesis author was responsible for the 

FGFR section of this review in its entirety. The thesis author also assisted with figures, tables, 

the conclusion, and other sections as well. Co-authors include Katelyn N Nelson, April N Meyer, 

Asma Siari, and Daniel J Donoghue.  

 



	  ix	  

VITA 

 

2012                Bachelor of Science, University of California, Davis, USA 

2012-2015       Research Assistant, Novozymes Biotechnologies, Davis, CA, USA 

2019                 Master of Science, University of California San Diego, USA 

 

PUBLICATIONS 

Peiris MN, Meyer AN, Nelson KN, Donoghue DJ. Signaling by the Oncogenic Fusion Protein 

BCR-FGFR1, a Client of the HSP90 Chaperone Complex. To be submitted.  

 

Nelson KN, Peiris MN, Meyer AN, Siari A, Donoghue DJ. Receptor Tyrosine Kinases: 

Translocation Partners in Hematopoietic Disorders. Trends in Molecular Medicine 2017 23(1): 

59-79.  

 

Marquez BV, Beck HE, Aweda TA, Phinney B,  Holsclaw C, Jewell W, Tran D, Day JJ, Peiris 

MN, Nwosu C,  Lebrilla C, Meares CF. Enhancing Peptide Ligand Binding to Vascular 

Endothelial Growth Factor by Covalent Bond Formation. Bioconjugate Chemistry. 2012 23(5): 

1080-9.   

 

 

 

 

 



	  x	  

 

 

 

 

 

ABSTRACT OF THE THESIS 

  

Characterization of Oncogenic Fusion Protein BCR-FGFR1 

By 

Malalage Nicole Peiris 

Master of Science in Chemistry  

University of California San Diego, 2019 

  Professor Daniel J. Donoghue, Chair  

 

Fibroblast Growth Factor Receptors (FGFRs) are part of the Receptor Tyrosine Kinase 

(RTK) family and are essential in the activation of various downstream signaling pathways, 

which are necessary for cell differentiation and proliferation. However, mutation and 

translocation of FGFRs leads to aberrant activation of signaling, which often results in cancer. 

With the emergence of personalized medicine, cancer genome sequencing is vital in order to 

determine the appropriate therapies for patients. This work focuses on the t(8;22)(p11;q11) 

chromosomal translocation, which results in the fusion protein Breakpoint Cluster Region 

(BCR)-FGFR1 (BCR-FGFR1).  BCR-FGFR1 is poorly characterized, resulting in few therapies 

and clinical advancements for patients positive for this fusion protein. This work focuses on the 



	  xi	  

biochemical and biological characterization of BCR-FGFR1 along with the analysis of 

therapeutic options. The BCR-FGFR1 fusion shows transformation ability in NIH3T3 cells, and 

shows heavy activation of MAPK, STAT, and phospho-FGFR1 receptor. Additional 

phosphorylation sites on BCR-FGFR1 were identified through titanium dioxide based 

phosphopeptide-enriched Liquid chromatography/ mass spectrometry (LC/MS) analysis.  

Additionally, BCR contributes a coiled-coil dimerization domain to BCR-FGFR1; the 

importance of the dimerization domain is shown, as when disrupted, BCR-FGFR1 is unable to 

retain transforming ability. Lastly, BCR-FGFR1 is shown to be a client of the chaperone protein 

Hsp90 and is sensitive to Ganetespib (STA-9090), a potent Hsp90 inhibitor suggesting that BCR-

FGFR1 relies on the Hsp90 complex to evade proteasomal degradation.  
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Chapter 2 

 

Characterization of the Oncogenic Fusion Protein BCR-FGFR1, a Client of the Molecular 

Chaperone HSP90.  

 

 

 

ABSTRACT 

Fibroblast Growth Factor Receptors (FGFRs) are part of the Receptor Tyrosine Kinase 

(RTK) family and are essential in the activation of various downstream signaling pathways, 

which are necessary for cell differentiation and proliferation. However, mutation and 

translocation of FGFRs leads to aberrant activation of signaling, which often results in cancer. 

