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Abstract 

The overall survival rate for pediatric Acute Lymphoblastic Leukemia (ALL) is >85%, 

achieved mainly via multi-agent chemotherapy. However, therapeutic options remain limited for 

those experiencing relapse, thus understanding the causes for treatment failures remains an 

important priority. In this thesis, I investigate the underlying mechanisms that allow leukemic 

cells to escape chemotherapy. Specifically, I evaluate how integrin-mediated cell adhesion 

promotes tumor cell survival by increased pro-survival signaling, enhanced resistance to 

chemotherapeutics, and decreased presentation of immunogenic cell death (ICD) markers.  

I show that T-lymphoblast adhesion via α4β1-integrin promotes chemoresistance to 

doxorubicin-induced apoptosis. Expression of α4δ, a tail-truncated α4-integrin with GFFKR as 

the cytoplasmic motif, promotes chemoresistance in a manner independent of integrin-mediated 

adhesion. The adhesion-independent chemoresistance is reproduced by expression of Tacδ, a 

non-integrin transmembrane receptor fused to the cytosolic GFFKR motif. Additionally, the 

GFFKR motif-mediated chemoresistance is associated with enhanced Akt activation, Ca
2+

 influx, 

and drug efflux. 

GFFKR is a conserved motif found in α-integrins and previously shown to interact with 

calreticulin, a calcium-binding endoplasmic reticulum chaperone protein. I found that α4-

calreticulin interaction was enhanced by cell adhesion, while α4δ-calreticulin interaction 

occurred in an adhesion-independent manner. Since cell surface calreticulin is a pro-phagocytic 

marker for cells undergoing ICD, the impact of integrin function on surface calreticulin in 

lymphoblasts treated with ICD-inducing agents was evaluated. Engagement of integrins via 

adhesion, or expression of the minimal GFFKR motif as α4δ or Tacδ, was sufficient to reduce 

the levels of surface calreticulin. Furthermore, surface calreticulin was also reduced for cells co-
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treated with a β1-integrin activating antibody. The resulting integrin-mediated decrease in 

surface calreticulin significantly reduced engulfment of the target lymphoblasts by macrophages. 

Calreticulin expression in lymphoblasts was nullified to assess its role in integrin-

mediated chemoresistance. Chemosensitivity was partially restored in calreticulin-null Tacδ cells 

under non-adherent conditions, and in calreticulin-null wildtype cells under adherent conditions. 

The affect was partly attributed to calreticulin’s role as a regulator of Ca
2+

 influx and drug efflux. 

Calreticulin was also implicated as a mediator of cytokine-dependent STAT proliferative 

signaling. This thesis provides evidence for integrin function and cell adhesion as a physiological 

pro-survival mediator for T-lymphoblasts. 
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Chapter 1: Introduction 

 

1.1 Acute Lymphoblastic Leukemia 

Acute Lymphoblastic Leukemia (ALL) is an acute malignancy of the leukocytes, 

characterized by the overproduction and accumulation of lymphoblasts (Board, 2016; Inaba et 

al., 2013; Pui et al., 2004). In patients with ALL, lymphoblasts are overproduced in the bone 

marrow, causing damage and eventual death by inhibiting the production of normal 

hematopoietic cells in the bone marrow and by metastatic infiltration into other organs (Board, 

2016; Inaba et al., 2013; Pui et al., 2004). Although relatively rare in occurrence, ALL can be 

seen across all adult age groups, with increased incidence in the elderly (Ward et al., 2014). 

Constituting 25% of all childhood cancers, ALL is the most prevalent form of pediatric 

malignancy with a peak incidence occurring in ages between 2 to 5 years old (Graubert et al., 

2013; Pui et al., 2004; Ward et al., 2014). 

 ALL can be classified based on the lineage of lymphocytes into T-cell (T-ALL) or B-cell 

ALL (B-ALL) (Matloub et al., 2004). Approximately 80% of pediatric ALL is B-ALL (also 

known as precursor B-lineage ALL, or pre-B ALL), with T-ALL constituting the remainder. 

Generally, children with T-ALL have a poorer prognosis than those with B-ALL and thus require 

more intense treatments (Matloub et al., 2004).  

The symptoms of ALL can include fever and increased risk of infection due to 

neutropenia, increased tendency to bleed due to thrombocytopenia, and signs of anemia, 

including pallor, tachycardia, fatigue, and headache (Chessells, 2001; Margolin et al., 1997; 

Onciu, 2009). All of these are indicative of a reduced production of functional blood cells 

because overexpansion of malignant lymphoblasts occupies resources in the bone marrow that 
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are normally used to produce functioning blood cells (Chessells, 2001; Margolin et al., 1997; 

Onciu, 2009). 

Tests and examinations used to detect and diagnose ALL may include patient history, 

physical exam, differential complete blood count, blood chemistry and bone marrow aspiration 

(Chessells, 2001; Margolin et al., 1997; Onciu, 2009). Cytogenetic analysis and 

immunophenotyping can then be used to determine the exact subtype of the ALL such as 

Philadelphia chromosome or if this ALL belongs to the T or B cell lineage (Chessells, 2001; 

Margolin et al., 1997; Onciu, 2009). Similarly, spinal tap, chest x-ray, and testicular biopsy can 

be used to check if ALL has metastasized to these regions (Chessells, 2001; Margolin et al., 

1997; Onciu, 2009).   

Dramatic improvements in survival have been achieved in the treatment of pediatric ALL 

over the past few decades; the 5-year survival rate has risen to approximately 90% for children 

younger than 15 years (Hunger et al., 2012). However, acquired drug resistance remains a key 

obstacle to the successful treatment of the remaining 10% (Park, 2014). The treatment of patients 

with relapsed ALL remains unsatisfactory, with suboptimal remission rates and poor long-term 

overall survival rates ranging from 15-50%, depending on prognosis stratification of the relapsed 

ALL (Nguyen et al., 2008). Survivors of childhood ALL face a lifetime of health uncertainties, 

typically as a result of the long lasting side effects of the strong chemotherapeutic regimen 

(Graubert et al., 2013; Park, 2014). For example, high cumulative doxorubicin dosage required to 

treat high-risk ALL significantly increases the risk of heart failure in patients (Octavia et al., 

2012). Similarly, treatment for ALL may cause infertility and delayed puberty (Pakakasama et 

al., 2010; Schultz et al., 2014). 
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 There remains an important need to find more effective treatment options with less severe 

side-effects for childhood ALL. The work outlined in this thesis aims to understand the 

underlying mechanisms that allow ALL cells to resist chemotherapeutic treatment. Such 

mechanistic insights may facilitate the design of targeted therapies able to circumvent acquired 

chemoresistance and lower the toxicity to healthy tissues. This thesis focuses on investigating the 

function of α-integrins and its impact on chemoresistance and immunogenicity of T-acute 

lymphoblastic leukemia. All of the experiments described in this thesis were carried out using 

either established T-ALL cell lines or mouse-expanded T-ALL patient samples. 

 

1.1.1 Treatment of ALL 

The intensity of treatment required for favorable outcome varies substantially among 

subsets of ALL (Board, 2016). A risk-stratified assignment is utilized so that patients with 

favorable clinical and biological features, indicative of a good prognosis, can be spared from 

more intensive and toxic treatments, while a more aggressive and potentially more toxic 

therapeutic approach can be adopted for patients with unfavorable prognosis (Corrigan and Feig, 

2004; Howlader et al., 2013; Smith et al., 2014).  

Treatment of ALL can be grossly categorized into three phases consisting of remission 

induction, consolidation and maintenance phases. During the first phase, remission induction, 

patients receive a high dose of a chemotherapeutic cocktail in an attempt to get rid of as many 

leukemia cells as possible (Board, 2016). This typically brings the patients into disease 

remission. Minimal residual disease (MRD), a clinical determination of the percentage of 

detectable malignant lymphoblasts in a bone marrow aspirate, is also measured to further 

determine patient prognosis and the risk of relapse (Board, 2016; Borowitz et al., 2008). Typical 
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treatment regimens include vincristine, dexamethasone, prednisone, 6-mercaptopurine, 

methotrexate, daunorubicin, doxorubicin, cytarabine, asparaginase, and 6-thioguanine (Board, 

2016). Certain ALL study groups, such as the Children’s Oncology Group (COG), select 

different induction regimens based on a subset of pretreatment factors. Factors used by the COG 

to determine the intensity of induction include immunophenotype, age and white blood cell count 

(Smith et al., 2014). Generally, patients with B-cell immunophenotype, younger age, and lower 

white blood cell count have a better prognosis. Importantly, high-risk ALL subtypes such as T-

ALL may receive higher dosing of anthracyclines such as doxorubicin or daunorubicin (Board, 

2016). Philadelphia chromosome-positive (BCR/ABL fusion gene positive) ALL patients may 

receive imatinib or dasatinib, both of which are BCR/ABL tyrosine kinase inhibitor, as part of 

the treatment (Aricò et al., 2010; Schultz et al., 2009).  

