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ABSTRACT 

 Alterations intrinsic to Chronic Lymphocytic Leukemia (CLL) cells affect many 

signaling pathways, including those relating to proliferation and evasion of apoptosis. 

Interactions with the microenvironment further alter survival, proliferative, and metabolic 

signaling of CLL cells. Feline Gardner-Rasheed (Fgr) is a Src-family kinase implicated in B cell 

receptor signaling and metabolism. Its expression is variable and its function is unknown in CLL 

cells. The ability of CLL cells to regulate their metabolism in response to energy demand is key 

to their ability to sustain proliferation and survive cellular stress. We hypothesize that Fgr 

expression correlates with clinical parameters, and contributes to signaling that enhances cell 

survival and metabolic adaptation to energy demand. In a transiently-transfected BJAB cell line, 

we found that Fgr over expression increased glycolysis and mitochondrial respiratory capacity in 

BJAB cells. This correlated with the ability of Fgr to activate complex II in the mitochondria. 

Furthermore, Fgr expression provided cell survival signaling following treatment with metabolic 

toxins. Finally, we found that Fgr expression correlates positively with favourable prognosis 

markers in CLL cells. This suggests that Fgr regulates metabolism and cell survival in CLL cells. 
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CHAPTER 1: INTRODUCTION 

1.1 Chronic Lymphocytic Leukemia: 

1.1.1 Diagnostic Criteria: 

CLL is a cancer of B-lymphocytes, and is characterized by an accumulation of 

monoclonal B-cells in the lymph nodes, spleen, bone marrow, and the peripheral blood. It is 

often diagnosed during routine blood work by the detection of ≥5×109 monoclonal B-cells / litre 

of peripheral blood. Clonality is confirmed by flow-cytometry. The CLL cells are CD5+, 

CD19+, CD23+, CD38+, CD20dim, CD79b-, and have weak expression of surface 

immunoglobulin (sIg)1.  

1.1.2 Incidence: 

CLL is the adult leukemia with the highest incidence in North America, and that 

incidence is increasing. From 1975 to 2014, the incidence of CLL in the United States rose from 

4.35 to 5.03 per 100,0002. In 2016, it was estimated that 18,960 new cases would be diagnosed in 

the United States3 making the incidence approximately 5.98 per 100,000. Canada had an 

incidence of 7.1 per 100,000 in 2013, with 2,465 new diagnoses occurring in 20134, and in 

Manitoba, there are approximately 90 new cases of CLL per year4. Based on the Canadian 

statistics for 2013, males are approximately 1.6 times more likely to be diagnosed with CLL than 

females4. While improvements in diagnostic techniques have reduced misclassification of other 

lymphoproliferative disorders as CLL, they have also improved detection, which may account 

for the increasing number of diagnoses5. There are differences in incidence by race, based on 

statistics from the SEER database. Per 100,000 the incidence is 6.88 in Non-Hispanic Whites, 

4.70 in African-Americans, 2.92 in Hispanic Whites, and 1.45 in Asians and Pacific Islanders in 

the United States6. 
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1.1.3 Risk Factors: 

There is evidence to suggest that CLL has a degree of heritability7,8. First-degree relatives 

of patients with CLL have an 8.5-fold higher risk of developing CLL than the general 

population9. An analysis of cases in which two siblings born to the same parents were both 

diagnosed with CLL (families with more than two siblings with CLL were excluded) showed 

that there was a higher than expected sex concordance; that is, the sibling pairs were more likely 

to both be male or both be female, rather than one of each sex10. CLL shows a high degree of 

international variation in age-adjusted incidence. There is a forty-fold difference in incidence 

between Italy and Japan for males, and a thirty-eight-fold difference in incidence between France 

and China for females11. The incidence of CLL in Asian countries is lower than in North 

America and Europe, and the incidence remains low in people of Asian descent who are living in 

the United States12. The ethnic differences in incidence and presentation were reviewed by 

Ruchlemer and Polliack13. This data suggests that susceptibility to CLL has a genetic component. 

 Numerous environmental factors have been evaluated for a role in CLL etiology. There is 

little evidence to suggest that ionizing radiation contributes to the risk of developing CLL. 

Therapeutic irradiation treatment for solid tumours has been shown not to increase risk for 

CLL14. Likewise, nuclear industry workers15 and atomic bomb survivors16 were not found to be 

at increased risk. Some hold that longer follow-up times are needed to draw a definite 

conclusion17. Increased risk for development of CLL and a shorter time to first treatment was 

found in individuals with prior exposure to Agent Orange18. There is also evidence that use of 

herbicides and pesticides, as well as chemicals such as benzene, butadiene, and formaldehyde are 

associated with increased risk for CLL19. 

 There are few dietary or lifestyle risks for CLL. Obesity has been identified as a risk 
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factor20 and long-term night shift work may also warrant investigation21. A recent study with 138 

CLL cases and 141 age- and sex-matched controls suggests that cigarette smoking and 

occupational/environmental chemical exposure increase one’s risk for CLL22. 

 A role for Epstein-Barr Virus (EBV) infection in the development or progression of CLL 

is not yet defined. Not all patients with CLL have detectable EBV encoded ribonucleic acid 

(RNA) in the bone marrow23, and EBV is not thought to be the cause of the disease. The load of 

EBV deoxyribonucleic acid (DNA) in the plasma and lymph nodes of patients does, however, 

predict overall survival (OS), with higher loads predicting shorter OS and shorter time to first 

treatment24,25. It has been observed that CLL patients are more likely to have expression of EBV 

Latent Membrane Protein 1 (LMP1) mRNA in the peripheral blood than healthy donor 

controls26. EBV miRNA in the plasma and bone marrow biopsies of patients have also been 

shown to correlate with poorer OS27. A 1995 study on a single patient demonstrated that the 

subpopulation of CLL cells that were EBV carriers expressed EBNA1 and LMPs, but not 

EBNA228.   

1.1.4 Prognostic Markers: 

 CLL can be staged using either the Rai29 system or the Binet30 system. In Manitoba, we 

use the Rai staging system as described in Table 131. All stages present with lymphocytosis 

(≥5×109 monoclonal B-cells / L of peripheral blood). A patient with CLL is classified as stage 0 

if they present with lymphocytosis only; stage 1 if they also have lymphadenopathy; stage 2 if 

they also have splenomegaly with or without lymphadenopathy; stage 3 if they have anemia with 

lymphocytosis but with or without lymphadenopathy or splenomegaly; and stage 4 if they have 

thrombocytopenia with lymphocytosis but with or without lymphadenopathy, splenomegaly, or 

anemia. 
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In general, patients with CLL can experience either an indolent disease course, which 

may not require treatment for years, if ever; or an aggressive disease course with a shorter time 

to first treatment and poorer OS. Inferences can be made based on the presentation of the patient, 

or on the biochemistry and genetics of the CLL cells themselves, as to how a patient will fare. 

The prognostic markers used clinically31 are listed in Table 2. Of note are the immunoglobulin 

heavy chain variable region (IgVH) mutational status and the expression of the protein zeta chain 

associated protein kinase 70kDa (ZAP-70). 

 
Rai Stage Symptoms 

0 Lymphocytosis only (≥5×109 monoclonal B-cells / L) 

I Lymphocytosis and lymphadenopathy 

II Lymphocytosis and splenomegaly 

III Lymphocytosis and anemia 

IV Lymphocytosis and thrombocytopenia 

 

  

Table 1: Rai staging criteria for CLL 

A table giving the clinical criteria for staging CLL according to the Rai system, with each stage 
from 0 to 4 on the left and the corresponding symptoms on the right. A patient with clinical Rai 
stage of 0 presents with lymphocytosis only. Stage 1 requires both lymphocytosis and enlarged 
lymph nodes. Stage 2 has both lymphocytosis and splenomegaly and may or may not have 
lymphocytosis. Stage 3 has both lymphocytosis and anemia (hemolytic or otherwise); and lymph 
nodes, spleen and liver may or may not be enlarged. Stage 4 has both lymphocytosis and 
thrombocytopenia with or without anemia and enlargement of the lymph nodes or spleen. 
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Prognostic Marker Favourable Unfavourable 

Rai Stage 0-2 3-4 

Sex32,33 Female Male 

Age34 <70 years ³70 years 

LDT35,36 <12 months ³12 months 

WBC Count31 <12 ´109/L ³12 ´  109/L 

IgVH Mutational Status37 Mutated Unmutated 

ZAP-7038,39 <20% ³20% 

CD3840,41 <20% ³20% 

FISH42  Del13q14 Del11q22-23 

Del17p13 

Trisomy 12 

Beta2-Microglobulin43,44 Low High 

Vitamin D (serum levels)45 >62.5nmol/L 25(OH)D  <62.5nmol/L 25(OH)D 

Smudge Cells46,47 ³30% <30% 

 

  

 

Table 2: Clinical prognostic markers in CLL 

A table listing the prognostic markers used to predict clinical course in CLL. Based on Table 5 of 
the CancerCare Manitoba Consensus Recommendations for the Management of Chronic 
Lymphocytic Leukemia31. LDT stands for lymphocyte doubling time; WBC stands for white 
blood cell; FISH stands for fluorescence in-situ hybridization. 
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IgVH mutational status refers to whether the B-cell Antigen Receptor (BCR) has 

undergone somatic hypermutation or not. This is a normal process in the maturation of B-cells 

and is therefore hypothesized to be indicative of the maturity of the cell of origin. According to 

this hypothesis, CLL cells with an unmutated IgVH are derived from a pre-germinal center CD5+ 

B-cell, and those with mutated IgVH are derived from a cell that has undergone somatic 

hypermutation, has passed through the germinal centre, and in some cases, has undergone 

immunoglobulin isotype switching. Patients with CLL cells that express an unmutated IgVH are 

derived from a more immature cell of origin and are predictive of a more aggressive disease 

course than those with mutated IgVH37. An initial study of 84 patients reported median survival 

of 95 months for patients with unmutated IgVH and 293 months for patients with mutated 

IgVH37. A larger study with 300 patients confirmed that unmutated IgVH predicts a poorer 

overall survival and reported a median survival of 79 months for unmutated IgVH and could not 

report median overall survival for mutated IgVH within the follow-up time, but the last reported 

death was 152 months48. 

 The expression of ZAP-70, as measured by flow cytometry, is used as a surrogate marker 

for IgVH mutational status, with >20% of CLL cells expressing ZAP-70 being indicative of a 

more aggressive disease course and unmutated IgVH49,38. It must be noted that the concordance 

between ZAP-70 expression and IgVH mutational status is imperfect; in a small number of 

cases, CLL cells with an unmutated IgVH are ZAP-70 negative, and some with a mutated IgVH 

are ZAP-70 positive50,51,52. ZAP-70 status of a patient may also change over time53. Nevertheless, 

expression of ZAP-70 is more easily determined than IgVH mutational status and is a valuable 

prognostic marker, as it stratifies patients into indolent versus aggressive disease course. A 2004 

study reported a median survival time of 111.6 months for ZAP-70 positive patients and 292.8 
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months for ZAP-70 negative, which is similar to what was seen when comparing IgVH 

unmutated and mutated52. 

1.1.5 Microenvironment: 

 CLL cells can exist in the peripheral blood or in the lymph nodes, spleen and bone 

marrow, which function as protective niches. In the lymphoid tissues, CLL cells are in contact 

with stromal cells, nurse-like cells, and T-cells which provide a variety of cellular signals that 

contribute to CLL proliferation, survival, and metabolic alteration54.  

Previously thought of as a static disease- with lymphocytosis being largely the result of 

accumulation rather than proliferation- it is now accepted that CLL cells undergo appreciable 

turnover, which allows for clonal evolution. It is estimated that CLL cells have a proliferation 

rate between 0.1-1% per day in vivo55, with marked variability between patients. This 

proliferation occurs in what are known as ‘proliferation centers’ or ‘pseudofollicles’ (as opposed 

to true germinal centers) in the lymph nodes, spleen, and bone marrow56,57. In these proliferation 

centres, the BCRs of the CLL cells are stimulated58, possibly by autoantigen, and while the 

majority of the CLL cells enter an anergic state, a subpopulation with adequate T-cell help is 

induced to proliferate59. The CLL cells secrete CCL12/2260 to attract CD4+ CD40L+ T-cell help, 

present antigen to T-cells on MHC class II61, and receive proliferative signaling from them via 

CD40L, IL4, and IL1054.  