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

fusion protein Breakpoint Cluster Region (BCR)-FGFR1 (BCR-FGFR1). Patients who harbor 

this translocation are usually diagnosed with 8p11 myeloproliferative syndrome (EMS), which 

can progress to atypical Chronic Myeloid Leukemia (aCML), or Acute Myeloid Leukemia 

(AML). Unlike BCR-ABL, BCR-FGFR1 is poorly characterized, resulting in few therapies and 

clinical advancements for patients positive for this fusion protein. This work focuses on the 

biochemical and biological characterization of BCR-FGFR1 along with the analysis of 

therapeutic options. BCR-FGFR1 gives rise to a kinase-kinase fusion product with the 

serine/threonine kinase domain of BCR fused to the tyrosine kinase domain of FGFR1. BCR-

FGFR1, along with kinase dead and kinase activated mutants were assayed for transformation of 

NIH3T3 cells, and activation of STAT and MAPK signaling. This work shows the reliance of the 



	  25	  

fusion protein on the tyrosine kinase activity of FGFR1. Additionally, BCR contributes a coiled-

coil dimerization domain to BCR-FGFR1. Various salt bridge mutations and a proline mutant 

were assayed for cell transformation and the activation of signaling pathways. The importance of 

the dimerization domain is shown, as when disrupted, BCR-FGFR1 is unable to retain 

transforming ability. Lastly, BCR-FGFR1 is shown to be a client of the chaperone protein 

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

degradation. Additionally, BCR-FGFR1 is sensitive to the Hsp90 inhibitor Ganetespib (STA-

9090), proposing novel clinical treatment options for patients who are positive for this fusion. 

 

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 4 

homologous receptors, FGFR1, FGFR2, FGFR3, and FGFR4. These 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 

proteoyglycans, they are able to dimerize, which leads to auto-phosphorylation of the kinase 

domain and activation of downstream cell signaling pathways such as STAT, MAPK, AKT, and 

PLCγ. (1)  

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

translocation. Specifically, FGFR1 is involved in 8p11 myeloproliferative syndrome (EMS), 

which is also known as stem cell leukemia-lymphoma (SCLL). EMS is characterized by a 

chromosomal translocation that produces a dimerizing protein partner fused to the kinase domain 
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of FGFR1. Although EMS is rare, is can aggressively progress to atypical chronic myeloid 

leukemia (aCML) or acute myeloid leukemia (AML). (2) 

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

the breakpoint cluster region- FGFR1 (BCR-FGFR1) fusion protein where exon 4 of BCR is 

fused to exon 9 of FGFR1. Although BCR was first identified fused to Abelson murine leukemia 

viral oncogene homolog-1 (ABL), also known as the Philadelphia chromosome, BCR has since 

then been identified fused to ret proto-oncognene (RET), janus kinase2 (JAK2), and placental 

derived growth factor receptor alpha (PDGFRA). Although a common fusion partner, the 

endogenous function of the BCR gene remains unknown. BCR contains a coiled coil 

dimerization domain, has serine/threonine kinase activity, and is a GTPase activating protein for 

p21rac (3). 

 The BCR-FGFR1 fusion is not well characterized, and the pathways of oncogenesis for 

this fusion are poorly understood. This work seeks to analyze how the BCR-FGFR1 fusion leads 

to cancer, through it’s biochemical and biological characterization. Although tyrosine kinase 

inhibitor therapies (TKI) can be used to treat patients with hematological cancers, the use of 

TKIs often results in drug resistance(2).  Thus, it is crucial to establish additional therapeutic 

strategies in treating hematological cancers. Here we investigate the regulation of BCR-FGFR1 

in the cell to establish novel therapeutic targets for patients who are positive for this fusion 

protein.  
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RESULTS  

Downstream signaling activation by BCR-FGFR1 

 It is crucial to uncover the signaling cascade used by BCR-FGFR1 in order to reveal 

which pathways are used by this fusion to activate cell growth and proliferation. It is unclear 

what the role is of BCR is in the BCR-FGFR1 fusion, or if BCR solely is able to activate 

downstream cell signaling pathways. In order to elucidate these mechanisms, both a kinase dead 

and a kinase activated constructs were employed in the FGFR1 and BCR-FGFR1 backgrounds. 

The kinase dead mutation contained the K514A mutation in the FGFR1 kinase domain, where as 

the kinase activated mutation contained the K656E mutation in the FGFR1 kinase domain, as 

described previously (4). HEK293T cells were transfected with either the respective full-length 

FGFR1 constructs, or the BCR-FGFR1 constructs, and immunoblotting was performed. 