Once complete remission has been achieved, the treatment of ALL enters the second 

phase, known as consolidation or intensification, where the goal is to eradicate any leukemia 

cells that remain in the body that may cause a relapse (Board, 2016; Smith et al., 2014). Several 

cycles of intensive chemotherapy are given over a six- to nine-month period (Board, 2016). This 

phase of treatment typically includes methotrexate or doxorubicin (Schultz et al., 2007). An 

allogeneic bone marrow transplant is usually recommended to patients classified as very high 

risk at this phase (Board, 2016). 

Phase three of the treatment is maintenance, where the goal is to maintain a lower dose of 

chemotherapeutics in the patients’ system to eliminate remaining leukemia cells and further 

minimize the risk of relapse (Board, 2016). Methotrexate, 6-mercaptopurine, vincristine and 

pulses of steroids are typically used in this phase of treatment (Board, 2016; Sirvent et al., 2011; 

te Loo et al., 2006).  
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Sophisticated decision trees have been developed for the treatment of ALL (Board, 

2016). The three phases discussed above are a generalization of treatment procedures. Treatment 

failure at phase 1 or 2 typically results in a shift to more intensive regimens and increased 

treatment duration. Treatment failure at phase 3 results in the reinitiating of treatment with a 

more aggressive approach. As the remission rate of lower-risk pediatric ALL such as B-ALL 

approaches 98%, chemoresistant relapses and high risk ALL such as T-ALL become the biggest 

hurdle to overcome in the treatment of pediatric ALL (Board, 2016). 

 

1.2 Hallmarks of Cancer 

There are ten hallmarks of cancer; each of them distinctive and complementary 

capabilities that enable tumor growth and metastatic dissemination (Figure 1.1) (Hanahan and 

Weinberg, 2011). Six of these hallmarks; sustaining proliferative signaling, evading growth 

suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, and 

activating invasion and metastasis, were originally proposed in Hanahan and Weinberg’s 2000 

publication (Hanahan and Weinberg, 2000). Two new enabling hallmarks underlie the six 

originally proposed ones. These are genome instability and mutation that increase the chance and 

rate at which normal cells acquire genetic abnormalities and thus provide the foundation for the 

emergence of other hallmarks; and tumor-promoting inflammation that promotes multiple 

hallmark functions such as fostering angiogenesis, providing enhanced proliferative signaling 

and promoting invasiveness (Hanahan and Weinberg, 2011). The 2011 update also added two 

new emerging hallmarks: deregulating cellular energetics and avoiding immune destruction 

(Hanahan and Weinberg, 2011). Deregulating cellular energetics involves the capacity to change 

cellular metabolism to support abnormal proliferation. Avoiding immune destruction allows the 
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cancer cells to avoid detection and evade immunological destruction by T cells, B cells, 

macrophages and natural killer cells (Hanahan and Weinberg, 2011). 

As a malignancy of the bone marrow, ALL is no exception — meaning that the tumor 

exhibits hallmark characteristics such as an unusually active JAK/STAT pathway that gives rise 

to sustained proliferative signaling (Harvey et al., 2010; Mullighan et al., 2009) and, p53 

mutation and telomerase expression which enable the cancer cells to achieve genome instability 

and replicative immortality (Broccoli et al., 1995; Findley et al., 1997; Imai et al., 2004; Prokop 

et al., 2000; Zhou et al., 2002).  

The ETV6/RUNX1 fusion gene, found in 25% of pediatric B-ALL cases, is one of the 

most prevalent genetic mutations in ALL (Mullighan et al., 2007; Papaemmanuil et al., 2014). 

As ETV6 functions as a transcription factor, it is no surprise that this fusion gene product acts by 

targeting the promoters and enhancers of genes that normally regulate lymphocyte 

differentiation, leading to leukemia (Papaemmanuil et al., 2014). A t(9;22) translocation occurs 

in 2 - 10% of childhood acute lymphoblastic leukemia patients (Chissoe et al., 1995; Clark et al., 

1987). It is more commonly known as the Philadelphia chromosome that creates the BCR/ABL 

fusion gene (Chissoe et al., 1995; Clark et al., 1987). The gene product encodes a constitutively 

active tyrosine kinase that is important in JAK/STAT signaling, leading to uncontrolled cell 

proliferation (Kurzrock et al., 1987). Similarly, somatic mutations in BAX are also drivers of 

pediatric ALL (Findley et al., 1997; Meijerink et al., 1998; Prokop et al., 2000). The BAX/Bcl-2 

heterodimer functions as an apoptotic activator (Findley et al., 1997), thus mutations in BAX 

enhance the ability of the tumor cells to resist cell death (Findley et al., 1997).   

The tumor microenvironment is a major contributing factor that fosters multiple 

hallmarks of cancer (Hanahan and Weinberg, 2011). The tumor microenvironment is a collective 
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of cancer cells and ostensibly normal cells such as parenchymal, stromal and recruited immune 

cells found within the tumor and its vicinity (Hanahan and Weinberg, 2011). These seemingly 

normal cells provide sustained proliferative signaling, anti-apoptotic signaling, angiogenesis, and 

tumor-promoting inflammation. It is thus important to understand the interaction between the 

tumor microenvironment and cancer cells in order to provide more effective treatments to 

combat cancer (Hanahan and Weinberg, 2011).  

 

 

  

 

Figure 1.1. Hallmarks of cancer 

The ten hallmarks of cancer as adapted from Hanahan, D., and R.A. Weinberg. 2011. Hallmarks 

of cancer: the next generation. Cell. 144:646-674. Hallmarks that are marked in red figure 

prominently as contributions of the tumor microenvironment that encompass sustained 

proliferative signaling, resisting cell death, inducing angiogenesis and tumor-promoting 

inflammation. 
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1.3 Cell Adhesion Mediated Drug Resistance 

The tumor microenvironment plays a crucial role in the development and treatment of 

malignancies (Hazlehurst and Dalton, 2001; Kessenbrock et al., 2010; Meads et al., 2009; Sethi 

et al., 1999; Shain et al., 2009; Trédan et al., 2007). One of the features of metastatic malignant 

cells is the loss of anoikis, where cells that are normally anchorage-dependent fail to undergo 

programmed cell death upon detachment (Douma et al., 2004; Simpson et al., 2008). Loss of 

anoikis facilitates tumor cell survival and their dissemination to new niches, whereupon their 

adhesion to the extracellular matrix or surrounding neighboring cells continues to provide strong 

cell proliferative and survival signals (Eke and Cordes, 2015; Restrepo et al., 2012). Similarly, in 

hematological malignancies, cell adhesion to the bone marrow stroma and the extracellular 

matrix provides important survival signals to malignant cells giving them enhanced drug 

resistance (Abdi et al., 2014; Hazlehurst and Dalton, 2001; Hazlehurst et al., 2000b; Hideshima 

et al., 2007; Meads et al., 2008; Shain et al., 2009). This phenomenon is referred to as cell 

adhesion mediated drug resistance (CAMDR) and is a contributing cause of minimal residual 

disease following the intense treatment given to patients with ALL (Li and Dalton, 2006; Meads 

et al., 2009).  

CAMDR is primarily mediated via integrins, a family of heterodimeric cell adhesion 

receptor proteins expressed in all metazoans. Experimental evidence shows that the anti-

apoptotic pathways initiated by cell adhesion via integrins promote enhanced resistance to 

various chemotherapeutics (Hazlehurst and Dalton, 2001). For example, cell adhesion via 

integrins α4β1 and α5β1 upregulates Bcl2 expression and provides resistance to the cytotoxic 

agents, doxorubicin and melphalan, in multiple myeloma cells (Damiano and Dalton, 2000). In 

small cell lung cancer cell lines, cell adhesion via integrins containing the β1 subunit also 



9 

 

provides resistance to doxorubicin, cyclophosphamide and etoposide, in a process linked to 

protein tyrosine kinase activation (Sethi et al., 1999). Similarly, in acute myelogenous leukemia 

(AML), adhesion via α4β1-integrin promotes enhanced resistance to cytosine arabinoside 

through Akt activation and Bcl2 upregulation (Matsunaga et al., 2003). Furthermore, adhesion 

via α2β1-integrin has been shown to induce CAMDR in T-ALL cell lines (Gendron et al., 2005). 