Though only a fraction of CLL cells proliferate, all CLL cells in the lymphoid 

microenvironment are exposed to integrins, chemokines, cytokines, and pro-survival/anti-

apoptotic factors62,63,64. These interactions contribute to chemotherapy resistance65,66. Targeted 

therapies have been developed which function to drive CLL cells out of their protective niches 

into the peripheral blood67 or to counteract pro-survival signaling68. 
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Interactions between CLL cells and stromal cells within the lymphoid tissues also appear 

to mediate alterations in CLL cellular metabolism through Notch-c-Myc signaling that increases 

the cells’ reliance on aerobic glycolysis69.  

1.1.6 Metabolic Alterations: 

One of the emerging hallmarks of cancer is reprogramming of cellular metabolism70. The 

resulting alterations support cell growth, division, and adaptation to stresses. One of the best 

known alterations of metabolism in cancerous cells is aerobic glycolysis, or the Warburg effect, 

which is the increased uptake of glucose accompanied by its conversion to lactate, rather than 

acetyl-CoA, despite the presence of adequate oxygen 71,72. As mentioned in section 1.1.6, CLL 

cells exhibit a different metabolic phenotype depending on their microenvironment: in the 

peripheral blood, they have increased oxidative phosphorylation (OXPHOS)73; in the lymphoid 

tissues, they have increased aerobic glycolysis69. Alterations in fatty-acid oxidation have also 

been reported in CLL. Figure 1.1.6.1 shows a simplified diagram of the interconnectivity 

between glycolysis, fatty acid metabolism, and the tricarboxylic acid (TCA) cycle, which 

generate reduced electron carriers. Figure 1.1.6.2 shows the electron transport chain (ETC), 

which uses those reduced electron carriers and oxygen to create ATP through OXPHOS. 

Glycolysis is a multistep process, the rate-limiting-step of which is the conversion of 

phosphoenolpyruvate to pyruvate, catalyzed by pyruvate-kinase. Two early studies from 1969-

1970 showed a decrease in glucose consumption in CLL cells compared to normal lymphocytes 

from the peripheral blood74 and similar impairments in the glucose consumption of lymphocytes 

from patients with diabetes mellitus and peripheral CLL cells75. This was contrary to the 

observations in other cancers and what was expected based on the Warburg effect. Glucose use is 

low in peripheral CLL cells, but an increase may indicate Richter’s transformation76.  
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Figure 1.1.6.1 Generation of reduced electron carriers by glycolysis, fatty acid 
metabolism, and the TCA cycle 

A diagram depicting the interconnectivity of glycolysis, fatty acid metabolism, and the TCA 
cycle which generate reduced electron carriers. Glucose is metabolized to pyruvate in the 
cytoplasm at which point it can either be converted to lactate- as is the case in the Warburg 
Effect- or transported to the mitochondria where it is converted to acetyl-CoA and enters the 
TCA cycle. Fatty acids are converted to fatty acyl-CoA molecules and transported to the 
mitochondria where beta-oxidation breaks them into acetyl-CoA units which are also utilized in 
the TCA cycle. Glycolysis, fatty acid metabolism, and the TCA cycle generate reduced electron 
carriers which are then oxidized by the electron transport chain (ETC).  
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Mitochondrial metabolism includes the tricarboxylic acid (TCA) cycle and OXPHOS. 

Acetyl-CoA from glycolysis and other catabolic processes such as fatty-acid oxidation is fed into 

the TCA cycle, and nicodinamide adenine dinucleotide hydride (NADH) and flavin adenine 

dinucleotide dihydride (FADH2) are produced. Those electron carriers then donate electrons to 

the ETC which results in the reduction of molecular oxygen, production of a pH gradient across 

the inner mitochondrial membrane, and synthesis of adenosine triphosphate (ATP). The ETC and 

its reactions are depicted in figure 1.1.6.1. 

 
Figure 1.1.6.2 The electron transport chain 

A diagram of the ETC. ETC complexes are embedded in the inner mitochondrial membrane. 
Complexes (C) I, III, and IV are proton pumps. CI oxidizes NADH to NAD+ + H+ and pumps 4 
protons across the inner mitochondrial membrane into the intermembrane space. CII is not a 
proton pump, but does oxidize FADH2 to FAD and converts succinate to fumerate in the TCA 
cycle. CIII receives electrons from CI or CII and transfers them to cytochrome C while also 
pumping 4 protons. Oxygen is reduced to water by complex IV, which also pumps 2 protons. 
ATP synthase consumes this proton gradient in the production of ATP. 	

2H+	
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It has been demonstrated that primary patient CLL samples can be divided into two 

groups based on their dependency on OXPHOS77. The samples that were more sensitive to 

OXPHOS inhibition were also markedly more sensitive to treatment with the multi-tyrosine 

kinase inhibitor dasatinib, which increased cellular glucose usage without an increase in lactate 

production; and metformin, a complex I inhibitor. Dasatinib is used in the treatment of chronic 

myelogenous leukemia and in clinical trials for use in CLL78,79. In their sample set of 30 patients, 

the dasatinib-resistant samples were those with a lower RAI stage and were more likely to have a 

mutated IgVH. The difference in OXPHOS-dependence was lost under glucose-limiting 

conditions, suggesting that with limited glucose, dasatinib-resistant samples adapted by 

increasing their reliance on OXPHOS.  

A second study showed again, that CLL samples can be classified based on sensitivity to 

a metabolism targeting agent, this time one that targets glycolysis80. Adekola et al reported 

variable sensitivity of CLL cells to glucose starvation and to inhibition of glucose transporter 

GLUT4 with ritonavir. The group showed that inhibition of ETC complex I by treatment with 

metformin restored sensitivity in ritonavir resistant cells.  

Jitschin et al reported that increased OXPHOS in CLL patient samples resulted in 

increased reactive oxygen species (ROS) production73. Coupled with the increased mitochondrial 

biogenesis relative to normal B-cells reported by Carew et al81, this created a vulnerability that 

the group exploited by targeting complex IV of the ETC to induce cell death.  

Nicotinamide adenine dinucleotide (NAD+) is a critical molecule in cellular metabolism 

and in DNA repair, since its reduced form NADH is an electron donor to complex I of the ETC 

and NAD+ itself is a substrate of poly(ADP-ribose) polymerase (PARP). Gehrke et al showed 
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that CLL cells are sensitive to NAD+ depletion by inhibition of nicotinamide phosphoribosyl 

transferase (NAMPT) with the agent FK866 and that FK866 synergizes with the nucleoside 

analogue fludarabine in vitro82. 

These studies suggest that even within the peripheral blood, there are differences in the 

metabolic programming of CLL cells and that these differences can be utilized for the 

development of rational therapeutic approaches. The notion of two metabolic subgroups- those 

that favour glycolysis and those that favour OXPHOS- and the fact that CLL cells can switch 

between the two in response to stress and microenvironmental stimuli suggests that the 

regulatory processes in those cells are altered and could provide useful therapeutic targets. 

Glycolysis and OXPHOS are not the only processes to be altered, however. Fatty-acid oxidation 

also shows alterations, and this has implications for CLL cellular adaptation to metabolism-

targeting agents and cell death processes. 

Fatty-acid oxidation is the process by which fatty acids are broken down into acetyl-CoA 

units that can then be processed by the TCA cycle. Adekola et al report that CLL cells that 

retained more viability in response to glucose starvation exhibited a switch to fatty-acid 

oxidation80. A similar phenomenon was reported by Tung et al, who showed that fatty-acid 

oxidation increased in response to inhibition of pyruvate kinase muscle isoform 2 (PK-M2) by 

glucocorticoids83. Another study in non-CLL leukemia cell lines suggests that the enhancement 

of aerobic glycolysis in co-culture with stromal cells is mediated by mitochondrial uncoupling 

and a corresponding increase in fatty-acid oxidation84. Adipocytes in the lymphoid tissues in vivo 

may contribute to this switch85. In these contexts, fatty-acid oxidation appears to compensate for 

the lack of glycolysis-derived acetyl-CoA and become upregulated as a mechanism of resistance. 

Lipoprotein lipase (LPL) plays a key role in lipid metabolism and catalyzes the 
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hydrolysis of triglycerides into free fatty acids. Its non-catalytic function causes increased 

cellular uptake of lipoproteins86. High expression of LPL in CLL cells predicted unmutated 

IgVH status, though the correlation was imperfect, and was associated with poor clinical 

outcome87. In 2006, Bilban et al showed that high LPL expression was correlated with an 

increase in gene expression patterns similar to those shown by fat and muscle cells, including 

genes involved in the regulation of fatty acid degradation88. It is also of note that LPL induces 

CLL cells to store lipoproteins in lipid vacuoles and to use lipids preferentially as an energy 

source, unlike healthy B-lymphocytes, and free fatty-acid accumulation results in an 

upregulation of OXPHOS89,90. Since a switch to fatty-acid oxidation appears to play a role in the 

adaptation of CLL cells to both inhibition of glycolysis and induction of aerobic glycolysis in the 

lymphoid tissues (both of which would limit acetyl-CoA), these alterations in regulation of lipid 

metabolism may have implications for resistance to metabolism-targeting agents. 

1.1.7 B-Cell Antigen Receptor Signaling: 

 The BCR is a multimer composed of membrane-bound immunoglobulin, and a 

heterodimer of CD79A-CD79B (Figure 1.1.7.1) The immunoglobulin is composed of two heavy 

chains and two light chains which each have a variable region and a constant region. The 

variable region is responsible for antigen binding, and during the process of B-cell maturation, it 

undergoes somatic hypermutation to optimize affinity for the antigen. Depending on the context 

in which BCR stimulation occurs, signaling through that receptor can have markedly different 

outcomes. In the case of reactivity to autoantigen during B-cell development, BCR signaling 

results in gene rearrangement, anergy, or apoptosis. In later stages of development during 
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exposure to foreign antigen, BCR signaling leads to apoptosis or anergy in the absence of 

adequate T-cell help; or survival and proliferation.91  

  

IgVH	

IgVL	

IgCL	

IgC1H	

IgC2H	

IgC3H	

IgC4H	

CD79A/B	

Plasma	membrane	

Figure 1.1.7.1 Structure of the B-cell antigen receptor 

A diagram of the BCR. Membrane-bound immunoglobulin is shown in magenta, CD79A and 
CD79B are shown in orange. Of note is the variable region of the immunoglobulin heavy-chain 
(IgVH), which is mutated or unmutated in CLL. 
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 There is significant heterogeneity in CLL where it concerns the character of the BCR and 

its downstream signaling. As mentioned in section 1.1.5, CLL cells can be classified into two 

groups based on whether their IgVH is mutated or unmutated; the antigen responsible for BCR 

crosslinking in CLL may be autologous or foreign92,93,94,95,96; and the receptor may be 

stereotyped (harbouring a CLL-typical VDJ rearrangement) or not97,98. Beyond the 

characteristics of the receptor itself, CLL cells have a variable response to BCR crosslinking: 

some cells proliferate, and some enter a state of anergy59. There are also alterations in the 

expression and activation of downstream signaling molecules.  

 CLL cells express significantly less surface immunoglobulin than do normal B-cells54. In 

addition to this, CLL cells do not appear to harbor any mutations that would result in 

constitutive, antigen-independent, over-activation of the BCR signaling pathway92, though their 

responsiveness to receptor crosslinking is enhanced by several downstream alterations in protein 

expression or activation. Despite this, tonic signaling from the BCR is required for B-cell 

survival beyond the pro-B-cell stage of development99 and CLL cells are not an exception to this 

rule. In fact, evidence abounds for a crucial role for BCR signaling in CLL cell survival, 

proliferation, and patient prognosis58,100. Targeting the BCR pathway with specific inhibitors, 

such as Ibrutinib101 which targets Bruton’s tyrosine kinase (Btk), and Idelalisib102 which targets 

phosphatidyl inositol 3-kinase (PI3K), has seen great success, highlighting the importance of this 

pathway103,104.  