Activation of mitogen activated protein kinase (MAPK) shows little to no difference between the 

FGFR1 wildtype and the BCR-FGFR1 fusion. However an increase in phosphorylation is 

observed from the wildtype to the kinase activated mutants. A strong increase in signal 

transducer and activator of transcription (STAT) signaling is seen between the FGFR1 WT and 

BCR-FGFR1 (Figure 4). An activation of both STAT3 and heavy activation of STAT5 is 

observed. Additionally, these lysates were immunoprecipitated with FGFR1 anti-sera, and were 

immunoblotted for tyrosine phosphorylation.  Heavy tyrosine phosphorylation is seen in BCR-

FGFR1, indicating that the contribution of the BCR to the fusion increases the constitutive 

phosphorylation of FGFR1. Interestingly BCR-FGFR1 (K514A), which contains BCR fused to a 

kinase dead FGFR1 does not activate either MAPK or STAT pathways nor phosphorylation on 

the receptor, suggesting that BCR relies on the constitutive kinase activity of FGFR1 for 

activation of downstream cell signaling.  
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Figure 4.  Activation of downstream cell signaling pathways by BCR-FGFR1. (A) Schematic of 
FGFR1 and BCR-FGFR1 with 514A kinase dead, and K656E kinase activating mutations. WT 
FGFR1 contains an extracellular ligand binding domain, a transmembrane domain, and a split 
kinase domain. BCR-FGFR1 contains BCR exon 4 at the N-terminus fused to the kinase domain 
of FGFR1 at exon 9 through a glycine serine (GS) linker region. BCR contributes a coiled-coil 
and a serine/threonine 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 immunolbotted with phospho-tyrosine antibody (1st panel). These lysates were also 
immunoblotted for total FGFR1 expression (2nd panel), and were also immunoblotted for 
phospho-STAT3 (Y705) (3rd panel), phospho-STAT5 (Y694) (5th panel) and phospho-MAPK 
(T202, Y204) (7th panel).   
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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 placed in a NIH3T3 cell transforming assay. NIH3T3 cells are a murine 

cell line, which under normal conditions grow in a monolayer and express contact inhibition; 

however, these cells form foci when expressing oncogenic proteins (5). BCR-FGFR1, BCR- 

FGFR1(K656E), FGFR1(K656E) all expressed high levels of foci formation (Figure 5). Foci 

formation results were normalized to FGFR3-TACC3 as this fusion has previously demonstrated 

transforming ability. (6). BCR-FGFR1, BCR-FGFR1(K656E) and FGFR1(K656E) produced 

nearly 3 times as many foci as FGFR3-TACC3. BCR-FGFR1(K514A) which contains the kinase 

dead mutation in the kinase domain of FGFR1 was not transforming, indicating that the kinase 

activity of FGFR1 is critical in the transforming ability of this fusion.  Additionally, lack of foci 

for BCR-FGFR1(K514A) suggests that the kinase activity of BCR is insignificant for cell 

transforming ability.  
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 Figure 5.  Cell transformation of NIH3T3 cells by BCR-FGFR1 and other derivatives. Plates 
from a focus assay are shown, with transfected constructs indicated. The number of foci were 
scored, normalized for transfection efficiency and calculated as a percentage of transformation 
relative to FGFR3-TACC3. Error is indicated as a relative error of the mean. Each assay was 
performed a minimum of 3 times.  
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LC/MS Analysis Identifies Novel Phosphorylation Sites 

 

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

FGFR1(K636E) lysates though immunoblotting (Figure 4) lead to the inquiry of whether BCR-

FGFR1 contains a constitutively active FGFR1 kinase, and if there were any novel 

phosphorylation sites found in this fusion.  To further investigate this question, HEK293T cell 

lysate expressing either FGFR1 or BCR-FGFR1 derivatives were immunoprecipitated, followed 

by an on-bead trypsin digest. These samples were then analyzed via liquid chromatography- 

tandem mass spectroscopy (LC/MS) with titanium dioxide phospho-peptide enrichment (TiO2 ) . 