In addition, cell adhesion to proteins found in the extracellular matrix leads to a block in cell 

cycle progression thus minimizing the damage sustained by treatment with chemotherapeutics 

(Hodkinson et al., 2006). All of the above examples point to integrins as the main cell adhesion 

receptors implicated in CAMDR. 

 

1.3.1 Integrin Expression as a Prognostic Indicator of Malignancies 

A number of published studies have highlighted the correlation between integrin 

expression and prognosis of patient outcomes. For example: increased expression of several 

integrins is indicative of poor prognosis and metastasis in prostate cancer (Fornaro et al., 2001); 

β1-integrin expression is a prognostic indicator in small cell lung cancer (Oshita et al., 2004); αv-

integrin expression is a marker of poor prognosis in advanced-stage ovarian carcinoma 

(Davidson et al., 2003; Goldberg et al., 2001); integrin α3β1 is associated with tumor 

progression, metastasis, and poor prognosis in breast cancer (Felding-Habermann et al., 2001; 

Morini et al., 2000); integrin α4β1 enhances the metastatic potential of neuroblastoma and is  

associated with poor prognosis (Wu et al., 2008; Young et al., 2015); and integrin ανβ6 is highly 

expressed and associated with poor prognosis and high invasiveness in rectal cancer (Ahn et al., 

2014). Taken together, integrin expression and activation contribute to CAMDR and indicate 

poor prognosis in cancer patients. In addition to the malignancies noted above, integrin α4β1 
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appears to also indicate a poorer prognosis in both AML and ALL (Becker et al., 2009; 

Matsunaga et al., 2003; Shalapour et al., 2011; Young et al., 2015). Interestingly, integrin α4β1 

function has been found to be associated with MRD which is itself a risk factor of relapse in 

leukemia (Matsunaga et al., 2003).  

 

1.4 Integrin Structure and Signaling 

Integrins are heterodimeric transmembrane receptors that mediate the linkage between 

extracellular matrix proteins or trans-cell surface molecules to the intracellular signaling proteins 

and the cytoskeleton (Arcangeli and Becchetti, 2010; Barczyk et al., 2010; Campbell and 

Humphries, 2011; Humphries, 2000; Hynes, 2002; Srichai and Zent, 2010). As an important cell 

adhesion molecule, all multicellular animals express integrins (Barczyk et al., 2010; Humphries, 

2000). There are 18 α- and 8 β-integrin subunits in humans; each pairing with one or more of its 

counterparts to form 24 known αβ heterodimers observed at the protein level (Arcangeli and 

Becchetti, 2010; Barczyk et al., 2010; Campbell and Humphries, 2011; Humphries, 2000; Srichai 

and Zent, 2010). Both α- and β-subunits contain a large extendable extracellular domain, a short 

one-pass transmembrane domain and a cytoplasmic tail domain that is variable in length (Figure 

1.2) (Arcangeli and Becchetti, 2010; Barczyk et al., 2010; Campbell and Humphries, 2011; 

Humphries, 2000; Srichai and Zent, 2010). As integrins do not have kinase, phosphatase or other 

enzymatic activities, the heterodimers mediate their signal through complex formation with other 

receptors or effector proteins either at the plasma membrane through lipid rafts and clustering, or 

in the cytosol through cytoplasmic tail domain interactions (Barczyk et al., 2010; Baron et al., 

2003; Giancotti and Ruoslahti, 1999; Leitinger and Hogg, 2002; Levental et al., 2009; Palazzo et 

al., 2004; Shattil et al., 1998).  
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Integrin signaling is closely associated with the concept of “integrin activation” where 

rapid, reversible changes occur in the conformation of the extracellular domains and the relative 

positioning of the transmembrane and cytoplasmic domains of the integrin heterodimer (Shattil 

et al., 2010; Su et al., 2016; Tadokoro et al., 2003). These conformational changes increase the 

ligand binding affinity of the integrin and initiate integrin signaling (Shattil et al., 2010). 

Integrin signaling has been categorized into two forms, termed “inside-out signaling” and 

“outside-in signaling” (Shattil, 1999; Shen et al., 2012; Takagi et al., 2002). During inside-out 

signaling, activator proteins such as talins and kindlins bind to the β-integrin cytoplasmic tail, 

leading to a conformation shift in the integrin dimer that results in higher ligand binding affinity 

(Figure 1.2) (Shattil, 1999; Shen et al., 2012; Takagi et al., 2002). Functionally, inside-out 

signaling can control the adhesion strength and modify cell migration behavior.  

During outside-in signaling, increased extracellular ligand concentration enhances the 

binding of integrins to these ligands and changes the conformation of the integrins (Figure 1.2) 

(Shattil, 1999; Shen et al., 2012; Takagi et al., 2002). Since integrin ligands are often 

multivalent, this facilitates multiple integrin binding and clustering, in effect enhancing the 

signal from the extracellular environment. While conceptually considered as two events, inside-

out and outside-in signaling are often closely associated together and act to strengthen the overall 

signaling effectiveness: talin binding changes the integrin conformation to enable ligand binding, 

while more ligand binding clusters the integrins together and facilitates stronger outside-in 

signals (Shattil, 1999; Shattil et al., 2010; Shen et al., 2012; Takagi et al., 2002).  

Cell adhesion mediated via integrins has been shown to be important for cell survival, 

proliferation, differentiation, and trafficking (Arroyo et al., 1999; Barringhaus et al., 2004; 

Miyamoto et al., 1995; Srichai and Zent, 2010; Vacca et al., 2001). Several signaling pathways 
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including PI3K/Akt, Wnt and mitogen-activated protein kinase kinase/mitogen-activated protein 

kinase (MEK/ERK) can be initiated through integrin adhesion and activation (Baril et al., 2007; 

Campos et al., 2004; Chekenya et al., 2008; Jadlowiec et al., 2004; Larue and Bellacosa, 2005; 

Liu et al., 2009; Rallis et al., 2010; Wang et al., 2011; Zhang et al., 2010). Adhesion through 

integrins also regulates a number of hematological functions, including the activation of  

platelets via αIIbβ3-integrin and lymphocyte migration and homing through α4β1- and αLβ2- 

integrins (Andrews and Berndt, 2004; Barringhaus et al., 2004; Shattil, 1999; Shattil et al., 1998; 

Watanabe et al., 2008; Xu et al., 2003). Gene deletion experiments also demonstrated the critical 

role that integrins play in development and survival of the organism, since the deletion of several 

integrin subunits, including integrins α4, α5 and β1 is embryonic lethal in mice (Bouvard et al., 

2001; Scott et al., 2003; Stephens et al., 1995; Yang et al., 1993; Yang et al., 1995). Furthermore, 

deletion of integrins α3, α6, α7, α8, α9, αv, β4 and β8 is perinatal lethal in mice (Anton et al., 

1999; Bader et al., 1998; DiPersio et al., 1997; Dowling et al., 1996; Evans and Müller, 2000; 

Georges-Labouesse et al., 1998; Huang et al., 2000; Kreidberg et al., 1996; Mayer et al., 1997; 

Müller et al., 1997; Van Der Neut et al., 1996; Zhu et al., 2002). 

In sum, both the adhesion and signaling function mediated by integrins are important for 

the regulation of the cell cycle, shape, motility, proliferation, survival, and differentiation.  
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Figure 1.2. Model of integrin outside-in and inside-out signaling 

Inactive integrins (B) are in the bent-closed conformation. Integrins can be activated to take on 

the high-affinity ligand binding state by both outside-in (A) and inside-out (C) signaling of 

integrins. During outside-in signaling, increased extracellular ligand concentration enhances the 

binding of integrins to these ligands and changes the conformation of the integrins. The changes 

in the conformation facilitate integrin binding to signaling proteins leading to cell survival, 

proliferation and differentiation. During inside-out signaling, activator proteins such as talin bind 

to the β-integrin cytoplasmic tail domain leading to conformation shifts in the integrin dimer that 

result in higher ligand binding affinity which promotes cell adhesion and migration. Activated 

integrins depicted in this model are in the extended-open conformation, highlighting the physical 

separation of both the transmembrane and cytoplasmic domains. 