 CLL cells ectopically express the Src-family kinases leukocyte c-terminal Src kinase 

(Lck)105 and Fgr106 to varying degrees. They also have overexpression of Lck/Yes novel tyrosine 

kinase (Lyn), which is constitutively active, abnormally localized to the cytoplasm, and displays 
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under-responsiveness to BCR crosslinking107. Hematopoietic lineage cell-specific protein 1 

(HS1), a substrate of Lyn, is also overexpressed in CLL and its protein levels correlate with 

poor-prognosis108. Ectopic expression of ZAP-70 enhances BCR signaling independent of its 

tyrosine-kinase function109, and its family-member spleen tyrosine kinase (Syk) may also be 

overexpressed and constitutively active in CLL110,111. A q-RT-PCR study found positive 

association in the expression of ZAP-70, phospholipase Cg2 (PLCg2), Syk, Lyn, and 

extracellular signal related kinase (Erk)112, which are all involved in BCR signaling. These 

alterations prompted research into the use of tyrosine kinase inhibitors for use in CLL113,114,78. 

1.2 Feline Gardner-Rasheed: 

	 Tyrosine kinases are enzymes that catalyze the transfer of a phosphate group from a 

nucleoside triphosphate donor molecule such as ATP to a tyrosine residue on a target protein. 

Structure, concentration, temperature, post-translational modifications, and location determine 

the binding of a tyrosine kinase to its target, and tyrosine kinases can be grouped into two 

classes: receptor, and non-receptor. Receptor tyrosine kinases exist embedded in the plasma 

membrane of the cell, with a ligand-binding domain on the exterior cell surface, and are 

activated in response to an extracellular ligand. They function to transduce an external signal 

from the environment to the cytoplasm. Non-receptor tyrosine kinases exist largely in the 

cytoplasm, though they may be anchored to the interior leaflet of the plasma membrane by post-

translational modification with a lipid group or by binding to an adaptor protein. Within the non-

receptor tyrosine kinase class there are four families: Src, Syk, JAK, and Tec.  

1.2.1 Expression and Structure: 

Fgr is the cellular homologue to v-Fgr, a viral oncogene that was first discovered in the 

Gardner-Rasheed Feline Sarcoma Virus115. It is one of nine Src-family, non-receptor tyrosine 
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kinases and its expression has been reported in thrombocytes, monocytes, granulocytes, 

macrophages, neutrophils, natural killer cells, human mantle zone B-lymphocytes, stimulated 

murine B-cells, and in FCRL4-positive memory B-lymphocytes116,117,118,119,120,121. Fgr is also 

expressed in EBV immortalized B-cells122,123 and in CLL106. 

Fgr has a typical Src-family protein structure (Figure 1.2.1.1) with an N-terminal site for 

myristoylation or palmitoylation, a unique region, a Src-homology 3 (SH3) domain, a Src-

homology 2 (SH2) domain, a kinase domain, and a short C-terminal tail. Fgr kinase activity is 

regulated by the accessibility of the kinase domain by its substrates. This is largely determined 

by the phosphorylation status of Y523 and Y412, which are both part of the kinase domain. 

When Y523 is phosphorylated, it is bound by the SH2 domain of the same Fgr molecule. In this 

configuration, the protein-interacting domains are turned inward, and several conformational 

changes occur in the kinase domain resulting in auto-inhibition124. The auto-inhibited 

conformation is stabilized by the SH3 domain binding to the linker region between the SH2 

domain and the kinase domain. De-phosphorylation of Y523 releases this inhibition, and auto-

phosphorylation of Y412 renders Fgr fully catalytically active. 

 

 

 

Figure 1.2.1.1 Structure of a typical Src-family kinase 

A simple schematic of a Src-family kinase’s domain structure. From left to right: N-terminus; 
unique SH4 domain; SH3 domain which binds poly-proline; SH2 domain which binds phospho-
tyrosine residues; SH1 kinase domain; C-terminus.  

SH4	 SH3	 SH2	 Kinase	N	 C	
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1.2.2 Fgr in Cancer: 

 Using northern blotting, Klein et al showed that following immortalization by EBV, Fgr 

is upregulated in lymphocytes but not epithelial cells, suggesting that Fgr is not a requirement for 

EBV-mediated immortalization but rather serves some cell-type specific function125. In 

lymphocytes, induction of Fgr overexpression has been suggested to be a requirement for EBV-

mediated immortalization due to its expression being an early event that occurs before EBV-

determined nuclear antigen (EBNA) synthesis126. It must be noted, however, that this supposition 

was based only on the timing of Fgr expression and has not been replicated.  

A year prior, Knutson published that EBNA-2, which is necessary but not sufficient for 

B-cell immortalization, is responsible for Fgr overexpression127. In this study, Knutson showed 

that expression of EBNA2 in the EBV negative Ramos cell line resulted in overexpression of 

Fgr, and that infection of non-EBV immortalized BJAB cell line with an EBV strain lacking 

EBNA-2 did not result in Fgr overexpression. In the same year, Patel et al also showed that non-

immortalizing strains of EBV do not induce Fgr overexpression123.  

These studies appear to conflict, and this debate has yet to be resolved. Nevertheless, Fgr 

is certainly overexpressed in B-cells in response to immortalization by EBV, and Gutkind et al 

have reported that EBV-immortalized B-cells utilize a 5’ untranslated exon that is not utilized in 

normal monocytes128,129. This suggests that the mechanism for transcriptional regulation is 

unique to EBV-immortalized cells. Whether Fgr expression in EBV-associated lymphomas is of 

any clinical importance has yet to be investigated. 

 Fgr expression has been reported in a number of cancers such as small cell lung cancer 

(SCLC)130, ovarian carcinoma131, B-cell acute lymphoblastic leukemia (B-ALL)132, glioblastoma 
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multiforme (GBM)133, hormone resistant prostate cancer134 and CLL106. There is very little 

known regarding the function of Fgr in these diseases.  

Zarn et al found expression of Fgr in small cell lung cancer and adenocarcinoma cell 

lines130. The group was able to co-immunoprecipitate Fgr with CD24, which is normally 

involved in modulation of B-cell activation, growth, and differentiation.   

In ovarian carcinoma, Kim et al found that silencing of Src led to a 2-fold increase in Fgr 

message and protein levels compared to controls. This led them to investigate the roles of these 

kinases, and they found that silencing of Fgr increased cell sensitivity to docetaxel; silencing of 

both kinases led to increased levels of apoptosis; silencing of Src and Fgr individually led to 

similar decreases in migration and invasion; and that treatment of cells with PP2 or dasatinib led 

to an increase in Fgr levels. After injecting HeyA8 ovarian cancer cells into mice, the group 

found that dual silencing of Src and Fgr led to a reduction in tumour growth and an increase in 

apoptosis, suggesting a role for these kinases in tumour cell survival and proliferation, and 

possibly angiogenesis131.  

Hu et al found that the Src family kinases Lyn, Hck, and Fgr are required for induction of 

B-ALL but not chronic myeloid leukemia by the BCR-ABL1 oncogene, and that they are 

activated by Bcr-Abl1132. The authors note that since these Src-family kinases are downstream 

targets and interaction partners of Bcr-Abl1, and because they are required for induction of B-

ALL, they may be useful targets for therapy, especially in cases of resistance to Bcr-Abl1 

targeting agents.  

Fgr was found to be amplified in GBM133 relative to noncancerous controls, and in 

hormone-resistant prostate cancer relative to paired pre-resistance samples134. Ectopic expression 

of Fgr has been reported at the transcript level in CLL106 and at the protein level121. The role of 
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Fgr in these cancers is still unknown. Some clues may be gathered from the function that Fgr 

plays in other cell types. 

1.2.3 Functions of Fgr: 

 The majority of the work done to study Fgr’s function has been performed in myeloid 

lineage cells, with some more recent literature concerning Fgr’s function in memory B-cells. The 

processes that Fgr has been reported to play a role in can be broadly classified into cell survival, 

metabolism, BCR signaling, and migration/adhesion.  

1.2.3.1 Cell survival: 

 In 1996, Katagiri et al reported that Fgr and its family member, Lyn, play a role in 

survival of the HL-60 cell line when undergoing retinoic acid induced differentiation to 

neutrophils135. They found that the expression and phosphorylation of Lyn and Fgr are induced 

after retinoic acid treatment, peak after 48 hours, and recede after 5 days at which time apoptosis 

occurs. To assess whether Lyn and Fgr contributed to anti-apoptotic signaling, the group silenced 

Lyn or Fgr expression using antisense oligodeoxynucleotides. When the cells were treated with 

retinoic acid, those with Lyn or Fgr silencing died after 2 days, as opposed to the usual 5 days, 

while control cells survived. This showed both that Lyn and Fgr contributed to anti-apoptotic 

signaling, and that Lyn and Fgr did not compensate for one another’s functions while the other’s 

expression was silenced, suggesting unique roles for the two kinases.  

 When overexpressed in the BJAB cell line, Liu et al found that Fgr contributed to 

activation of the MAPK pathway after BCR stimulation by using a luciferase assay for Elk-1 

expression136. The group also showed that when FCRL4 was co-expressed with Fgr, this effect 

was mitigated, bringing activation back to the level of control cells.  This suggests that Fgr 
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activity is modulated by upstream signals from immunoreceptor tyrosine-based 

activation/inactivation motif (ITAM/ITIM) containing proteins. 

 Joosten et al reported that Fgr, when expressed in B-lymphoma cell lines, contributes to 

resistance of these cell lines to the HDAC inhibitor SAHA137. This appears to be through direct 

interaction with the drug, but further research will be needed to fully explore the mechanism 

involved.  

1.2.3.2 B-cell Antigen Receptor Signaling:  

 Src family kinases transduce signals from a variety of surface receptors. Lyn, Blk, Fyn, 

and Hck are expressed by mature B-lymphocytes and are important for the signal transduction 

and amplification that takes place in response to BCR crosslinking. Fgr expression has been 

reported in B-cells from both mice and humans, but the role that it plays, if any, in BCR 

signaling is not well understood. 

 Wechsler and Monroe demonstrated by western blot that B-cells from the spleens of adult 

mice expressed Fgr while those from neonatal spleen did not120. The same group in the same 

year also published that after stimulation with anti-IgM, the Fgr from adult, murine, splenic B-

cells is activated, with tyrosine phosphorylation of Fgr peaking around 5 minutes post-

stimulation138. Based on the kinetics of Fgr phosphorylation, and co-immunoprecipitation, the 

group also concluded that Fgr does not physically associate with the BCR signaling complex. A 

study in 1996 contradicted Wechsler’s conclusion about Fgr expression by showing that resting 

B-cells from adult mouse spleens did not express Fgr, but that Fgr expression could be induced 

following stimulation with anti-IgM and interleukin-4119.   

 Fgr expression has also been reported in human B-cells. In 1995, Link and Zutter used 

immunohistochemistry to show that Fgr is not expressed in circulating B-lymphocytes but is 
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expressed in circulating CLL cells and in the small, resting B-lymphocytes of the mantle zone in 

the human tonsil but not the germinal centre121. 

1.2.3.3 Metabolic Regulation: 

 Regulation of mitochondrial proteins by tyrosine phosphorylation is relatively 

understudied compared to tyrosine phosphorylation of cytoplasmic proteins (reviewed in Salvi et 

al, 2005)139, and mitochondrial localization of Src family kinases has only been described in the 

last 15 years140,141. This may be mediated by an interaction between the Src family kinase and 

another protein that has a mitochondrial localization signal. Examples of this were reported by 

Tibaldi et al who found association between the SH3 domain of Src family kinases with p13142, 

by Itoh et al, who found association between Src and downstream of kinase-4 (Dok-4)143, and by 

Livigni et al who found association between Src and both a kinase anchor protein 121 

(AKAP121) and protein tyrosine phosphatase D1 (PTPD1). Once localized to the mitochondria, 

Src family kinases appear to modulate metabolism and ROS signaling 143 by phosphorylating the 

ETC144,145,141,146 and other proteins such as aconitase147. 