The LC/MS data shows that both BCR-FGFR1, and BCR-FGFR1(K656E), WT and 

kinase activated fusion, respectively, have robust phosphorylation levels, where as BCR-

FGFR1(K514A), only sees a slight phosphorylation on Y558 in the kinase domain of FGFR1 

(Figure 6). Y463, Y558, Y563, Y605, Y653, Y654 are all phosphorylated in BCR-FGFR1, and 

additional sites Y572, Y583, Y585, Y613 are detected in BCR-FGFR1 (K656E). This data 

suggests that the contribution of a coiled-coil dimerization domain by BCR leads to higher 

phosphorylation levels in the FGFR1 receptor. Conversely, the lack of phosphorylation on the 

activation loop tyrosines in BCR-FGFR1(K514A) indicates that FGFR1 kinase activity is critical 

for activation of the BCR-FGFR1 fusion.  
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Figure 6. Phosphorylated sites on BCR-FGFR1 and derivatives. Only phosphorylation sites 
containing > 1% of total phosphorylation were graphed. (A) Phosphorylation sites on BCR-
FGFR1(K514A), containing a kinase dead FGFR1. (B) Phosphorylation sites on BCR-FGFR1. 
(C) Phosphorylation sites on BCR-FGFR1 (K656E) containing a kinase activated FGFR1. (D) 
Schematic indicating domains on BCR-FGFR1 fusion protein. Amino acid positions labeled.  
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Although an increase in tyrosine phosphorylation is detected in FGFR1 for BCR-FGFR1 

and BCR-FGFR1(K656E), additional tyrosine phosphorylation sites are also detected in BCR. 

Y436 and Y455 are both phosphorylated in BCR, when fused to either WT or kinase activated 

FGFR1 (Figure 6). These residues have not been previously reported in the literature, and what 

role phosphorylation plays on these residues is unknown. Residues Y436 and Y455 on BCR 

were mutated to phenylalanine in order to investigate the role of these residues in the oncogenic 

activity of this fusion protein. In addition to these mutations, a BCR Y177F mutant was also used 

as it mutates away the Grb2 binding site, which has previously been shown to reduce activation 

of the BCR-FGFR1 fusion protein (7). The Y177 site is not shown in the phosphorylation data 

since it showed less than 1% of the total phosphorylation for all samples.  

The BCR(Y436F)-FGFR1, BCR(Y455F)-FGFR1, along with BCR-FGFR1, and 

BCR(Y177F)-FGFR1, were all assayed via NIH3T3 cell focus assay as described previously. 

Although all constructs displayed transformation ability, the Y177 Grb2 mutation shows a 50% 

decrease in transforming ability when compared to BCR-FGFR1. However, neither the Y436F, 

nor the Y455F mutation in BCR showed any decrease in foci formation when compared to BCR-

FGFR1 (Figure 7).   

Taken together, the LC/MS data and focus formation assay suggest that BCR-FGFR1 

relies on an active FGFR1 kinase domain for transformation, and that BCR, although having 

serine/threonine kinase activity cannot act alone for the oncogenic activation of this fusion.  
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Figure 7.  Focus assay results with BCR Y177F, BCR Y436F, BCRY455F mutations in BCR-
FGFR1. Top panel shows schematic of BCR-FGFR1, with phospho-Tyrosine sites highlighted. 
These sites were mutated to phenylalanine in BCR-FGFR1 and assayed for foci formation. 
Bottom panel is a graph of the amount of foci produced by each mutation, compared to BCR-
FGFR1 set to 100%.  
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Salt Bridge Disruption in BCR Dimerization Domain Abrogates Cell Transforming Ability 

  

The BCR gene contains an anti-parallel coiled coil dimerization domain, a 

serine/threonine kinase domain, a guanine nucleotide exchange factor (GEF) domain, and a Rac 

GTPase activating protein domain (RacGAP) domain. The BCR-FGFR1 fusion protein contains 

BCR coiled coil domain, serine/threonine kinase domain and part of the GEF domain of BCR 

fused to the kinase domain of FGFR1 (Figure 6,7). The anti-parallel coiled-coil dimerization 

domain in BCR has previously been shown to be essential for cell transformation as 

demonstrated with assays done in BCR-ABL (8,9).  Although the disruption of the dimerization 

domain has been completed with either an insertion of a 5 amino acid beta-proline turn sequence, 

or complete deletion of the dimerization domain, little is known about the necessity of 

biochemical interactions between amino acids in the dimerization domain. Here we investigate 

the importance of salt bridge formation in the BCR coiled-coil domain as a potential requirement 

of dimerization for BCR-FGFR1.  

The coiled-coil region of BCR spans from amino acid residues 3-75 (Figure 7,8). 