 

1.4.1 Extracellular Domains of Integrins 

Much of what is currently understood about the conformation of integrins in various 

states of activation came through efforts over the past decades to produce high-resolution 

integrin structures via physical methods including crystallography, electron microscopy and 

NMR (Arnaout et al., 2005; Campbell and Humphries, 2011). For purposes of x-ray 

       A                       B                          C 
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crystallography, it is typically difficult to purify transmembrane proteins while maintaining their 

tertiary and quaternary structures intact. The difficulty is compounded further for integrins due to 

the large, highly glycosylated and complex dimeric structure (Carpenter et al., 2008). For years, 

researchers have had to work with low-resolution electron microscopy images of detergent 

extracted integrins, complemented with the fragmented single domains produced by high-

resolution x-ray crystallography, to estimate the structure of full-length integrin dimers (Arnaout 

et al., 2005; Campbell and Humphries, 2011). Herein, I summarize key elements of the globular 

integrin extracellular domains as revealed by these structure studies. 

The extracellular segment of α-integrin can be broken down into the headpiece and the 

lower leg piece (Figure 1.3). The headpiece includes the β-propeller and the thigh, while the 

lower leg piece includes the genu, calf-1 and calf-2 domains (Figure 1.3) (Campbell and 

Humphries, 2011; Humphries, 2000; Srichai and Zent, 2010; Su et al., 2016). The extracellular 

segment of β-integrin has a headpiece that includes the PSI, hybrid, βI and I-EGF-1 domains 

(Figure 1.3) (Campbell and Humphries, 2011; Humphries, 2000; Srichai and Zent, 2010; Su et 

al., 2016). The lower leg piece of β-integrin includes the I-EGF-2, I-EGF-3, I-EGF-4 and the β-

tail domains (Figure 1.3) (Campbell and Humphries, 2011; Humphries, 2000; Srichai and Zent, 

2010; Su et al., 2016). Both the β-propeller and the βI domain have ligand binding pockets that 

form a trimeric structure between α-integrin, β-integrin and the integrin ligand (Figure 1.3) 

(Humphries, 2000).  

Based on electron microscopy and cell surface ligand affinity measurements, integrins 

can adopt one of three conformational states: the bent-closed, extended-closed and extended-

open (Figure 1.2) (Chigaev et al., 2015; Su et al., 2016). Normally, both the bent-closed and 

extended-closed have a low affinity for ligands while the extended-open conformation has a high 
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affinity for ligand. (Chen et al., 2010; Chigaev et al., 2015; Su et al., 2016). Besides the 

requirement for conformation shift, integrin ligand binding is universally divalent-cation-

dependent, requiring the binding of Mg
2+

 or Mn
2+

 to the β-propeller and the βI domain, while 

Ca
2+

 inhibits integrin ligand binding (Dransfield et al., 1992; Humphries, 2000; López-Ceballos 

et al., 2016; Smith et al., 1994).  

In 2001, the most complete high-resolution integrin structure to date was produced 

through high-resolution x-ray crystallography by Xiong et al. (Xiong et al., 2001). In this 

publication, Xiong et al. described the extracellular structure of integrin ανβ3 in its bent-closed 

conformation where the integrin extracellular domain exists in an inverted V shape with N-

terminal headpieces bent downwards toward the plasma membrane (Figure 1.2) (Xiong et al., 

2001). Based on recent publications using electron microscopy to image the ligand binding 

efficiency of integrins, this conformation is said to have low affinity for extracellular ligands 

since the ligand binding site on the headpieces of the integrin dimer are bent toward the plasma 

membrane, effectively hidden by the rest of the integrin extracellular domain (Figure 1.3) (Chen 

et al., 2010; Chigaev et al., 2015; Eng et al., 2011; Su et al., 2016; Ye et al., 2010). Even though 

researchers have a good approximation of the overall integrin structure in the extended 

conformations through the combination of the low-resolution images of whole integrins with the 

high-resolution images of isolated individual domains, the high-resolution structure of integrins 

in the extended conformations remains to be solved.  
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Figure 1.3. Structure of the integrin extracellular domains 

The model depicted is the structure of integrin heterodimer in the extended-open conformation 

with emphasis on the extracellular domains. The α-integrin headpiece includes the β-propeller 

domain and the thigh domain while the lower leg piece includes the genu, calf-1, and calf-2 

domains. The β-integrin headpiece includes the PSI, hybrid, βI and the I-EGF-1 domains while 

the lower leg piece includes the I-EGF-2, I-EGF-3, I-EGF-4 and the β-tail domains. α-integrin is 

drawn in red while β-integrin is drawn in blue and green.  

 

1.4.2 Transmembrane Domains of Integrins 

Each α and β subunit is a typical one-span type I transmembrane protein (Campbell and 

Humphries, 2011; Humphries, 2000; Shattil et al., 2010; Srichai and Zent, 2010). Therefore the 

transmembrane domain is essential in relaying information across either side of the membrane in 

both inside-out and outside-in integrin signaling.  

High-resolution NMR spectroscopy studies using individual α- and β-integrin subunit 

transmembrane domains embedded in phospholipid bicelles mimicking the plasma membrane 

environment have been instrumental in revealing the transmembrane domain structures of 

integrin dimers (Lau et al., 2008a; Lau et al., 2008b; Lau et al., 2009). The β-integrin 

transmembrane domain consists of a longer helix, whereas the α-integrin  structure is a shorter 
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helix with a backbone reversal at the C-terminal end that forms a small hook using the very last 

phenylalanine-phenylalanine residues of the transmembrane domain (Figure 1.4) (Lau et al., 

2008a; Lau et al., 2008b). This α-integrin transmembrane domain hook and the accompanying β-

integrin transmembrane domain form a structure called the inner membrane clasp that is 

important for both the activation and stable presentation of integrin dimers on the cell surface 

(Figure 1.4) (Kim et al., 2012; Kim et al., 2011; Shattil et al., 2010). Importantly, these high-

resolution studies using phospholipid bicelles or nano-discs also determined the extent of α- and 

β-integrin embedment within the phospholipid bilayer. When integrins are in the bent-closed or 

inactive conformation, the KxGFFKR (or simply GFFKR) conserved motif of the α-integrin 

transmembrane/cytoplasmic domain is partially embedded in the plasma membrane with 

Glycine-Phenylalanine-Phenylalanine (GFF) residues being inside the phospholipid bilayer 

(Figure 1.4) (Lau et al., 2008a; Lau et al., 2008b; Lau et al., 2009). As the integrin dimer shifts to 

an extended or active conformation, the entire α-integrin transmembrane domain kicks out or 

goes through a piston-like action that moves the entire GFFKR motif into the cytosol (Figure 

1.4) (Ginsberg, 2014; Li et al., 2014; Shattil et al., 2010; Thinn and Zhu, 2015). This 

conformation shift also separates the α- and β-integrin transmembrane domains and by extension, 

the inner membrane clasp (Figure 1.4). 
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Figure 1.4. Structure of the integrin transmembrane domains 

The model depicts the structure of integrin heterodimer transmembrane domains in the 

inactivated and activated conformations. ‘Snorkeling’ of the α-integrin transmembrane domain 

upon integrin activation shifts the GFFKR motif into the cytosolic space from its partially 

membrane-embedded inactivated form. α-integrin is drawn in red while β-integrin is drawn in 

blue. 

 

1.4.3 Intracellular Domains of Integrins 

During integrin activation, the change in the interaction of the heterodimeric integrin 

cytoplasmic tail domains with cytoplasmic proteins such as talin and kindlins leads to the 

activation of the integrin (Du et al., 1993; Ginsberg, 2014; Kim et al., 2011; O'toole et al., 1994; 

Shattil et al., 2010; Tadokoro et al., 2003; Ye et al., 2010). The association status between α- and 

β-integrin transmembrane and cytoplasmic tail domains is a key event in regulating integrin 

signaling (Hughes et al., 1996; Li et al., 2005b; Luo et al., 2005; Luo et al., 2004; Partridge et al., 

2005). The artificial clasping of the α- and β-integrin transmembrane domains or cytoplasmic 

tails with each other using coiled coils inhibited integrin activation (Lu et al., 2001; Zhu et al., 

2008). Similarly, artificially linking the α- and β-integrin transmembrane domains together with 



19 

 

introduced disulfide bonds led to the integrin being inactivated (Luo et al., 2004). There are 

numerous studies of integrin extracellular and transmembrane domain interactions, yet due to the 

large variability in length and complexity of integrin cytoplasmic interactions, and the difficulty 

of isolating plasma membrane-embedded proteins, efforts to identify interactions of isolated α- 

and β-integrin tails using NMR spectroscopy were largely unsuccessful (Metcalf et al., 2010; 

Ulmer et al., 2001; Vinogradova et al., 2002; Weljie et al., 2002).  