 There are mentions in the literature of Fgr’s involvement in the regulation of 

mitochondrial metabolism. Succinate dehydrogenase flavoprotein subunit (SDHA) of Complex 

II (CII), and aconitase, members of both the Krebs cycle and the ETC, have been reported as in 

vitro targets of Fgr147. Subsequently, it was published that Fgr is activated by hydrogen peroxide, 

and upon activation, Fgr phosphorylates SDHA in mouse cell lines and in vivo. This resulted in 

catalytic activation of SDHA, and altered ETC supercomplex formation in response to nutrient 

starvation, hypoxia, and T-cell activation, thus mediating metabolic adaptation.  
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1.3 Hypothesis and Experimental Aims: 

	 Based on the information in the literature outlined above, we hypothesized that Fgr 

expression induces metabolic adaptation in CLL cells by increasing the activity of mitochondrial 

ETC complex II, enhancing signaling from the BCR, and correlates with poor clinical parameters 

for CLL. The project was divided into three aims: 

 
Aim 1: To assess whether Fgr expression alters cellular metabolic phenotype  

Aim 2: To evaluate the involvement of Fgr in BCR signaling 

Aim 3: To determine whether Fgr expression in CLL cells correlates with clinical parameters. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Equipment and Reagents: 

Room-temperature centrifuge: Eppendorf centrifuge 5810R, rotor A-4-62. 

Microplate Spectrophotometer #1: Spectramax 190 (Molecular Devices) with SOFTmax Pro v. 

3.1.2 software. 

Microplate Spectrophotometer #2: Epoch (BioTek Instruments) with Gen5 v2.09 software. 

1% NP-40 lysis buffer: 20 mM Tris base (Sigma), 150 mM NaCl (Sigma), 10% glycerol 

(Sigma), 2 mM ethylenediamine tetra-acetic acid (EDTA; Fisher), 1% NP-40 (Sigma), complete 

protease inhibitor tablet (Roche), 1 mM phenylmethanesulfonylfluoride (PMSF; Sigma), 2 mM 

sodium orthovanadate (New England BioLabs), phosphatase inhibitor cocktail 2 (Sigma), and 

phosphatase inhibitor cocktail 3 (Sigma). 

Loading (Laemmli) Buffer: 20 mM Tris (Sigma), 2% SDS (Sigma), 5% glycerol (Sigma), 1% β-

mercaptoethanol (Sigma), and 0.05% bromophenol blue (Sigma). 

SDS-PAGE Gel (5% stacking): 1.43mL ddH2O, 0.63mL ProtoGel Stacking Buffer (National 

Diagnostics; EC-893), 0.42mL 30% Acrylamide/Bis Solution 19:1 (BioRad), 30µL 10% 

ammonium persulfate (APS; Sigma), 3µL N,N,N’,N’-Tetramethylethylenediamine (TEMED; 

Sigma) per gel. 

SDS-PAGE Gel (8% running): 2.36mL ddH2O, 1.25mL ProtoGel 4x Resolving Buffer (National 

Diagnostics; EC-893), 1.33mL 30% Acrylamide/Bis Solution 19:1 50µL 10% APS, 5µL 

TEMED per gel.  

SDS-PAGE Gel (10% running): 2.03mL ddH2O, 1.25mL ProtoGel 4x Resolving Buffer 

(National Diagnostics; EC-893), 1.67mL 30% Acrylamide/Bis Solution 19:1, 50µL 10% APS, 

5µL TEMED per gel. 
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10x Running Buffer: 30.3g Tris, 141.2g Glycine, 10g SDS per litre of ddH2O 

1x Transfer Buffer: 3.03g Tris, 14.4g Glycine, 200mL methanol (Fisher), 800mL ddH2O 

2.2 Cell Processing and Culture:   

Peripheral blood samples from CLL patients were collected by a research nurse following 

informed consent, and processed by the Manitoba Tumour Bank within 24 hours of collection. 

Samples were centrifuged to isolate white blood cells (WBCs) from total blood. If the patient’s 

WBC count were between 10-40×109 cells/L of blood, the sample was enriched for B-cells using 

the RosetteSep B enrichment cocktail (StemCell Technologies) by incubating with 30ml of 

cocktail per ml of WBCs at room temperature for 30 minutes. B-cells were then purified using 

centrifugation on a Ficoll-Paque gradient (GE Healthcare). Following collection of B-cells from 

the interphase layer, the B-cells were washed with Hanks’ Balanced Salt Solution (HBSS; 

Gibco). Red blood cells (RBCs) were lysed by incubation with RBC lysis buffer (eBioscience) at 

room temperature for 10 minutes. Samples were washed with HBSS. 

For experiments requiring fresh, live cells, such as flow cytometry, CLL samples were 

received in HBSS. For over-night culture, CLL cells were seeded at a density of 5×106 cells/mL 

in Hybridoma Serum-Free Medium (Life Technologies). For western blots, CLL samples were 

received as cell pellets frozen at -80°C. 

The RAJI cell line was cultured in RPMI 1640 medium (Hyclone) supplemented with 

10% Premium Fetal Bovine Serum (FBS; Multicell) and 1X penicillin and streptomycin (Gibco, 

Thermofisher Scientific), and was maintained at a density between 2.5×105  - 1.0×106 cells/mL.   

The BJAB cell line (ATCC) was cultured in RPMI 1640 medium supplemented with 5% 

FBS and was maintained at a density between 2.5×105 – 1.5×106 cells/mL. Cells were harvested 

for experimental use at approximately 1.0×106 cells/mL. 
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 All cultures were maintained in a humid, 37°C, 5% CO2 incubator. 

2.3 Plasmid Preparation:  

MGC Fully Sequenced Human FGR cDNA in a pCMV-SPORT6 vector (Dharmacon; 

MHS6278-202802230; Clone ID: 5734966) was ordered as a glycerol stock of ampicillin 

resistant DH10B cells. Using aseptic technique, the FGR-plasmid containing bacteria were 

plated on LB-1.5%Agar plates with 100µg/mL carbenicillin (Sigma) for isolation of clonal 

colony. The plates were incubated at 37°C overnight with shaking. The following day, 1mL of 

sterile LB broth, miller (Fisher) with 100µg/mL carbenicillin was inoculated with a single colony 

and incubated at 37°C for 8 hours. After 8 hours, the 1mL of culture was transferred into 200mL 

of sterile LB broth with 100µg/mL carbenicillin using aseptic technique and incubated at 37°C 

overnight with shaking.  

After growth overnight, pCMV-SPORT6-FGR vector was isolated from the bacterial 

culture using a QIAGEN Plasmid Maxi Kit (Qiagen; #12163) according to the manufacturer’s 

instructions. Plasmid was eluted from the column using 1mL of TE Buffer. 

2.4 Nucleofection:  

If BJAB cells were >90% viable by trypan blue staining, 2×106 cells per reaction were 

pelleted, supernatant was removed, and nucleofection was carried out using an Amaxa 

Nucleofector I, Program G-016 and Kit T; or Program C-009 and Kit V, as per manufacturer’s 

instructions with 2µg of pCMV-SPORT6-FGR, which was prepared as above, or pCDNA3.1 

(Invitrogen). Western blotting confirmed that Program G-016 with Kit T resulted in the highest 

amount of Fgr expression, and so all subsequent nucleofections for Fgr overexpression were 

carried out using that protocol (Figure 2.4.1). Following nucleofection, cells were gently pipetted 

into 3mL of pre-warmed RPMI 1640 with 5% FBS per well of a 6-well dish and allowed to grow 
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overnight in a humid 37°C, 5% CO2 incubator. Immediately prior to use in any experiment, 

viability of nucleofected cells was measured using trypan blue exclusion. Viability was >90% 

and no difference in viability was observed between Ctrl and Fgr expressing cells. 

 

2.5 Western Blotting:  

 Cells were lysed by incubating the cells in 1% NP-40 lysis buffer for 30 minutes on ice 

with vortexing both prior to and after incubation. Debris was pelleted out by centrifugation, and 

supernatant was transferred to a clean tube. Protein concentration was determined using a 

PierceTM BCA Protein Assay Kit (Thermofisher Scientific; 23225) according to the 

manufacturer’s instructions using a microplate spectrophotometer. 30µg of protein was mixed 

with appropriate amounts of lysis buffer and 6x laemmli buffer. Samples were heated to 98°C for 

5 minutes, then cooled on ice and centrifuged briefly. Samples were stored at -80°C, and the 

heating process was repeated prior to loading.   

Fgr (56kDa) 

Actin (42kDa) 

  Ctrl     Fgr      Fgr     Ctrl 

Kit T Kit V 

Figure 2.4.1 Confirmation of overexpression of Fgr in BJAB cells by western blot 

BJAB cells were nucleofected according to the manufacturer’s protocol using Amaxa 
Nucleofector Kit T (left) or Kit V (right). After 24 hours, cells were lysed and western 
blotting was performed on 30µg of lysate as described in section 2.5. Blots were probed for 
Fgr (top) and Actin (bottom). 
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Samples were loaded into 1mm thick 8% or 10% polyacrylamide gels and run at room 

temperature at 80V for 30 minutes, then 100V for 1 hour or until the dye-front had migrated to 

approximately 1cm from the bottom of the gel. Protein was then transferred from gels onto 

0.45µm nitrocellulose membrane (BioRad) at 24V for 1 hour at room temperature. After transfer, 

membranes were blocked in 5% BSA or milk as appropriate (in ddH2O or 0.01% Tween-20 in 

Tris-buffered Saline (TBST)). Antibody incubations were as follows: 

Antibody Company Dilution Time;Temperature 

R a Fgr ThermoScientific 
#PA5-17413 

1:1000 in milk ON:4°C 

M a Actin ThermoScientific 
#A3853 

1:5000 in TBST ON:4°C 

M a phospho-Akt 
(S473) 

Cell Signaling 
#40515 

1:1000 in BSA ON:4°C 

R a Akt Cell Signaling 
#9272S 

1:1000 in BSA ON:4°C 

M a phospho-
p44/42 

 1:1000 in BSA ON:4°C 

R a p44/42 Cell Signaling 
#9102 

1:1000 in BSA ON:4°C 

M a ZAP70 (L1E5) Cell Signaling 
#2709S 

1:1000 in milk ON:4°C 

M a Hck AbCam 
#ab171905 

1:1000 in milk ON:4°C 

Goat Anti-Rabbit 
IgG (H + L)-HRP 
Conjugate 

Bio-Rad 
#170-6515 

1:4000 
(1:20000 for 
Actin) 

1 hour: room 
temperature 

Goat Anti-Mouse 
IgG (H + L)-HRP 
Conjugate 

Bio-Rad 
#170-6516 

1:4000 1 hour: room 
temperature 

 

Table 3: Antibodies used in western blotting 

From left to right: the columns list the antibodies used in western blotting, the company they 
were bought from and product number, the dilution used, and the time:temperature of incubation.  
R stands for rabbit; M stands for mouse; ON stands for over-night; HRP stands for horseradish 
peroxidase.  
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Following incubation with the primary antibody, blots were washed thrice with TBST for 

10 minutes with rotation at room temperature, and incubations with secondary antibody were 

carried out as in Table 1 with the appropriate blocking reagent. Blots were then washed thrice 

with TBST for 10 minutes at room temperature and developed with ECL Western Blotting 

Substrate (Thermofisher) using film or a digital imager. 

2.6 Immunofluorescence: 

Primary CLL cells were resuspended in pre-warmed serum-free RPMI to a concentration 

of 2.5×105 cells/mL. 1mL of cell suspension was added per well of Thermo Scientific Nunc Lab-

Tek II Chambered Coverglass (ThermoFisher Scientific). For mitotracker staining, this medium 

contained 200nM of Mitotracker Deep Red (Invitrogen). Chambered coverglass was incubated at 

37°C with 5% CO2 in the dark for 30 minutes to allow the cells to settle and, where applicable, 

take up the mitotracker, after which time the medium was gently removed by pipette. The cells 

were washed carefully with 1xPBS and then fixed with 3.7% formaldehyde (Sigma) in 1xPBS at 

room temperature for 2.5 hours. Fixation solution was carefully removed, and cells were washed 

thrice with 1xPBS 0.1% NP-40. Chambers were incubated overnight at 4°C with 1:100 

polyclonal Rabbit anti-Fgr antibody (Cell Signaling Technologies; 2755S) in blocking solution 

(1xPBS 0.1%NP-40 with 10% FBS) or blocking solution alone. The following morning, 

chambers were washed thrice with 1xPBS 0.1%NP-40 and incubated with 1:200 Biotinylated 

Goat anti-Rabbit IgG (Vector Laboratories; BA-1000) antibody in blocking solution or blocking 

solution alone for 2 hours at room temperature. Chambers were washed with 1xPBS 0.1% NP-40 

and then incubated for another 1.5 hours with 1:500 Streptavidin, Alexa Fluor 488 conjugate 

(Life Technologies; S11223) in blocking solution or blocking solution alone. Chambers were 

washed thrice with 1xPBS 0.1% NP-40 and then coverglass was coated with two drops of 
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VECTASHIELD Antifade Mounting Medium with DAPI (Vector Labs). Images were collected 

using an Olympus IX82 confocal microscope and FLUOVIEW 4.3 software.  