Although BCR contains the typical heptad repeat pattern (abcdefg)n for coiled coils, where 

positions a and d correspond to hydrophobic residues, and positions e and g are charged, it also 

contains a charged E52 at position d, which is unusual. Previous work has shown that the E52 

may be essential for stability of the coiled-coil domain (10). We hypothesize that E52 may 

interact and provide stability for a nearby salt bridge formed between residues E34 and R55 in 

BCR.  

To further investigate the role of residues E34, E52, and R55 in BCR, various constructs 

were made which either mutated these residues to their respective opposite charges, mutated all 
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three charged residues to the opposite charge (BCR E34R/E52R/E55E), or mutated all three 

residues to proline (BCR E34P/E52P/E55P), these mutants were assayed for transformation 

ability in NIH3T3 cells (Figure 8). Here it is seen that the single point mutation of either 

BCR(E34R)-FGFR1, or BCR(E52R)-FGFR1 lowers the amount of foci observed by 10-30%. A 

30% reduction in foci formation is seen when Arg55 is mutated to Glu (BCR R55E-FGFR1), 

thus creating opposite charges in the predicted salt bridge and stabilizing residue. Interestingly, a 

85% reduction in foci is seen when BCR Glu34 is mutated to Arg along with the Glu52 to Arg 

mutation (BCR E34R/ E52R-FGFR1). This “all R” mutant displays opposing charges in the 

predicted salt bridge, thereby abolishing salt bridge formation. Additionally, a loss of 

transforming ability in NIH3T3 cells is also observed through the “all proline” mutant, where 

BCR residues E34, 352, and R55 were all mutated to proline.  Lastly, when all charges are 

reversed to the opposite charge (BCR E34R/E52R/E55E), the salt bridge is potentially re-

established as this mutant retains 100% transforming ability when compared to BCR-FGFR1.  

The focus assay data demonstrates that salt bridge formation between residues E34 and 

R55, along with potential interaction of the stabilizing residue at E52 in BCR are all critical in 

the transforming ability of BCR-FGFR1. The loss of foci formation as seen through the 

BCR(E34R/E52R)-FGFR1 mutant confirms the necessity of salt bridge interaction for 

dimerization in BCR-FGFR1. This data together suggests that targeting the dimerization domain 

of BCR could be a therapeutic target in patients positive for the BCR-FGFR1 fusion.  
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Figure 8.  Focus assay results with potential salt bridge mutations made in BCR coiled coiled-
coil domain. All amino acid numbers correspond to residues in BCR. Top figure is solved crystal 
structure of BCR oligomerization domain (PDB 1K1F), with residues of interest shown in stick 
model. Bottom panel shows focus assay results with BCR-FGFR1 set to 100%.  
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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 (11, 12). 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 (13). Many of these oncogenes, 

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

ubiqitination and proteasomal degradation (14).  Specifically, Hsp90 and co-chaperones cell 

division cycle 37 (Cdc37), and cyclin dependent kinase 4 (cdk4) have been shown to act in 

complex to aid the maturation and development of various client kinases, showing association 

with roughly half of the human kinome (15).  This work demonstrates that BCR-FGFR1 is a 

client of Hsp90 and possibly relies on the Hsp90 complex for stability. Additionally, BCR-

FGFR1 is sensitive to Ganatespib (STA-9090), a potent Hsp90 inhibitor, which could serve as a 

potential therapeutic target in patients positive for the BCR-FGFR1 fusion.  

 HEK293T lysates expressing either FGFR1 or BCR-FGFR1 derivatives were 

immunoprecipitated with FGFR1 antisera and immunoblotted for Hsp90. A strong signal is 

observed via western blot for BCR-FGFR1 and its derivatives, were as a faint signal is seen for 

FGFR1 (Figure 9). This result indicates that Hsp90 could have a strong interaction with BCR-

FGFR1, and FGFR1 as well. To further analyze if BCR-FGFR1 is dependent on Hsp90 for 

cellular stability, assays with Hsp90 inhibitor, Ganatespib, were performed. HEK293T cells 

expressing either FGFR1 or BCR-FGFR1 derivatives were analyzed for overall FGFR1 

expression, and activation of MAPK and STAT3 pathways, and phospho-tyrosine both with and 

without addition of Ganatespib. HEK293T cells without treatment with Ganatespib see similar 
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levels of FGFR1 expression, MAPK, STAT3 and phosphorylated FGFR1 receptor similar to 

Figure 1. However, when HEK293T cells were treated with 200nM Ganatespib for 4 hours, a 

significant reduction in FGFR1 expression is observed through western blot(Figure 9).  