Of the three major integrin structural components, the integrin cytoplasmic domain is the 

most variable and least conserved between different integrins. They are generally short, with 30-

50 amino acids in length (Figure 1.5). With the exception of β4-integrin, the tail sequences are 

partially conserved among the β-integrins, while the tail sequences among the α-integrins are 

highly divergent (Figure 1.5) (Campbell and Humphries, 2011; Humphries, 2000; Sastry and 

Horwitz, 1993; Srichai and Zent, 2010). Due to the important roles of integrins in mediating cell 

adhesion, migration, signal transduction, and gene expression, there have been extensive studies 

to identify and characterize the functional consequences of integrin cytoplasmic domain 

interaction with other proteins (Liu et al., 2000). For example, the β-integrin cytoplasmic domain 

interacts with cytoskeletal proteins such as talin and filamin to regulate cell structure, shape, and 

motility (Liu et al., 2000). Other interacting proteins such as focal adhesion kinase (FAK), 

integrin-linked kinase (ILK) and the proto-oncogene tyrosine-protein kinase Src provide cell 

proliferative and survival signaling through cell adhesion (Abram and Lowell, 2009; Giancotti 

and Ruoslahti, 1999; Liu et al., 2000; Xia and Smith, 2012). Studies have also shown that 

integrin signaling is largely dependent on the cytoplasmic interacting proteins regardless of the 

extracellular ligand it is bound to. As a demonstration of this phenomenon, Kassner et al. 

exchanged the cytoplasmic domain of α5-integrin with that of α4-integrin (producing a hybrid 
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integrin with α5 outside and transmembrane and α4 inside) and the ensuing cell adhesion 

phenotype was consistent with that of α4-integrin and not α5-integrin (Kassner et al., 1995).  

Taken together, integrin cytoplasmic tail domains not only initiate inside-out signaling by 

binding to integrin activating proteins such as talin and kindlins, but can also relay outside-in 

signaling originating from extracellular ligand-integrin interactions by binding to signaling 

proteins such as FAK, ILK, and Src. 
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Figure 1.5. Sequence comparison of the α- and β-integrin cytoplasmic domains 

(A) The cytoplasmic domain amino acid sequences of all 18 human α-integrins. Highlighted in 

red is the conserved KxGFFKR motif of α-integrins. (B) The cytoplasmic domain amino acid 

sequences of all 8 human β-integrins. ECD is the extracellular domain while TMD is the 

transmembrane domain. 

 

1.4.4 Integrin Antibodies as Tools for Detecting and Modulating Integrin Functions 

Besides the physical methods used to assess the structure and activation status of 

integrins, biochemical-based methods also exist to probe and infer these physical properties. One 

benefit of biochemical methods is that they can be employed to assess the native state of 

integrins as full-length heterodimers that are physiologically expressed in the cell of choice. 

A 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 



22 

 

Since active integrins exist in the extended conformation, as opposed to the bent-closed 

conformation of inactive integrins, antibodies that bind specifically to these conformations can 

be used to determine the status of integrin activation (Su et al., 2016). Furthermore, certain 

antibodies that enable the conformation shift of integrins to either the extended or bent forms can 

be employed to act as integrin activators or inhibitors (Su et al., 2016).  

In total, there are 24 known integrin heterodimeric combinations in humans. Of these 24, 

12 are made up of various α-subunits paired with β1-integrin, making β1-integrin heterodimers 

the largest of the integrin subfamilies (Campbell and Humphries, 2011; Humphries, 2000; 

Srichai and Zent, 2010; Su et al., 2016). As such, numerous β1-integrin activating or inhibitory 

antibodies are available and generally rather well-characterized. For example, negative-staining 

electron microscopy studies show that the activating antibodies 9EG7, 8E3 and N29, all stabilize 

the extended conformation of β1-integrin (Su et al., 2016). Other β1-integrin activating 

antibodies such as 12G10 and HUTS-4 stabilize the headpiece in an open conformation for 

ligand binding (Su et al., 2016). Even though HUTS-21 is a frequently used β1-integrin 

activating antibody, relatively little is known regarding the β1-integrin conformation induced by 

HUTS-21 binding (Luque et al., 1996; MUÑOZ et al., 1997). For the most part, TS2/16 is useful 

as a non-activating or non-inhibiting antibody, as its binding to β1-integrin does not result in any 

visible conformation change (Su et al., 2016). As for β1-integrin inhibiting antibodies, both 

SG/19 and mAb13 stabilize the closed headpiece conformation that maintains the integrin dimer 

in a low ligand-affinity state (Su et al., 2016).  

 

 



23 

 

1.5 α4-integrins 

The α4-integrin subunit, also known as CD49d, can heterodimerize with either the β1- or 

β7-subunits. When heterodimerized with β1, α4β1-integrin (also known as very late antigen 4, 

VLA-4) binds to ligands that include fibronectin (Fn) and vascular cell adhesion molecule 1 

(VCAM-1) (Humphries et al., 2006). Thrombospondin, ADAM metallopeptidase domain 28 

(ADAM28) and osteopontin have also been characterized as ligands for α4β1-integrin (Bridges 

et al., 2002; González‐Amaro et al., 2005; Humphries et al., 2006; Hynes, 2002; Yabkowitz et 

al., 1993). When heterodimerized with β7, α4β7-integrin (also known as Lymphocyte Peyer 

patch adhesion molecule, LPAM-1) binds mucosal vascular addressin cell adhesion molecule 1 

(MAdCAM-1) (Humphries et al., 2006).  

Lymphocytes express several β1-integrin heterodimers that mediate their adhesion to 

several extracellular matrix proteins (Pribila et al., 2004). Of these, α1β1- and α2β1-integrins are 

collagen receptors, α4β1- and α5β1-integrins can bind fibronectin, while α3β1 and α6β1 are 

receptors for laminins (Hynes, 2002). At the beginning of my thesis project, a number of β1-

integrin heterodimers were identified as CAMDR contributors in T-lymphoblasts including 

α1β1- and α2β1-integrins (Xia and Smith, 2012). α4β1-integrin has been implicated in CAMDR 

of B-ALL, but not of T-ALL (de la Fuente et al., 2002; Xia and Smith, 2012). As such, the 

investigation into the possible contribution of α4β1-integrin to T-ALL CAMDR may shed new 

light on integrin involvement in drug resistance. Since α4-integrins play essential and major roles 

in lymphocyte adhesion, homing, recruitment, co-stimulation, and activation, the function of α4-

integrins is reviewed in greater detail in the following subsections. 
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1.5.1 Function of α4-integrin Ligand Binding  

Perhaps the most important and best understood role of α4-mediated adhesion is in the 

trafficking and recruitment of leukocytes to sites of inflammation. This multistep process 

involves sequential interactions between leukocytes and the vascular endothelial cells that 

include tethering/rolling, firm adhesion, spreading, and diapedesis (Springer, 1994). The initial 

rolling type interaction is mediated via low-affinity interactions involving the selectins 

(Bevilacqua, 1993; Campbell et al., 1998; Campbell et al., 1996). To achieve firm arrest, 

integrins expressed on the leukocytes must become activated to take on high-affinity ligand 

binding states. These are primarily mediated via integrins α4 (as α4β1-VCAM-1 and α4β7-

MAdCAM-1 interactions) and αLβ2 (also known as lymphocyte function-associated antigen 1 

(LFA-1) which binds to intercellular adhesion protein 1 (ICAM-1)). Collectively, these are 

commonly referred to as the lymphocyte homing receptors.  

In addition to leukocyte recruitment to inflammatory sites, binding of α4β1-integrin to 

VCAM-1 is also important for the homing and retention of leukocytes in the bone marrow 

stroma (Craddock et al., 1997). Blockade of α4β1-integrin binding to VCAM-1 interferes 

quantitatively with the interaction between hematopoietic stem/progenitor cells and the bone 

marrow stroma (Craddock et al., 1997). α4β1-integrin also participates in T-cell activation as a 

co-stimulatory signal (Nojima et al., 1990; Shimizu et al., 1990). The binding of Fn to α4β1-

integrin together with anti-CD3 antibody treatment mediates CD3-dependent CD4
+
 T-cell 

activation and proliferation (Nojima et al., 1990; Shimizu et al., 1990). Similarly, binding of 

α4β1-integrin to thrombospondin induces co-stimulatory signals that lead to T-cell proliferation 

and the production of cytokines (Li et al., 2002). 



25 

 

ADAM28 is a type of metalloprotease that cleaves proteins such as cytokines, 

chemokines, and adhesion molecules (Howard et al., 2000; Howard et al., 2001). ADAM28 is 

expressed on the surface of lymphocytes, and its interaction with α4-integrin on adjacent cells at 

inflammatory sites regulates its metalloprotease activity (Bridges et al., 2002). 