BJAB cells were nucleofected as described above. 24 hours later, a portion of the cells 

were incubated with 200nM Mitotracker Deep Red for 30 minutes at 37°C in the dark. After that 

time, cells were gently spun at 290 rpm for 5 minutes using the Cytospin 4 (ThermoShandon)to 

deposit them in a monolayer on glass slides. Slides were fixed overnight at 4°C in 3.7% 

formaldehyde in 1xPBS. The following day, the slides were washed thrice with 1xPBS 0.1% NP-

40 and incubated at 4°C overnight with 1:100 rabbit anti-Fgr (Fisher; PIPA-517413) in blocking 

solution, or blocking solution alone. The next day, the slides were washed thrice with 1xPBS 

0.1%NP-40 and incubated with 1:1000 Alexafluor488 donkey anti-rabbit (Life Technologies) in 

blocking solution, or blocking solution alone for 1.5 hours at room temperature in the dark. The 

slides were washed, coated with VECTASHIELD Antifade Mounting Medium with DAPI and 

images were collected as above. 

2.7 Chemical Treatments: 

 Doses for treatments were determined by a review of the literature for an approximate 

IC50 under similar conditions and empirically. A range was selected to encompass the full 

spectrum of responses from no response to >80% death. Time points were selected based on the 

known mechanisms of the drugs. 

Shikonin Treatment: Shikonin (Sigma) was reconstituted in DMSO to form a stock solution with 

a concentration of 0.03468M. A 0.001M working stock was prepared by adding 1µL of that 

stock solution into 34µL of RPMI. BJAB cells were nucleofected with control or FGR-encoding 

vector, and grown overnight in RPMI 5% FBS. The following day, they were spun down and 

resuspended in serum-free RPMI. The cells were plated at a concentration of 5×105 
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cells/mL/well in a 12-well dish and treated with DMSO, 2, 4, 6, 8, or 10µM Shikonin. Plates 

were incubated for 24 hours in a humid 37°C incubator with 5% CO2 prior to cell-death analysis. 

FK866 Treatment: A 0.001M stock of FK866 in DMSO was generously provided by Dr. Versha 

Banerji. A 0.1×10-6M working stock was prepared by serial dilution in RPMI 5% FBS. BJAB 

cells were nucleofected with control or FGR-encoding vector, and grown overnight in RPMI 5% 

FBS. The following day, they were spun down and resuspended in RPMI 5% FBS to a 

concentration of 0.5×105 cells/mL and plated 1mL/well in a 12-well dish. Cells were treated with 

0, 0.6, 0.8, or 1nM FK866 and incubated in a humid 37°C incubator with 5% CO2 for 96 hours 

prior to cell death analysis. 

Ibrutinib Treatment: Ibrutinib (Selleckchem) was reconstituted in DMSO to a concentration of 

10mM. A 100µM working stock was prepared by adding 1µL of the main stock solution to 

100µL of RPMI 1640 with 5% FBS. BJAB cells were nucleofected with control or FGR-

encoding vector, and grown overnight in RPMI 5% FBS. The following day, they were spun 

down and resuspended in serum-free RPMI. The cells were plated at a concentration of 5×105 

cells/mL/well in a 12-well dish and treated with DMSO, 2, 4, 6, or 8µM of Ibrutinib in 1mL of 

RPMI 1640 with 5% FBS. Plates were incubated for 24 hours in a humid 37°C incubator with 

5% CO2 prior to cell-death analysis. 

2.8 Cell Death Analysis:  

Percentage of cell death was determined by flow cytometry using a FACSCalibur 

(Becton Dickinson) with BD CellQuest Pro v0.4cf1b software. For trypan blue staining, cell 

suspension in culture medium was stained with a 1:20 dilution of Trypan Blue solution (Sigma) 

for a final concentration of 0.02% trypan blue dye for 5 minutes. Data was collected in the FL-3 

channel for 10,000 events per sample. 
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2.9 Dihydroethidium (DHE) Staining: 

 BJAB cells were nucleofected with control or FGR-encoding vector as described above. 

24 hours later, the cells were stained with 5µM DHE (Sigma) for 30 minutes in the dark, after 

which time the cells were diluted with an equal volume of 1xPBS and staining was measured by 

flow cytometric analysis on the FACSCalibur in the FL-3 channel. 

2.10 BCR Stimulation:  

 Nucleofected BJAB cells were cultured in full medium for 24-hours post-nucleofection, 

and then transferred to serum-free RPMI 1640 and plated in a 12 well dish at a density of 

2.5×105 cells/mL for a subsequent 24-hours of growth at 37°C, 5% CO2. After serum-starvation, 

cells were stimulated with 10µg/mL AffiniPure F(ab’)2 Fragment Goat Anti-Human IgM Fc5µ 

Fragment Specific (minimal cross-reaction to Bovine Serum Proteins) (Jackson Immuno 

Research, Cedarlane) for 60, 30, 10, or 0 minutes. After the incubation time had elapsed, cells 

were pipetted into 1.5mL microcentrifuge tubes (VWR) and placed on ice to slow biochemical 

reactions. Cells were spun down at 4°C, supernatant was discarded, and cells were lysed by 

incubation in 1% NP-40 lysis buffer for 30 minutes on ice with vortexing. Debris was pelleted 

out by centrifugation, and supernatant was transferred to a clean tube. Protein concentration was 

determined by BCA Assay and western blotted as described above. 

2.11 Oxygen Consumption Rate (OCR):  

` Mitochondrial metabolic activity was determined by measuring cellular OCR with a 

Seahorse XFe24 Extracellular Flux Analyzer (Seahorse Biosciences, Agilent).  

24-hours prior to the assay, the XF24 Extracellular Flux Assay Kit Cartridge (Seahorse 

Biosciences, Agilent) was filled with 1mL of Seahorse XF Calibrant Solution (Seahorse 

Biosciences, Agilent) per well and equilibrated in a CO2-free 37°C incubator overnight. 
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XF24 Cell Culture Microplates (Seahorse Biosciences, Agilent) were coated with 1.39µg 

of Cell-Tak per well (Corning) as follows: in a microcentrifuge tube, 1461µL of filter-sterilized 

0.1M NaHCO3 in H2O, pH 8.0; 15µL 1.46mg/mL Cell-Tak; and 15µL of filter-sterilized 1M 

NaOH in H2O, were combined and 62µL was pipetted into each well. The plate was covered and 

incubated undisturbed for 20 minutes at room temperature. 

50mL XF Assay Medium Modified DMEM (0mM glucose) (Seahorse biosciences, 

Agilent) was supplemented with 100mg D-(+)-glucose, and 500µL 100mM Sodium Pyruvate 

(Gibco, ThermoFisher Scientific), pH was adjusted to 7.4, and then the medium was filter-

sterilized.  

BJAB cells were nucleofected as above, and grown in RPMI 1640 medium with 5% FBS 

for 24-hours prior to the assay. On the day of the assay, the cells were pelleted, supernatant was 

discarded, and the cells were resuspended in pre-warmed, full XF Assay Medium to a 

concentration of 2.5×106 cells/mL. In the case where dasatinib was included in the assay, the 

cells were incubated with 1µM dasatinib, 10µM dasatinib, or DMSO for 1 hour. 

XF24 Cell Culture Microplate with Cell-Tak coated wells was washed twice with sterile 

H2O, and 100µL of well-mixed cell suspension or medium alone for blank wells was added 

gently to each well. Plated cells were incubated in a CO2-free 37°C incubator for 30 minutes. 

The following drugs were diluted in full Seahorse Assay Medium: 1µg/mL oligomycin 

(AbCam), 10µM Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; AbCam), and 

a mixture of rotenone (AbCam) and antamycin A (AbCam) at 10µM each.  

The XF24 Extracellular Flux Assay Kit Cartridge that had been equilibrating overnight 

was loaded with the above drug dilutions in the injection ports as follows: 75µL of oligomycin in 

Port A, 83µL of FCCP in Port B, and 93µL of rotenone and antimycin A mixture in Port C. Once 
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injected, this would result in final concentrations of 1µM for each drug in the assay wells. After 

loading, the cartridge was returned to the CO2-free incubator. 

The XF24 Cell Culture Microplates with cell suspension were centrifuged to deposit the 

cells in a monolayer on the bottom of the wells. 575µL of pre-warmed full XF Assay Medium 

was gently added to each well and the microplate was returned to the CO2-free incubator for 15 

minutes. In the case where dasatinib was included in the assay, the assay medium included the 

appropriate concentration of dasatinib or DMSO. XF24 Extracellular Flux Assay Kit Cartridge 

was then loaded into the XFe24 Extracellular Flux Analyzer and probes were calibrated as per 

the programmed protocol.  

Following calibration, the XF24 Cell Culture Microplate was loaded and oxygen 

consumption rate was measured in pmol/min every six minutes. Basal OCR measurement was 

obtained for the first three data points, following which injection of the inhibitors began with 

Port A and ended with Port C with three measurements obtained between each injection. 

Data was analyzed using Microsoft Excel with the Agilent Seahorse XF Cell Mito Stress 

Test plugin. 

2.12 Complex II Activity Assay: 

 BJAB cells were nucleofected as described above, three reactions with each of 

pCDNA3.1 (BJAB + ctrl) or pCMV-SPORT6-FGR (BJAB + Fgr). 24-hours after nucleofection, 

BJAB + ctrl and BJAB + Fgr wells were pooled, cells were pelleted by centrifugation, and cells 

were resuspended in 10mL of pre-warmed RPMI with 5% FBS. Cell suspensions were 

transferred to T25 flasks and grown overnight at 37°C, 5% CO2.  
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A total of 48 hours after nucleofection, BJAB + ctrl and BJAB + Fgr cells were pelleted 

by centrifugation and resuspended in serum-free RPMI 1640 such that the cell density was 

1.0×106 cells/mL. 3mL per well were plated in a 6-well dish.   

 As a negative control, one well each of BJAB + ctrl and BJAB + Fgr were treated with 

1mM thenoyltrifluoroacetone (TTFA; Sigma) for 1 hour. As a positive control, one well each of 

the two conditions was treated with 1µM FCCP for 5 minutes. The third and final well for each 

condition was given 0.01% DMSO as a vehicle control for 1 hour. 

 After drug incubations, the cells were pelleted and the assay was carried out according to 

the manufacturer’s directions. Aliquots of cells from each condition were lysed with 5x 

Extraction Buffer (Abcam) and protein concentration was determined by BCA Assay prior to 

lysis of the remainder of the cells as per kit instructions. 1.2mg/mL of protein was used for 

precipitation of complex II. All steps were carried out with the presence of EDTA-free protease 

inhibitor cocktail (Abcam), and phosphatase inhibitor cocktails 2 and 3 (Sigma). TTFA was 

added in excess to the appropriate wells of the assay along with the activity solution to a final 

concentration of 1mM. Absorption at 600nm was measured at 20 second intervals over a total 

period of 2 hours using a microplate spectrophotometer (Epoch).  

 The kit couples the reduction of the redox dye 2,6-diclorophenolindophenol (DCPIP) to 

the production of ubiquinol by complex II per the following reactions: 

Succinate + Ubiquinone (Q) ® Fumarate + Ubiquinone (QH2) 

QH2 + DCPIP (blue) ® Q + DCPIPH2 (colourless) 

The decrease in absorbance at 600nm is therefore indicative of ubiquinone production by 

complex II.  
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 The rate of complex II activity in each condition was calculated in mOD/min over the 

most linear 40-minute period of the line generated by plotting OD600 over time, and reported as a 

percentage relative to the untreated wild-type BJAB cells.  