Furthermore, a decrease of MAPK and STAT3 activation is also seen, as well as a loss of 

phosphorylated FGFR1 receptor (Figure 6). The dramatic decrease in FGFR1 expression with 

the addition of Ganatespib suggests that BCR-FGFR1 is a client protein of Hsp90, and could 

potentially use the Hsp90 complex for protein stability within the cell.  

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

expressing FGFR1 or BCR-FGFR1 derivatives were assayed for foci formation with increasing 

concentrations of Ganatespib. Here it is observed that increasing concentrations of Ganatespib 

reduces foci formation when compared to control cells that were dosed with dimethyl sulfoxide 

(DMSO) (Figure 9).  Therefore, this data suggests that BCR-FGFR1 is dependent on the 

molecular chaperone Hsp90 for cellular transformation.  

 Taken together, this data suggests that BCR-FGFR1 is a client of Hsp90, and that this 

fusion protein relies on the Hsp90 complex for protein stability within the cell. When treated 

with potent Hsp90 inhibitor, Ganatespib, over all expression of BCR-FGFR1 decreases, along 

with a decrease in activation of MAPK and STAT3 pathways. Furthermore, this data suggests 

that BCR-FGFR1 depends on Hsp90 for cell transformation and foci formation, indicating 

therapies that target Hsp90 in BCR-FGFR1 driven cancers could be therapeutically beneficial for 

patients positive for this fusion.  
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Figure 9.  BCR-FGFR1 shows Hsp90 addiction. (A) Immunoprecipitation with FGFR1 and 
blotted for Hsp90 to show interaction between FGFR1 and Hsp90. (B) Graph of foci formation 
with addition of Hsp90 inhibitor, Ganatespib, performed in NIH3T3 cells. BCR-FGFR1(K656E) 
set to 100%. (C) Western blots with HEK293T cells. Assayed for FGFR1 expression, phospho-
MAPK, phosphor-STAT3, and phosphor-Tyrosine. GAPDH expression is used as control.  
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DISCUSSION 
 

 

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

BCR-FGFR1.  With the emergence of personalized medicine and cancer tumor sequencing, 

characterization and analysis of mutations such as the described chromosomal translocation is 

vital. We demonstrate that the N-terminal introduction of BCR results in constitutive activation 

of FGFR1 on key tyrosine residues.  Through our cell signaling studies, we demonstrate that 

BCR-FGFR1 over activates crucial downstream cell signaling pathways MAPK, STAT3 and 

STAT5.  The loss of both FGFR1 receptor phosphorylation and activation of MAPK and STAT 

pathways by BCR-FGFR1(K514A) kinase dead mutant indicates that FGFR1 kinase activity is 

necessary for gain of function and cancer progression. This result is furthermore confirmed 

through cell transformation and focus formation assays. Both BCR-FGFR1 and BCR-

FGFR1(K656E) displayed cell transformation and foci formation, however the kinase dead 

BCR-FGFR1(K514A) was not transforming. The high oncogenic potential of BCR-FGFR1 is 

characterized through its activation of downstream cell signaling pathways and nearly three-fold 

increase in foci formation when compared to FGFR3-TACC3, a fusion protein previously 

characterized in our lab.  

 We have also described a novel inhibition of the BCR dimerization domain through 

disruption of salt-bridge formation of the anti-parallel coiled-coil. The lack of foci formation and 

cell transformation when residues E34 and E55 are mutated to Arg suggest the disruption of the 

salt bridge between these residues has a causal effect on the dimerization ability of BCR. The 
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potential loss of dimerization and near absence in foci formation suggests that the coiled-coil 

dimerization domain can be used as a potential therapeutic target.  

 The interaction and dependence on Hsp90 for the stability of BCR-FGFR1 is shown 

through both foci formation assays as well as investigation of overall BCR-FGFR1 protein 

expression. We see a large decrease in expression of BCR-FGFR1 with the addition of 

Ganatespib, a potent Hsp90 inhibitor. Furthermore, a decrease in phospho-FGFR1, along with a 

decrease in MAPK and STAT signaling when cells expressing BCR-FGFR1 are treated with 

Ganatespib indicates that BCR-FGFR1 is sensitive to this drug treatment. Additionally, the loss 

of foci formation as seen through cell transformation assay confirms the dependence of BCR-

FGFR1 on the Hsp90 molecular chaperone complex to avoid proteasomal degradation.  