The expression of the α4 ligand, osteopontin is up-regulated in a number of inflammatory 

settings, where it is a major secreted product of macrophages (Bayless and Davis, 2001). It 

functions as both a matrix and as a molecule with cytokine-like properties to support cell 

adhesion, migration, and recruitment of lymphocytes (Bayless et al., 1998; Denhardt et al., 2001; 

Gassler et al., 2002; O’Regan et al., 2000). 

Interestingly, α4β7-integrin has a crucial role in lymphocyte recruitment to Peyer's 

patches and the intestinal mucosa, thus its alternative name, lymphocyte Peyer's patch HEV 

adhesion molecule 1 (Postigo et al., 1993). The interaction between MAdCAM-1 and α4β7-

integrin is responsible for regulating lymphocyte homing to mucosal sites (Strauch et al., 1994). 

In addition, MAdCAM-1 co-stimulates T-cell proliferation through α4β7-integrin (Lehnert et al., 

1998).  

 

1.5.2 α4-integrin in Chronic Inflammatory and Autoimmune Diseases  

The trafficking of leukocytes mediated by α4-integrin function has been implicated in 

several autoimmune inflammatory diseases. Indeed, the potential utility of α4-integrin as a 

therapeutic target has been demonstrated in multiple animal models of chronic inflammation and 

autoimmunity such as adjuvant arthritis, allergic airway responses, autoimmune thyroiditis, 

contact hypersensitivity, autoimmune encephalomyelitis and autoimmune diabetes (Mcmurray et 

al., 1996; Rabb et al., 1994; Seiffge, 1996; Yang et al., 1994; Yednock et al., 1992). 



26 

 

Furthermore, α4-integrin has been implicated in atherogenesis and increased monocyte 

infiltration to organs, both of which are significant concerns in systemic lupus erythematosus 

(Rahimi et al., 2013). 

Function blocking antibodies that target the extracellular epitope of α4-integrins have 

been developed and approved for clinical use in the treatment of several autoimmune disorders. 

Natalizumab is a humanized monoclonal antibody that functionally blocks the ligand binding 

ability of both α4β1- and α4β7-integrins, thus reducing the ability of T cells to attach and pass 

through endothelial cells lining the blood-brain barrier, synovial tissue and the intestine 

(Hutchinson, 2007). While approved for the treatment of Crohn’s disease and multiple sclerosis, 

the widespread utility of Natalizumab has been limited by concerns that complete α4-integrin 

blockade and resulting immune suppression can lead to potentially fatal side effects of treatment 

(Bloomgren et al., 2012). Indeed, one of the adverse effects of Natalizumab treatment is the 

development of progressive multifocal leukoencephalopathy, which arises from an opportunistic 

infection caused by the JC virus that occurs in immuno-compromised patients (Bloomgren et al., 

2012). More recently, Vedolizumab is a humanized monoclonal antibody that specifically blocks 

α4β7-integrin function thus reducing the recruitment of T cells to MadCAM-1 expressing 

endothelium in the intestines (Jovani and Danese, 2013). The recruitment of immune cells to 

Peyer's patches plays an important role in inflammatory bowel diseases such as ulcerative colitis 

and Crohn's disease (Dave et al., 2014). Vedolizumab is currently approved for the treatment of 

ulcerative colitis and Crohn's disease, and its use appears to have little of the adverse effects 

associated with Natalizumab. 
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1.5.3 α4-integrin in CAMDR 

 As the bone marrow is the site of ALL expansion and most frequent site for ALL relapse 

(Gaynon et al., 1998), the bone marrow tumor microenvironment has been considered a 

protective niche for leukemia cells (Bradstock and Gottlieb, 1995). Previous studies have shown 

that α4-integrin mediates ALL cell adhesion (Filshie et al., 1998). Similarly, AML cell adhesion 

leading to CAMDR is specifically mediated by β1-integrin adhesion to Fn, which includes α4β1-

integrin (Hazlehurst et al., 2007). In vitro co-culture experiments have shown that ALL cells 

allowed to make direct contact with stromal cells continued to proliferate even in the presence of 

chemotherapeutic agents (Mudry et al., 2000). This pro-survival effect was shown to be mediated 

through VCAM-1 binding, a ligand of α4β1-integrin.  

As a function of outside-in signaling, α4β1-integrin ligand binding leads to the formation 

of focal adhesion complexes, to which FAK and ILK are subsequently recruited and then 

activated (Hannigan et al., 1996; Kornberg et al., 1991). FAK and ILK activation leads to 

downstream activation of oncogenic pathways that include PI3K/Akt, MEK/ERK and nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB), all of which mediate important 

cell survival and proliferative signals (Guan et al., 1999; Guo and Giancotti, 2004; Legate et al., 

2006; McDonald et al., 2008).   

 The PI3K/Akt pathway has been implicated in stromal-cell-mediated chemoresistance 

and survival of leukemia cells (Wang et al., 2004). Conversely, the inhibition of PI3K-mediated 

signaling results in the death of leukemia cells (Bertrand et al., 2005). Similarly, inhibition of the 

MEK/ERK pathway leads to the rapid apoptosis of ALL cells (Bertrand et al., 2005). More 

recently, α4β1-integrin binding to VCAM-1 was shown to mediate chemoresistance through NF-

κB activation (Jacamo et al., 2014). 
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 MRD contributes to relapse after chemotherapy in patients with AML or ALL. 

Interestingly, high α4β1-integrin expression is correlated with poor overall survival in AML 

patients (Matsunaga et al., 2003). Similarly, in another study, gene expression analyses from 207 

children with ALL MRD showed that α4-integrin is highly associated with poor outcome (Hsieh 

et al., 2013). 

 In summary, α4-integrins play crucial roles in chronic inflammatory autoimmune 

diseases and also in hematological malignancies. Treatments targeted toward α4-integrin may 

block lymphocyte homing, adhesion and their accumulation in target niches, and may therefore 

be a means to enhance overall chemotherapeutic efficacy in an effort to reduce MRD and 

relapse, and increase overall survival.  

 

1.5.4 Binding Partners of the α4-integrin Cytoplasmic Tail 

As an immunologically important integrin, the intracellular interactions of α4-integrin are 

the best studied amongst the α-integrins. The α4-cytoplasmic domain (referred to simply as the 

α4-tail) has been shown to bind paxillin, which is an important adaptor/scaffold protein that links 

α4-integrin to protein tyrosine kinases such as Src and FAK, to adaptor proteins such as Crk, and 

to structural proteins such as vinculin and regulators of the actin cytoskeleton (Turner, 2000a; 

Turner, 2000b; Webb et al., 2004). Integrin α4 also binds to the scaffold protein, 14-3-3 zeta 

which is implicated in cell motility, division, signaling and apoptosis (Deakin et al., 2009; Lim et 

al., 2007; van Hemert et al., 2001). Furthermore, α4-tail also binds to type-I PKA, and the 

association between α4-integrin and type-I PKA is implicated in directional cell migration (Lim 

et al., 2007). Non-muscle myosin IIA is another protein that can associate with the α4-tail to 

regulate cell migration (Rivera Rosado et al., 2011).   
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 Importantly, the interactions mentioned above involve sequences that are unique to the 

α4-integrin cytoplasmic tail, when considered in relation to the other α-integrins. As shown in 

Figure 1.5, the membrane proximal GFFKR motif is highly conserved in all of the α-integrins, 

and in the next section, protein interactions involving the GFFKR motif are described that may 

be universally applicable to all integrin functions. 

 

1.6 α-integrin GFFKR Motif Binding Proteins 

The transmembrane and cytoplasmic domains of integrins play pivotal roles in integrin 

activation and integrin-mediated cellular functions (Liu et al., 2000; O'toole et al., 1994; Sastry 

and Horwitz, 1993). While both α- and β-integrin transmembrane domains are largely conserved, 

and the β-integrin cytoplasmic tails are partially conserved, the α-integrin cytoplasmic tails are 

greatly variable in both sequence and binding partners (Arcangeli and Becchetti, 2010; Campbell 

and Humphries, 2011; Humphries, 2000; Lau et al., 2008a; Lau et al., 2008b; Lau et al., 2009; 

Srichai and Zent, 2010; Weljie et al., 2002). The one exception to the largely variable α-integrin 

tail is the membrane proximal GFFKR motif that is highly conserved in all of the 18 human α-

subunits (Figure 1.5).  This motif is partially embedded within the plasma membrane when the 

integrin is inactive, and fully exposed within the cytosol when the integrin is active (Figure 1.4) 

(Lau et al., 2008a; Lau et al., 2008b; Lau et al., 2009). Besides serving as the inner membrane 

clasp on the α-integrin, the GFFKR motif is also a binding motif for several proteins relevant in 

modulating integrin activation, matrix protein remodeling, calcium binding, apoptosis, and the 

immune response.  