2.13 Quantitative Real-Time PCR: 

 Purified RNA from CLL patient samples that had been either unstimulated or stimulated 

with anti-IgM or CD40 ligand were kindly provided by Dr. Ahmed Ali. The RNA purity and 

concentration were determined using a NanoDrop 2000 spectrophotometer (ThermoFisher). 

cDNA was prepared from 100ng of RNA using qScript cDNA Supermix (VWR) as per 

manufacturer’s instructions and stored at -80°C. Prior to performing qRT-PCR, the cDNA was 

diluted to half its original concentration with nuclease free H2O.  

 In a 96-well assay plate, 2µL of cDNA was added to each appropriate well. A master-mix 

was created as per manufacturer’s instructions for each primer and contained nuclease free H2O, 

iTaq Universal SYBR Green Supermix (Biorad), and Prime PCR SYBR Green Assay for: ActB, 

Human; FGR, Human; or GAPDH, Human (Biorad). 18µL of master-mix was added to each 

appropriate well, making a total of 20µL. The controls included: no reverse-transcriptase, no 

template, and commercial Fgr template (Bio-Rad).  

2.14 Data Analysis: 

 All column graphs were generated in GraphPad Prism version 5.0a, and this software was 

also used to perform normalization and unpaired, two-tailed t-tests. For normalization 0% was 

defined as the lowest value in the untreated data set, and 100% was defined as 100%. N refers to 

the number of biological replicates, and n to the number of technical replicates. All figures depict 

the mean ± standard error of the mean (SEM) and were generated from a compilation of all 

replicates, both biological and technical.  
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 Densitometry was performed to quantify the intensity of the bands in each western blot 

using ImageJ software version 1.48v. Values obtained for each band were divided by the 

intensity of their respective Actin band to control for loading differences.   
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CHAPTER 3: RESULTS 

3.1 Aim 1: To assess whether Fgr expression alters cellular metabolic phenotype  

 Initial evidence supporting Fgr’s role in metabolic regulation arose from flow cytometric 

experiments investigating the sensitivity of BJAB cells to metabolism-targeting drugs following 

transient overexpression of Fgr. In response to inhibition of glycolysis by increasing 

concentrations of Shikonin, a pyruvate-kinase inhibitor, BJAB cells expressing Fgr demonstrated 

less death than controls after 24 hours (Figure 3.1.1). The largest observed difference was in the 

3µM condition, where Fgr expressing cells showed approximately 24% less cell death than 

controls. In contrast, BJAB cells expressing Fgr died more readily in response to inhibition of 

NAMPT by increasing concentrations of the agent FK866 for 96 hours (Figure 3.1.2). The 

Figure 3.1.1 Expression of Fgr decreases sensitivity of BJAB cells to PKM2 inhibition 

A column graph showing the mean normalized cell death (± SEM) of BJAB cells with (Fgr; 
red) and without (Ctrl; blue) transient Fgr expression in response to treatment with1-5µM of 
shikonin for 24 hours, reported as percent dead. Cell death was measured with trypan blue and 
flow cytometry. N=2; n=3. ns denotes non-significant; * denotes p < 0.05; ** denotes p < 0.01; 
*** denotes p < 0.001. 
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greatest difference observed was in the 0.8nM treatment condition, where Fgr expressing cells 

showed approximately 17% more death than controls. Cell death was assessed by trypan-blue 

exclusion.  

 

Further evidence was obtained using an extracellular flux analyzer, which measures the 

oxygen consumption rate of cells over time to generate a profile of cellular mitochondrial 

respiration. No difference was observed between BJAB cells expressing Fgr and controls in basal 

mitochondrial respiration, proton leak, or ATP-production; however, there was a significant 

increase in the spare respiratory capacity of the Fgr expressing cells. The maximal respiratory 

capacity of control cells was 450.7±39.5 pmol/min, while that of Fgr expressing cells was 

666.2±41.7 pmol/min (Figure 3.1.3A). This was accompanied by an increase in glycolytic 

Figure 3.1.2 Expression of Fgr increases sensitivity of BJAB cells to NAD+ depletion 

A column graph showing the mean normalized cell death (± SEM) of BJAB cells with (Fgr; red) 
and without (Ctrl; blue) transient Fgr expression in response to treatment with 0-1µM of FK866 
for 96 hours, reported as percent dead. Cell death was measured with trypan blue and flow 
cytometry. N=2; n=3. ns denotes non-significant; * denotes p < 0.05; *** denotes p < 0.001. 
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activity relative to controls, with controls having an ECAR of 45.1±3.5 mpH/min and Fgr 

expressing cells having an ECAR of 69.5±2.7 mpH/min after addition of FCCP (Figure 3.1.3B). 

When a Src-kinase and BCR-Abl kinase inhibitor, dasatinib, was added to the assay, the increase 

in mitochondrial respiratory capacity upon injection of FCCP was lost (Figure 3.1.4).	

 Having established that the expression of Fgr results in an altered metabolic phenotype, 

we next investigated the mechanism behind this phenomenon. The extracellular flux data 

revealed an alteration in oxidative phosphorylation. We speculated that this could be a direct 

effect of Fgr acting upon a mitochondrial enzyme, or a downstream result of cytoplasmic 

signaling, so we elected to perform indirect immunofluorescence with a confocal fluorescence 

microscope to determine Fgr’s localization within the cell on both primary CLL cells and on 

BJAB cells transiently overexpressing Fgr. In primary CLL cells, Fgr appears to localize 

partially to the mitochondria (Figure 3.1.5). In BJAB cells with transient Fgr overexpression, Fgr 

does not appear to localize to the mitochondria in the absence of stress or stimulation (Figure 

3.1.6). Fgr overexpression also failed to increase production of superoxide in unstimulated BJAB 

cells under normal culture conditions (Figure 3.1.7). 

 As described in section 1.2.3.3 of the introduction, complex II of the electron transport 

chain is a putative substrate of Fgr, and Fgr expression is known to alter its enzymatic activity. 

To test whether Fgr expression alters complex II activity, we used a commercial kit that couples 

the reduction of the dye DCPIP to production of ubiquinol by complex II that was 

immunoprecipitated from serum-deprived BJAB cells with and without transient overexpression 

of Fgr as described in the materials and methods section. The results indicate that in the presence 

of Fgr, the activity of complex II increases to approximately 150% of controls (Figure 3.1.8) 
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Figure 3.1.4 Tyrosine-kinase inhibitor lowers maximal mitochondrial respiratory 
capacity 

(A) A graph of the OCR in pmol/min for BJAB cells transiently expressing Fgr and treated 
with either DMSO (red) or 1µM dasatinib (purple); or control vector and treated with either 
DMSO (blue) or 1µM dasatinib (green), over time as measured using an extracellular flux 
analyzer. (B) A schematic depicting how to interpret graph A. (C) A bar graph representation 
of the data from graph A with the OCR for basal respiration (left) and spare respiratory 
capacity (right). (D) A bar graph representation of the data from graph A with the OCR for 
proton leak (left) and ATP production (right). N=1; n=3. Error bars are the SEM. 
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Patient #1 

Patient #2 

Fgr Mitochondria Merge Zoom-in 

Figure 3.1.5 Fgr localizes to the cytoplasm and the mitochondria of primary CLL cells 

Indirect immunofluorescence images taken on a confocal microscope of primary CLL cells from 
two patients, visualizing from left to right: Fgr (green), mitochondria (red), the merged image, 
and a magnified panel from the merged image.  
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Figure 3.1.6 Fgr is primarily cytoplasmic in BJAB cells in baseline metabolic conditions 

Indirect immunofluorescence images taken on a confocal microscope visualizing from left to right: 
Fgr (green), mitochondria (red), and the merged image.  

Fgr Mitochondria Merge 

Figure 3.1.7 Fgr expression in BJAB cells does not alter superoxide production under 
normal culture conditions 

A representative image showing the DHE staining of BJAB cells transiently expressing control 
vector (red) or vector coding for Fgr (green) measured by flow cytometry. There is no difference 
in DHE positivity between control or Fgr expressing populations. N=1 ; n=3 
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3.2 Aim 2: To evaluate the involvement of Fgr in BCR signaling 

When treated with an inhibitor of BCR signaling, ibrutinib, there was no significant 

change in sensitivity between controls and Fgr-expressing BJABs as determined by trypan blue 

exclusion and flow cytometry (Figure 3.2.1). Nevertheless, this did not eliminate the possibility 

that Fgr is acting downsream of ibrutinib’s target, Btk, so stimulation with anti-IgM was carried 

out and markers for activation of downstream signaling cascades were western blotted for. 

Following stimulation with anti-IgM for 0, 10, 30, or 60 minutes, BJAB cells with or 

without Fgr expression were harvested on ice and lysate was western blotted for downstream 

activation of Akt and Erk1/2, as well as total levels of tyrosine phosphorylation. This revealed an 

increase in the basal levels of activation with baseline levels of phospho-Akt in Fgr expressing 

cells being 3.96-fold higher than controls; and baseline levels of phospho-Erk1/2 in Fgr 
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Figure 3.1.8 Fgr increases the activity of electron transport chain complex II 

A column graph showing the mean (±SEM) rate of activity of electron transport chain complex 
II isolated from BJAB cells transiently expressing Fgr (red) or control vector (blue) reported in 
mean optical density per minute (mOD/min) relative to control. N=3; n=2 * denotes p < 0.05 
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expressing cells being 2.11-fold higher than controls (Figure 3.2.2 and Figure 3.2.3). BJAB cells 

in either Fgr-expressing or control conditions reached similar maximal levels of Akt and Erk1/2 

phosphorylation, but Akt phosphorylation decreased by the 60-minute time point in Fgr-

expressing cells, while levels of Akt phosphorylation were still increasing at the same time point 

in the control condition. 
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Figure 3.2.1 Fgr does not alter sensitivity of BJAB cells to Btk inhibitor ibrutinib 

 A column graph showing the mean normalized cell death (± SEM) of BJAB cells with (Fgr; red) 
and without (Ctrl; blue) transient Fgr expression in response to treatment with 2-8µM of ibrutinib 
for 72 hours, reported as percent dead. Cell death was measured with trypan blue and flow 
cytometry. N=2; n=3. ns denotes non-significant; ** denotes p < 0.01. 
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Ctrl       Fgr  
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phospho-Akt (60kDa) 

Akt (60kDa) 

Actin (42kDa) 

phospho-p44/42 (44/42kDa) 

p44/42 (44/42kDa) 

phospho-tyrosine 

Figure 3.2.2 Fgr expression enhances Akt and Erk1/2 signaling downstream of the BCR 

Representative western blots of BJAB cells with (Fgr) and without (Ctrl) transient overexpression of 
Fgr after stimulation with anti-IgM for 0, 10, 30, or 60 minutes. Blots were probed for phospho-Akt, 
Akt, phospho-p44/42, p44/42, Actin, and total phosphor-tyrosine. Fgr expressing BJAB cells had 
higher baseline levels of Akt and Erk1/2 activation. N=2; n=1. 
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3.3 Aim 3: To determine whether Fgr expression in CLL cells correlates with clinical 

parameters: 

 To investigate the patterns of Fgr expression in CLL cells, primary patient samples were 

obtained from the Manitoba Tumour Bank as frozen cell pellets and western blotted as described 

in the materials and methods section. Initial western blots demonstrated that Fgr protein 

expression is variable between patients (Figure 3.3.1). Subsequent western blots, also done with 

primary CLL cells and with 30µg of Raji lysate, corroborated this result (Figure 3.3.2). When 

Figure 3.2.3 Quantification by densitometry of phospho-Akt and phospho-Erk in BJAB cells 
with and without Fgr expression 

Column graphs showing the results of denistometric analysis of the western blot from Figure 3.2.2. 
BJAB cells transiently expressing Fgr (red) or control vector (blue) were stimulated with anti-IgM 
for 0, 10, 30, or 60 minutes. Western blotting was performed to assess phosphorylation of Akt and 
Erk1/2. (A) The intensity of phospho-Akt relative to Akt, normalized to the unstimulated control-
vector condition. Fgr expressing cells have a 3.96-fold increase in Akt phosphorylation relative to 
controls when unstimulated and reach similar maximal phosphorylation levels, though that 
maximum is reached sooner and phosphorylation begins to decrease at the 60-minute time point. 
(B) The intensity of phospho-Erk1/2 relative to total Erk1/2 normalized to the unstimulated 
control-vector condition. Fgr expressing BJAB cells have 2.11-fold higher phosphorylation of 
Erk1/2 relative to controls in the unstimulated condition and reach similar maximal levels of 
phosphorylation. 
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blotted for expression of Hck, the Src-family member with the highest degree of homology to 

Fgr, CLL patient samples showed no expression (Figure 3.3.3) 

  

Fgr (56kDa) 

Actin (42 kDa) 

Patient Sample         1      2     3     4     5     6      7     8     9 

Fgr (56kDa) 

Actin (42 kDa) 

Patient Sample         10   11   12   13   14   15   16   17   18 

Figure 3.3.1 Fgr protein expression is variable in CLL 

Western blots of 18 CLL patient samples probed for Fgr (top) and Actin (bottom). Fgr 
protein levels are variable between samples. 