 We have presented overwhelming evidence for the oncogenicity of the BCR-FGFR1 

fusion protein. With personalized medicine becoming more commonplace, the characterization 

of mutations such as this fusion is essential in providing proper treatment. Although tyrosine 

kinase inhibitor therapy has shown to be beneficial for patients harboring certain mutations, there 

are currently no known cures for patients positive for the BCR-FGFR1 translocation. Here we 

also describe novel therapeutic strategies for patients who are positive for this fusion, suggesting 

that BCR dimerization inhibitors, Hsp90 inhibitors, and chemotherapy in combination may be a 

beneficial therapeutic strategy in patients.  
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MATERIALS AND METHODS 
 
  
DNA Constructs 

 The BCR gene was purchased from Addgene (pSG65-Bcr) and was subcloned into 

pcDNA3. FGFR1 and FGFR1(K656E) were developed as previously described (4). FGFR1 

(K514A) was made through PCR based site directed mutagenesis. All PCR reactions used Pfu 

Turbo polymerase (Agilent). To construct BCR-FGFR, a BamHI site was introduced through 

PCR based site directed mutagenesis after amino acid L584 in BCR and before amino acid V429 

in FGFR1. This unique BamHI site was used to subclone 5’ BCR into FGFR1 pCDNA3, 

creating a fusion breakpoint of BCR exon 4 fused to FGFR1 exon 9. The BamHI site contained a 

GS linker region which fuses 5’ BCR to 3’ FGFR1.  

 DNA fragments containing the K656E mutation or the K514A mutation were either 

subcloned or were introduced through PCR based site directed mutagenesis, the same technique 

was used for all pLXSN constructs as well. All single and multiple mutations for assays with 

phosphorylation site mutations, or dimerization domain mutants were made with PCR based site 

directed mutagenesis.  

 pcDNA3 vector was used for all experiments with HEK293T cells for western blotting. 

pLXSN vector was used for all experiments with NIH3T3 cell focus assays. All DNA constructs 

were fully sequenced.  

 

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% 

Fetal Calf Serum (CS) in DMEM media with 1% penicillin/streptomycin 10% CO2, 37 °C.   
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Cell Transfection, Immunoprecipitation, Immunobloting 

 

For HEK293T cell work, cells were first plated to a density of 1x 106 cells per 100mm 

plate. These cells were then transfected with 3µg pcDNA3 constructs as described with calcium 

phosphate transfection protocol. Cells were then incubated at 3% CO2 37 °C for 17 hours and 

then recovered via incubation at 10% CO2, 37 °C for 6-8 hours. These cells were then serum 

deprived (starved) in 0% FBS/DMEM for 18 hours. Cells were washed in 1x ice-cold PBS and 

then were lysed in radioimmunoprecipitation assay buffer [RIPA; 50 mmol/L Tris-HCl (pH 8.0), 

150 54 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]. Bradford 

assay or Lowry assay was used to measure total protein concentration. Antibodies were added to 

lysates for overnight incubation at 4°C with rocking, followed by immunoprecipitation, as 

described previously. Samples were separated by 10% or 12.5% SDS-PAGE and transferred to 

Immobilon-P membranes (Millipore). Membranes were blocked in 3% milk/TBS/0.05% Tween 

20 or 3% bovine serum albumin (BSA)/TBS/0.05% Tween 20 (for anti-phosphotyrosine, anti–

phosphoSTAT1, and anti–phospho-STAT3 blots). 

 

For NIH3T3 cells, cells were plated to a density of 4x 105 cells per 60mm plate. These 

cells were then transfected with 10µg of pLXSN constructs are described with Lipofectamine 

2000 reagent from Invitrogen.  16 hours following transfection, Lipofectamine reagent was 

aspirated off, and cells were allowed to recover in 10% CS/DMEM. 48 hours following 

transfection, cells were split 1:10 onto 100mm plates containing either 2.5% CS/DMEM or 

500µg/mL Geneticin. (G418) The cells split onto the 2.5% CS/DMEM plates were used as focus 
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assay plates, whereas cells on the G418 plates were used to as a control for transfection 

efficiency.  18 days following transfection, both focus and G418 plates were fixed with 

methanol, stained with Giemsa stain, and scored. The foci were normalized against the G418 

plates for transfection efficiency.  
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