Characterized examples of α-integrin GFFKR motif-binding proteins include Sharpin, 

MDGI, Mss4, CIB, and calreticulin. Binding of Sharpin to GFFKR serves as an inactivator of 
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integrins that results in the detachment of migrating lymphocytes (Bouvard et al., 2013; Pouwels 

et al., 2013; Rantala et al., 2011). Binding of mammary-derived growth inhibitor (MDGI) to 

GFFKR inhibits integrin activation and is implicated in decreasing cancer cell migration and 

metastasis (Bouvard et al., 2013; Nevo et al., 2010). The binding of GFFKR to the guanine 

nucleotide exchange factor, Mss4, regulates matrix metalloproteinase activation and Fn 

remodeling (Knoblauch et al., 2007). Binding of calcium and integrin-binding protein (CIB) to 

GFFKR leads to increases in integrin-mediated cell adhesion and spreading (Haataja et al., 

2002). The earliest characterized GFFKR binding protein is calreticulin (CRT) (Dedhar, 1994). 

Since CRT-integrin interaction is a major focus of my thesis research, the following provides 

specific background and introduction to this intriguing multifunctional protein. Briefly, CRT is 

functionally implicated in cellular activities that include acting as a regulator of calcium 

homeostasis, as a protein-folding chaperone, as a receptor for phagocytosis of dying cells, and as 

a regulator of integrin adhesive functions (Gold et al., 2010; Johnson et al., 2001; Krause and 

Michalak, 1997). 

 

1.7 The Pleiotropic Functions of Calreticulin 

Originally, CRT was identified as a Ca
2+

-buffering protein that is localized within the 

endoplasmic reticulum (ER) lumen (Michalak et al., 1992). Calreticulin has also been isolated 

from diverse sources including mammals, plants, insects and parasites, suggesting that it is a 

highly conserved and ubiquitous protein serving an important function in cell biology (Joshi et 

al., 1996; Lenartowska et al., 2009; Michalak et al., 1992; Nash et al., 1994). The 

phylogenetically diverse CRT proteins have three conserved structural domains: the globular N-

terminal domain, the proline-rich P domain and an acidic C-terminal domain (Figure 1.6) 
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(Lenartowska et al., 2009). At the N-terminus, CRT has a signal sequence that targets its 

synthesis into the ER lumen. Once inside the lumen, this signal sequence is cleaved, thus leaving 

the bulk of CRT as a protein that is highly enriched within the ER (Gelebart et al., 2005; Smith 

and Koch, 1989). The globular N-terminal domain has no net charge and is involved in protein-

protein interactions, metal binding, RNA binding, and autoantibody binding (Cheng et al., 1996; 

Dedhar, 1994; Nakamura et al., 2001; Nakhasi et al., 1998). The proline-rich and charged P 

domain contains the high-affinity Ca
2+

 binding sites while the negatively charged C domain 

contains the low-affinity (Kd ~ 2 mM), high capacity (~20 mole calcium/mole CRT) Ca
2+

 

binding activity (Giraldo et al., 2010; Michalak et al., 1992; Shen et al., 1998). At the C-

terminus, CRT has a KDEL ER retention sequence which enables its binding to KDEL receptors 

in the Golgi apparatus that act to recycle CRT back into the ER compartment (Opas et al., 1991; 

Wiersma et al., 2015).  

Although CRT was first identified as an ER-resident protein, further investigations have 

demonstrated that CRT is present in a wide range of cellular compartments (Dedhar, 1994; Gold 

et al., 2010; Michalak et al., 1992; Nash et al., 1994; Wiersma et al., 2015). CRT has been 

localized to the cytotoxic granules of T cells, and to the cytosol and cell surface of various 

animal cells. Furthermore, CRT has been found in soluble form in blood serum, in the cell-free 

extracellular cavities of specialized tissues such as the synovium, and in tick saliva (Dupuis et 

al., 1993; Gray et al., 1995; Jaworski et al., 1995; Karska et al., 1995; Molica et al., 2016; Opas 

et al., 1991; Rojiani et al., 1991). 
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Figure 1.6. Calreticulin structure 

The model depicts the structure of calreticulin; including the globular N-terminal domain, the 

proline-rich P domain, and the acidic C-terminal domain. The P-domain binds one Ca
2+

 with 

high-affinity, whereas the acidic C-domain has high Ca
2+

-binding capacity (~20 mole 

calcium/mole CRT) with low-affinity (Kd ~ 2 mM). The N-terminal ER signal sequence is 

responsible for targeting the synthesis of calreticulin to the ER. It is cleaved upon insertion of 

calreticulin into the ER lumen during calreticulin synthesis. The KDEL motif at the C-terminus 

of calreticulin is responsible for retaining calreticulin in the ER. 

 

1.7.1 ER Functions of Calreticulin 

Ca
2+

 is a second messenger important in a number of cellular processes, including muscle 

contraction, gene expression, protein synthesis and stress signaling (Berridge et al., 2003; 

Roderick and Cook, 2008; Sanderson et al., 1994). The ER is the largest Ca
2+

 reservoir for 

maintaining Ca
2+

 homeostasis (Mattson et al., 2000; Sanderson et al., 1994). The release of Ca
2+

 

from the ER to the cytosol is controlled by the inositol triphosphate receptor and the ryanodine 

receptor, while sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2) is responsible 

for Ca
2+

 uptake to the ER (Boitano et al., 1992; Michalak et al., 2009; Misquitta et al., 1999; 

Watras and Ehrlich, 1991). 
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The highly conserved function of CRT to bind Ca
2+

 with both high-affinity/low-capacity 

and low-affinity/high-capacity makes CRT the central Ca
2+

 buffering protein that regulates Ca
2+

 

storage and release within the ER (Michalak et al., 1998). The function of CRT in the regulation 

of Ca
2+

 was demonstrated by altering CRT levels in the cell (Bastianutto et al., 1995; Nakamura 

et al., 2001). CRT knockouts produced highly defective phenotypes, exemplified by the 

disruption of Ca
2+

 homeostasis demonstrated in mouse embryonic fibroblasts (MEFs) in vitro, 

while homozygous null mice proved to be embryonic lethal with defective cardiac development 

(Khalife et al., 1994; Mesaeli et al., 1999; Szabo et al., 2007; Zhu and Wang, 1999).  

In addition to its role in regulating Ca
2+

 homeostasis, the other major function for CRT 

within the ER is to act as a protein chaperone in concert, and as a complex, with calnexin and ER 

protein of 57-kDa (ERp57) (Schrag et al., 2001; Zapun et al., 1998). The CRT/calnexin cycle 

ensures the proper folding of newly synthesized glycoproteins before the glycoproteins are 

secreted to their target locations. These lectin-like chaperones interact with glycoproteins that 

possess monoglucosylated N-linked oligosaccharides that are generated both by the trimming of 

outer glucose residues by glucosidases and the reglycosylation of non-glycosylated unfolded 

proteins (Peterson et al., 1995; Spiro et al., 1996). Overall, CRT deficiency impairs protein 

quality control, causing the accumulation and export of misfolded proteins (Gelebart et al., 2005; 

Michalak et al., 2009; Michalak et al., 1998; Schrag et al., 2001).  

 

1.7.2 Cytosolic and Nuclear Functions of Calreticulin 

Outside the ER, CRT can localize to a multitude of locations, one of which is the cytosol. 

In a series of studies conducted by the Dedhar laboratory, cytosolic CRT was shown to bind the 

GFFKR motif within the cytoplasmic tail of α-integrins in a manner dependent on cell adhesion, 
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while CRT-deficient cells exhibited defects in cell adhesion and Ca
2+

 regulation (Coppolino et 

al., 1995; Coppolino and Dedhar, 1999; Coppolino et al., 1997; Dedhar, 1994). The interaction 

of CRT with the cytoplasmic tail of integrins appears to regulate extracellular Ca
2+

 flux into the 

cell in a manner independent of the ER Ca
2+

 levels (Kwon et al., 2000). Furthermore, cell 

adhesion to extracellular matrix (ECM) proteins increases the level of CRT that co-

immunoprecipitated with integrins, and CRT has been localized to focal adhesion complexes 

with low-density lipoprotein receptor related protein 1 (LRP1) (Coppolino et al., 1995; Tran et 

al., 2002). The CRT-LRP1 complex appears to stabilize integrin-ligand binding and facilitates 

the activation of FAK and Src (Coppolino et al., 1995; Coppolino et al., 1997; Papp et al., 2007). 