	 50	

 

Fi
gu

re
 3

.3
.2

 A
dd

iti
on

al
 w

es
te

rn
 b

lo
ts

 c
on

fir
m

 th
at

 F
gr

 e
xp

re
ss

io
n 

is 
va

ri
ab

le
 in

 C
LL

 

W
es

te
rn

 b
lo

ts
 o

f 2
3 

pr
im

ar
y 

C
LL

 p
at

ie
nt

 sa
m

pl
es

 (n
um

be
re

d)
 a

nd
 R

aj
i l

ys
at

e 
(R

) a
s a

n 
in

te
rn

al
 c

on
tro

l. 
B

lo
ts

 w
er

e 
pr

ob
ed

 fo
r 

Fg
r (

to
p)

 a
nd

 A
ct

in
 (b

ot
to

m
). 

   



	 51	

Densitometric analysis of these blots and grouping of the patient samples by clinical 

characteristics revealed greater Fgr protein expression in CLL cells with a mutated IgVH than 

those with unmutated IgVH, and from patients with a RAI stage of 0-1 at the time of sample 

acquisition. Interestingly, Fgr expression was highest in CLL patient samples that were ZAP-70+ 

with mutated IgVH; higher than in ZAP-70- cells with mutated IgVH, and those with unmutated 

IgVH. There was no significant difference in Fgr expression based on: sex, ZAP-70 status, CD23 

status, white blood cell count, lymphocyte doubling time, or CD38 status (Figure 3.3.4). 

 When primary samples with unmutated IgVH from the same patient over a five-year 

period were western blotted, Fgr levels remained consistently low (Figure 3.3.5). The patient was 

untreated and had a Rai stage of 1 at each sample point.  

 
Patient	Sample:						16			17		18		19			20			21		22			23			R	

Fgr	(56kDa)	

ZAP-70	(70kDa)	
Hck	(56kDa)	

Actin	(42kDa)	

Actin	(42kDa)	

Figure 3.3.3 CLL cells do not express Hck 

Western blots of 8 patient samples (samples 16-23 from figure 3.3.2) and Raji lysate (R) as a 
positive control for Fgr and Hck. Blots were probed for Fgr (56kDa), ZAP-70 (70kDa), Hck 
(56kDa), and Actin (42kDa). CLL cells have no detectable expression of Hck. 
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Figure 3.3.4 Fgr protein expression correlates with clinical parameters in CLL patients 

 CLL patient samples were grouped according to (A) IgVH mutational status, (B) ZAP-70 status, 
(C) both IgVH and ZAP-70 status, (D) Sex, (E) Rai stage at sample acquisition, (F) CD23 status, 
(G) white blood cell count, and (H) lymphocyte doubling time; and their Fgr expression relative to 
that of 30µg of Raji lysate was plotted on a scatter plot. Lines indicate the mean ± the SEM. N = 
23. ns denotes non-significant, * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.0001. 
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Having established that Fgr expression in CLL cells is variable between patients, we also 

sought to determine whether Fgr expression might change depending on microenvironmental 

factors. q-RT-PCR revealed that Fgr mRNA production is decreased in CLL cells following 

stimulation with CD40 ligand, but not anti-IgM (Figure 3.3.6).  

 

 

Figure 3.3.5 Fgr protein expression is constant over time in CLL 

(A) Western blot of primary CLL samples from a single patient over five time points from 2011 
to 2016, and 30µg of Raji lysate as a positive control. (B) The intensity of the Fgr signal relative 
to that of Raji lysate for each sample presented as a column graph. Bars are the mean ± SEM. 
N=2. 
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Figure 3.3.6 Fgr mRNA expression is variable and decreases in response to stimulation with 
CD40 ligand 

qRT-PCR results for Fgr mRNA levels in two CLL patient samples: one with unmutated IgVH 
(blue) and one with mutated IgVH (red). Samples were treated either with vehicle alone, anti-IgM, 
or CD40 ligand prior to mRNA extraction. (A) Fgr mRNA levels reported as DDCq relative to zero 
and (B) Fgr mRNA levels reported as DDCq relative to actin. Bars are the mean ± SEM. N=1;n=3. 
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CHAPTER 4: DISCUSSION 

4.1 Fgr’s contribution to metabolic regulation in CLL  

The classification of CLL cells into metabolic subgroups is not currently practiced, but 

could have implications for the use of rational therapeutic approaches designed to target cellular 

metabolism. Two groups have demonstrated differences in the reliance of peripheral CLL cells 

on glycolysis80 and OXPHOS77 respectively. My data suggests a role for Fgr in differentiation 

between these two subgroups and in mediating an increased reliance on oxidative 

phosphorylation for energy production. 

 Shikonin is an inhibitor of PK-M2, and when treated with a range of concentrations of the 

drug, Fgr expressing BJAB cells displayed less cell death (Figure 3.1.1). This implies that Fgr 

expressing cells are less reliant on glycolysis for production of energy, and may therefore be 

upregulating alternative pathways. Adekola et al reported that the subgroup of CLL cells that 

was less sensitive to glucose starvation had a switch to fatty acid metabolism in order to preserve 

energy production by OXPHOS80. Tung et al reported a similar finding, with an increase in fatty 

acid oxidation occurring in response to inhibition of PK-M2 with glucocorticoids83. Whether the 

expression of Fgr causes an increase in fatty acid oxidation, or if Fgr expression is the 

differentiating factor between the two subgroups described in the literature is unknown, but an 

interesting avenue for future study. 

BJAB cells transiently expressing Fgr also showed an enhanced sensitivity to NAD+ 

depletion by inhibition of NAMPT (Figure 3.1.2). Coupled with the decreased sensitivity to 

Shikonin, this suggested that Fgr expressing cells are less reliant on aerobic glycolysis to meet 

their energy needs, and more reliant on oxidative phosphorylation, since NADH2 is the electron 

donor to complex I of the ETC. To further examine how Fgr expression might alter OXPHOS, I 
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used an extracellular flux analyzer. The results showed no difference in basal OCR (Figure 

3.1.3). Consistent with this observation, there was no difference in basal production of 

superoxide between BJAB cells with and without Fgr expression (Figure 3.1.7), and there was no 

observable localization of Fgr to the mitochondria by indirect-immunofluorescence (Figure 

3.1.6). There was, however, an increase in the spare respiratory capacity of BJAB cells with Fgr 

expression compared to controls (Figure 3.1.3). So, while Fgr expression alone may not impact 

OXPHOS, it does appear to enhance OXPHOS under high energy-demand situations, such as 

that simulated in the extracellular flux assay by addition of FCCP. This agrees with the literature 

that showed Fgr mediating metabolic adaptation in response to stresses such as nutrient 

starvation and T-cell activation145. It also further emphasizes that Fgr is not a metabolic protein 

per se, such as isocitrate dehydrogenase or pyruvate kinase, but does contribute to metabolic 

regulation. The observed increase in spare respiratory capacity has implications for the disease in 

vivo, since a higher spare respiratory capacity implies a greater ability to respond to metabolic 

stresses and other energy-demanding processes such as proliferation. 

 ECAR was measured simultaneously with the OCR in figure 3.1.3. ECAR is generally 

assumed to be a measure of the production of lactate during aerobic glycolysis. When ATP-

synthase was inhibited with oligomycin, ECAR increased, suggesting an upregulation of 

glycolysis, and this increase was similar in both Fgr expressing and control BJAB cells. On 

addition of FCCP, ECAR decreased back to basal levels in the control cells, but remained 

elevated in the Fgr expressing cells. While it is possible to interpret this as the Fgr expressing 

cells upregulating aerobic glycolysis upon mitochondrial uncoupling, it must be remembered that 

each acetyl-CoA molecule generated from the fatty acid oxidation sequence also yields one H+, 

and thus the enhanced ECAR may be due to an increase in fatty acid oxidation as posed above. 
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Using qRT-PCR, I showed that Fgr mRNA levels decrease in CLL cells treated with CD40L 

(Figure 3.3.6). If Fgr is required for enhancing OXPHOS, but not aerobic glycolysis, then a 

decrease in Fgr levels when metabolism switches to aerobic glycolysis makes sense. Future work 

will include doing a glycolytic activity assay with the extracellular flux analyzer to determine 

whether Fgr expressing cells have altered glycolytic activity or capacity relative to controls. The 

assay uses oligomycin to push the cells to reach their maximal glycolytic capacity and uses 

ECAR as a measure of glycolysis. Since addition of oligomycin in the mitochondrial respiration 

assay did not reveal any difference in ECAR between Fgr expressing BJABs and controls, I 

hypothesize that there will be no difference in maximal glycolytic activity. Future work will also 

include determining the rate of fatty acid oxidation in cells with and without Fgr.  

  In 2013, Marignac et al described two metabolic subgroups differentiated by their 

sensitivity to the multi-tyrosine-kinase inhibitor dasatinib and their reliance on OXPHOS77. The 

dasatinib-sensitive subgroup was also more sensitive to treatment with metformin, which inhibits 

complex I of the ETC. Using extracellular flux analysis, I showed that treatment with dasatinib 

destroyed the ability of mitochondria to reach their maximal respiratory capacity in BJAB cells 

both with and without Fgr expression but did not affect the basal levels of OCR in either 

condition (Figure 3.1.4). This highlights the impact of tyrosine kinase signaling on cellular 

metabolism. Tyrosine-kinase inhibitors affect multiple kinases and multiple pathways, which 

raises concerns about off-target effects but is also beneficial in terms of development of 

resistance; it’s far less likely for a cancerous cell to develop resistance when the drug targets 

multiple pathways. Future work will include determining whether there is differential sensitivity 

to dasatinib between Fgr expressing BJAB cells and controls, and repeating this experiment 

using dasatinib at its IC50 concentration. Experiments using the Seahorse extracellular flux 
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analyzer are, in general, limited by the small number of cells that a measurement is taken from, 

and the accuracy of the measurements is largely dependent on the adherence of the cells to the 

bottom of the well. These limitations can be overcome by using a minimum of 5 wells per 

condition. 

 Previously published work by other groups has determined complex II to be a putative 

substrate of Fgr145,147. Complex II contributes to the TCA cycle with its succinate dehydrogenase 

activity, and to the ETC with its succinate-coenzyme Q reductase activity, so an increase in 

complex II activity can be expected when either or both processes are upregulated. I observed an 

increase in complex II activity in BJAB cells with transient Fgr expression relative to controls 

(Figure 3.1.8). There was no difference in complex II activity between the two conditions when 

the mitochondrial uncoupler FCCP was added, but this could be because activity was already at 

its maximum and could not be further upregulated in the Fgr expressing condition.  

 At basal conditions, there was an observed increase in complex II activity in the Fgr 

expressing condition (Figure 3.1.8), but no difference in OCR (Figure 3.1.3). Upon addition of 

FCCP, there was no observable difference in complex II activity between conditions (Figure 

3.1.8), but Fgr expressing BJAB cells had a higher OCR (Figure 3.1.3). There are several 

possible explanations for this. The first is that in the extracellular flux assay used to measure 

OCR, oligomycin was injected prior to FCCP addition, to inhibit ATP-synthase. ATP-synthase 

was not inhibited in the complex II activity assay. The second reason could be an increase in 

complex I activity in the extracellular flux assay. Since complex II is not a proton pump, 

upregulation of its activity would not serve to compensate for loss of mitochondrial membrane 

potential when FCCP was added, but would still contribute to production of reduced electron 

donors such as NADH through the TCA cycle. It is also unknown whether the increase in 
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complex II activity is due to a direct phosphorylation event catalyzed by Fgr. To answer these 

questions, the complex II activity assay could be repeated with treatment using both oligomycin 

and FCCP, and dasatinib which inhibits Fgr; complex II could be immunoprecipitated and its 

phosphorylation status determined by western blot; and a complex I activity assay could be 

performed.  

 Indirect immunofluorescence with a confocal microscope showed possible, partial 

localization of Fgr to the mitochondria in CLL cells (Figure 3.1.5). Localization of Fgr to the 

mitochondria suggests that Fgr is directly phosphorylating mitochondrial substrates. The weak 

signal from Fgr was a limitation, but signal was enhanced by using the sandwich technique with 

an anti-Fgr primary antibody, a biotinylated secondary antibody and a streptavidin conjugated 

fluorescent tertiary antibody. It must also be noted that the yellow generated by spatial overlap in 

the green (Fgr) and red (mitochondria) may be a ‘false positive’ if the resolution of the 

microscope was not sufficient to resolve their separation, but since the mitochondria are large 

organelles, this is not likely. Mitochondrial isolation using a commercial kit followed by western 

blotting for Fgr is another option for determining whether Fgr localizes to the mitochondria. No 

other organelle markers were included in the staining procedure. Non-mitochondrial Fgr may 

therefore be in the cytoplasm or localized to some other structure. Though Fgr did not visually 

appear to form a ring at the plasma membrane, this does not exclude the possibility of it docking 

there. The diffuse nature of the staining is suggestive of dispersion throughout the cytoplasm. 

While my results indicated a role for Fgr in regulating mitochondrial metabolism, there remained 

the question of Fgr’s non-mitochondrial function.  
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4.2 A role for Fgr downstream of the BCR 

 Src-family kinases are known players in the BCR signaling pathway, and Fgr has been 

implicated as a negative regulator of the BCR pathway in FCRL4+ Bmem cells136. By that logic, I 

evaluated whether Fgr contributed to signaling downstream of the BCR in BJAB cells by 

western blotting for phosphorylation of Akt and Erk1/2, and total phospho-tyrosine after receptor 

crosslinking with anti-IgM. I observed a 4-fold increase in basal levels of phospho-Akt and 2-

fold increase in phospho-Erk1/2 without crosslinking (Figure 3.2.2). With and without Fgr 

expression, the phospho-Akt and phospho-Erk1/2 levels increased to similar levels after BCR 

stimulation. This meant that responsiveness was decreased in Fgr expressing cells, but only 

because phosphorylation was likely already at its maximum. Akt phosphorylation decreased 

more quickly in Fgr expressing BJAB cells than controls, suggesting that Fgr may even play a 

negative regulatory role in BCR signaling. The mechanism by which Fgr increases pro-survival 

signaling at basal levels is unknown. Akt and Erk signaling both lead to an increase in energy 

production to support proliferation. An alternative hypothesis to direct modulation of complex II 

activity could therefore be that Fgr exerts its effect on metabolism indirectly, through 

upregulation of these signaling pathways. 

 There was no difference in sensitivity of BJAB cells with and without Fgr expression to 

the Btk inhibitor Ibrutinib from 0 to 8µM. This suggests that if Fgr does play a role in BCR 

signaling, then it may be downstream of Btk. This has implications for therapy, because 

development of resistance to Btk inhibition is common. Targeting downstream players in the 

BCR pathway could be a way to circumvent that resistance. Further experiments to determine if 

Fgr acts downstream of the BCR will include repeating the anti-IgM stimulation western blots 

with silencing Fgr expression in the RAJI cell line, immunoprecipitating Fgr following BCR 



	 61	

crosslinking and determining its activation status, and performing immunofluorescence after 

BCR crosslinking to determine whether Fgr becomes localized to the plasma membrane as other 

Src-family members would, or if it remains cytoplasmic/mitochondrial.   

4.3 The Variability in Fgr Expression between Patient Samples 

By western blotting, I showed that Fgr is variably expressed between CLL patient 

samples (Figures 3.3.1 and 3.3.2). The cause for this is unknown, but can be speculated upon. 

Fgr expression was higher in patients with mutated than unmutated IgVH (Figure 3.3.4), so 

variability may be influenced by cell of origin. However, Fgr protein is not simply present or 

absent; there is a range of Fgr expression, and some variability even within mutated and 

unmutated groups (Figure 3.3.4). Immortalization of B-cells by EBV- specifically, expression of 

EBNA2 and/or LMP- is known to induce expression of cellular Fgr122,127,123. Though EBV is not 

the cause of CLL, higher loads of EBV RNA and DNA have been correlated with poorer patient 

outcomes. Since my results have shown that Fgr expression correlates with markers for good 

prognosis, and CLL cells may not express EBNA228, EBV positivity may not be the cause of Fgr 

expression in CLL, but should not necessarily be ruled out.  

Future experiments to determine the cause of Fgr expression in CLL could include 

bisulfite sequencing to assess changes in methylation patterns between Fgr expressers and non-

expressers; determining the EBV-positivity of samples with and without Fgr expression; and 

analysis of transcription factors that may be playing a role. It would also be valuable to 

determine what proportion of CLL cells in a patient express Fgr using flow cytometry. If all the 

CLL cells express Fgr, this would suggest that the induction of Fgr expression is an early event 

in CLL oncogenesis or a consequence of the cell of origin. Conversely, if Fgr expression is only 

in a fraction of the patient’s CLL cells, that would suggest that Fgr expression is a later event 
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occurring only in particular clones and that varying levels of Fgr expression reflect a change in 

clonal dominance. Fgr expression appears to stay fairly constant over time (Figure 3.3.5), which 

suggests either that the Fgr expression level is similar in all of the CLL clones, or that the ratio 

between clones has been unchanged over the five-year period. Since the patient from whom the 

CLL samples were taken was untreated during that time, there was likely very little selection 

pressure to cause a shift in clonal populations. Increasing the number of patients whose Fgr 

levels are western blotted for over time would be valuable to determine whether Fgr expression 

truly is stable with time, and inclusion of treated patients would be valuable. 

That patients with both mutated IgVH and expression of ZAP-70 had the highest levels of 

Fgr is an interesting observation. That group of patients had higher Fgr expression than samples 

with unmutated IgVH and ZAP-70 expression, and mutated IgVH without ZAP-70 expression. 

Regulation of Fgr expression may therefore be impacted by signaling that intersects both the 

BCR and ZAP-70. The response of CLL cells to BCR signaling, in terms of Fgr mRNA levels, 

appears to be heterogeneous (Figure 3.3.6), but a higher number of samples is required and 

complementary western blotting must be performed before any conclusions can be drawn. 

Whether Fgr expression is regulated by any factors in the peripheral blood is unknown, since the 

CLL samples used for western blotting in this study were frozen at -80°C immediately after 

isolation. This could be determined by keeping CLL cells in culture medium and western 

blotting for Fgr levels over time. 

Though Fgr expression correlates positively with good-prognosis markers, this does not 

devalue it as a potential therapeutic target or prognostic marker. ZAP-70 positivity is used as a 

marker for aggressive disease in the clinic, but at an individual level, not all ZAP-70 positive 

patients fare poorly. Those better-faring patients may be those who are both ZAP-70 positive and 
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mutated IgVH. Including Fgr in the flow-cytometry panel could increase accuracy when 

prognosticating disease aggression by differentiating ZAP-70 positive – mutated samples from 

ZAP-70 positive – unmutated. Greater sample numbers and validation of the technique would 

need to be performed before this could be considered for implementation.  

If Fgr is mediating a metabolic switch or regulatory process governing the balance 

between aerobic glycolysis, fatty acid oxidation, and oxidative phosphorylation, targeting Fgr 

could serve to prevent the CLL cells’ metabolic adaptation to stresses, thereby making them 

more vulnerable to chemotherapy. Additionally, current therapies such as idelalisib cause an 

evacuation of CLL cells from the lymph tissues to the peripheral blood, where they switch to 

oxidative phosphorylation for energy production. Targeting Fgr may prevent that switch and 

thereby hamper CLL cell survival upon exit from the lymphoid microenvironment. 

4.4 Functional redundancy between Src-kinases 

Enzymes in the same family will often have some degree of functional redundancy. This 

raises the question of whether targeting Fgr will be beneficial if other family members may 

compensate, and whether targeting Fgr will also affect other Src-family kinases thereby creating 

unintended side-effects. Src-family kinases are very similar in structure, but do have unique 

regions that differentiate them from one another. The Src-family member Hck has the most 

homology with Fgr and is the Src-family member most often reported as performing the same 

function as Fgr in the literature132,136. By western blot, I showed that CLL cells have variable 

expression of Fgr but do not express Hck (Figure 3.3.3), hence it cannot compensate for 

inhibition of Fgr.  

My functional experiments were carried out in a B-cell line that expresses other Src 

family members such as Lck and Lyn, with the only difference between conditions being 
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expression of Fgr. It is therefore tempting to conclude that the observed changes in metabolism, 

complex II activity, and survival signaling are a consequence of Fgr’s function. Nevertheless, 

nucleofection yields overexpression to a far greater extent than that observed in CLL cells, as 

evidenced by the stronger IF signal, and the other Src family members may play similar roles if 

overexpressed to a similar extent. A valuable control would therefore be to repeat the 

experiments with overexpression of one or more other Src-family members.  

Due to structural similarities between the kinases, there is concern that inhibition of Fgr 

may have off-target effects on other kinases. Since tyrosine-kinase signaling is enhanced in CLL, 

and because of the concerns about functional redundancy between Src-family members, affecting 

other kinases in addition to Fgr may not be a detriment. Side-effects could be minimized by 

optimizing the appropriate therapeutic dose and monitoring patients.  
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CHAPTER 5: CONCLUSIONS 

 Fgr protein expression is variable in CLL patient samples from the peripheral blood, 

correlates positively with mutated IgVH and Rai stage 0-1, and seems to be stable over time. Its 

mRNA levels appear to decrease with stimulation with CD40L, which suggests that Fgr does not 

contribute to processes in the lymphoid microenvironment, but does in the peripheral blood. One 

difference between those two environments is the reliance on OXPHOS for energy production. 

In CLL cells, I showed by confocal immunofluorescence that Fgr localizes partially to the 

mitochondria, with the remainder being cytoplasmic. BJAB cells transiently expressing Fgr 

showed no difference in basal levels of OXPHOS or ROS production. Despite this, in basal 

conditions, Fgr expression enhanced the activity of complex II of the ETC by 150%, suggesting 

an increase in FADH2 use and an increase in the activity of the TCA cycle.  With mitochondrial 

uncoupling by FCCP- simulating high energy demand- Fgr expressing cells demonstrated a 

higher maximal capacity for OXPHOS relative to controls. Fgr expressing BJAB cells were also 

more sensitive to NAD+ depletion; conversely, they were less sensitive to inhibition of 

glycolysis. Together, these findings implicate Fgr in CLL cellular metabolic regulation. 
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CHAPTER 6: FUTURE DIRECTIONS 

My thesis has shown that Fgr is implicated in CLL cellular metabolic regulation. The 

ability of a cell to produce energy and adjust its fuel source, rate of ATP-production, and 

NADH:FADH2 ratio is crucial for its survival, and is thus a wise avenue for the development of 

cancer therapies.  

My work showed that Fgr expression in BJAB cells leads to an increase in complex II 

activity in vitro and an increase in mitochondrial spare respiratory capacity. Future work will 

involve determining the mechanism by which Fgr affects these changes. Experiments will 

include a complex I activity assay under basal conditions or with the addition of FCCP, and 

immunoprecipitation of complex II to assess its phosphorylation status. Performing blue-native 

PAGE to observe supercomplex formation of the ETC components with and without Fgr 

expression under basal and FCCP conditions may also provide insight into the mechanism by 

which Fgr increases maximal OXPHOS capacity. It will also be important to determine whether 

dasatinib at its IC50 will abrogate the increase in spare respiratory capacity observed in Fgr 

expressing BJAB cells and to repeat these experiments with primary CLL cells. 

Beyond determining the mechanism by which Fgr increases complex II activity and 

mitochondrial spare respiratory capacity, it will be valuable to determine what other processes 

Fgr may be involved in. For example, whether there is a change in glycolytic capacity in Fgr-

expressing cells and whether there are alterations in fatty acid metabolism in Fgr expressing CLL 

cells. More broadly, this will lead to assessing the applicability of various metabolism-targeting 

drugs to CLL alone or in combination. 
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