Several publications from the Opas laboratory suggested a competing mechanism of action to 

account for CRT’s role in regulating cell adhesion that was not directly coupled to its interaction 

with integrins, but to reduced expression of the cytoskeletal protein vinculin and reduced Src 

activity (Opas et al., 1996; Papp et al., 2007). 

Besides the cytosol and the ER, CRT can also be found in the nucleus and functions as a 

nuclear export protein for both protein kinase inhibitor (PKI) and glucocorticoid receptor (GR) 

(Holaska et al., 2001; Holaska et al., 2002; Walther et al., 2003). The CRT-dependent export of 

PKI requires a functional nuclear export signal (NES) within PKI and involves the formation of 

an export complex that contains RanGTP (Holaska et al., 2001; Holaska et al., 2002). On the 

other hand, the CRT-dependent nuclear export of GR does not require an NES but is facilitated 

by the DNA-binding domain of GR, which is shown to function as an NES (Holaska et al., 2001; 

Walther et al., 2003). 
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1.7.3 Cell Surface Functions of Calreticulin 

CRT can also be expressed on the extracellular cell surface (herein referred to as surface 

CRT). Also commonly referred to as ecto-CRT, surface CRT is an important ‘eat me’ molecule 

that facilitates the phagocytic uptake of dying cells (Gardai et al., 2005; Obeid et al., 2007). This 

is another function of non-ER localized CRT that utilizes LRP1 in the clearance of apoptotic 

cells, a process referred to as efferocytosis (Gardai et al., 2005; Obeid et al., 2007). 

Phosphatidylserine (PS) associated cell surface CRT has been shown to provide the recognition 

signal for the removal of apoptotic cells by both professional and nonprofessional phagocytes 

(Gardai et al., 2005; Obeid et al., 2007). During efferocytosis, CRT and LRP1 are in a trans-state 

where CRT is exposed on the surface of the apoptotic cell to be engulfed by the phagocyte 

expressing LRP1 (Nilsson et al., 2012). In addition, this process requires reduced expression or 

antibody-mediated neutralization of CD47 on the target cell. This decreases the ability of CD47 

to engage cell surface tyrosine-protein phosphatase non-receptor type substrate 1 (SIRP-α) on the 

phagocyte which acts as a signal of ‘self’, and prevents phagocytosis from proceeding (Chao et 

al., 2010). 

CRT and LRP1 can also interact in a cis configuration in the same cell within focal 

adhesion complexes (Pallero et al., 2008). The N-terminal domain of matricellular protein 

thrombospondin 1 (TSP1) binds to the CRT-LRP1 complex to signal down-regulation of cell 

adhesion, and increases cell motility through focal adhesion disassembly (Pallero et al., 2008). 

TSP1 signaling through CRT-LRP1 activates cell survival signals such as PI3K leading to 

resistance to apoptosis during anoikis (Pallero et al., 2008). 
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1.7.4 Extracellular Functions of Calreticulin 

There is an emerging body of work supporting the presence of extracellular CRT as a 

physiologically relevant phenomenon (Gold et al., 2006; Johnson et al., 2001; Tesniere et al., 

2008; Wang et al., 2012). There is a low level of CRT present in normal human serum; the 

source is presumably the release from dying, apoptotic cells (Ni et al., 2013). In certain 

pathological conditions, cells exposed to high levels of stress may undergo cell death that 

triggers the release of intracellular proteins including chaperones. When proteins that are 

normally intracellular become exposed to the immune system, an autoantibody response is likely 

to occur. Indeed, in patients with inflammatory autoimmune diseases such as systemic lupus 

erythematosus, rheumatoid arthritis or celiac disease, there not only is a heightened level of 

serum CRT, but autoantibodies against CRT can be found as well (Den Berg and Van, 1998; 

Garcia et al., 1994; Karska et al., 1995; Ni et al., 2013; Sanchez et al., 2000; Tarr et al., 2010a).  

Besides a role in autoimmune diseases, one of the extracellular functions of CRT is 

facilitating wound healing (Nanney et al., 2008). The administration of soluble CRT to exposed 

wounds significantly increased the rate of cutaneous wound healing in multiple animal models 

including pigs, rats, and mice (Greives et al., 2012; Ignacio Arias et al., 2015; Nanney et al., 

2008). The administration of CRT to wounds was shown to increase the expression of 

transforming growth factor β3, an important wound healing factor, and also to increase cellular 

proliferation and migration of keratinocytes and fibroblasts (Nanney et al., 2008). 

 

1.7.5 Translocation of Calreticulin from ER to Cell Surface 

In order for CRT to be present and function in the cytosol, cell surface or the extracellular 

environment, it must first translocate from the ER to these target locations. The ER is the main 
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organelle of protein synthesis and modification in the cell. To avoid a waste of resources, ER 

resident proteins such as chaperones must be distinguished from secretory proteins in order to 

prevent their release via the secretory pathway. Indeed, researchers have identified a carboxy 

terminal sequence of Lysine-Aspartic Acid-Glutamic Acid-Leucine (KDEL), termed the ER 

retention sequence, on ER resident proteins such as CRT, protein disulfide-isomerase (PDI) and 

binding immunoglobulin protein (BiP) (Munro and Pelham, 1987; Smith and Koch, 1989). ER 

resident proteins with a KDEL sequence can traffic proteins destined for secretion in vesicles 

between the ER and Golgi apparatus. The Golgi apparatus expresses KDEL receptors that can 

recapture KDEL containing proteins and return them to the ER. Much like the multiple 

localization examples for CRT, other chaperones or ER resident proteins containing the KDEL 

sequence such as gp96, calnexin and heat shock protein 47 can also be detected in non-ER 

locations (Altmeyer et al., 1996; Robert et al., 1999; Sauk et al., 1998; Wiest et al., 1997), 

suggesting that the KDEL motif does not sentence a protein to an exclusive life within the ER.   

To date, multiple CRT translocation mechanisms have been proposed with varying 

degrees of evidence to support each of the hypotheses. Firstly, as observed in immature 

hematopoietic cells, it was speculated that the lack of ER retention of KDEL-containing proteins 

was likely due to nascent ER proteins that adopt a folded state which masks the KDEL sequence, 

and that is later corrected in mature hematopoietic cells (Wiest et al., 1997). Similarly, the 

presence of a high-stress environment, which can trigger cellular apoptosis, can influence the pH 

or oxidative status of the ER of the dying cell. Such an influence stems from the high 

concentration of reactive oxygen species (ROS) produced in response to the stress. These 

changes in the ER environment may impact the folding conformation of ER chaperones such as 

CRT, leading to masking of the KDEL sequence and eventual release of CRT through the ER-
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Golgi pathway (Corbett et al., 2000). Similarly, changes in pH can lead to decreased binding 

efficiency and capacity of the KDEL receptors, and this also results in presentation of heat shock 

proteins or chaperones on the cell surface (Sauk et al., 1998; Wilson et al., 1993). 

CRT is typically retained within the ER through the KDEL receptor-mediated retrograde 

retention pathway. The presence of CRT on the cell surface or the extracellular environment 

could be explained if CRT can be demonstrated to pass through the anterograde type secretory 

pathways. Indeed, a glycosylated form of CRT was shown to traffic to the cell surface via the 

Golgi complex/actin-mediated exocytic vesicle anterograde pathway in the murine colon cancer 

cell line, CT26, and a myeloid tumor cell line, HL60 (Denning et al., 1997; Panaretakis et al., 

2009).  

There is also evidence to suggest that CRT can leave the ER via a retrotranslocation 

pathway (Tarr et al., 2010b). Misfolded proteins are typically ubiquitinated and marked for 

retrotranslocation into the cytosol for proteasome degradation (Tsai et al., 2002). Using digitonin 

to specifically permeabilize only the plasma membrane of mammalian cells while leaving the 

membranes of intracellular organelles such as the ER intact, Afshar et al. estimated that 14% of 

total CRT is non-ER localized (Afshar et al., 2005). This non-ER CRT was not ubiquitinated, 

indicating that the CRT retrotranslocation pathway is independent of ubiquitin. Other evidence 

indicates that the CRT retrotranslocation pathway occurs via the nucleus, where CRT acts as a 

nuclear export protein and reaches the cytosol through nuclear export complexes (Holaska et al., 

2001). 

Besides glycosylation, other post-translational modifications such as arginylation and 

citrullination of CRT that occur in the cytosol seem to play a role in CRT presentation on the cell 

surface (Decca et al., 2007; Sambrooks et al., 2012). As discussed above, CRT may leave the ER 
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through retrotranslocation, or by overwhelming the KDEL receptor during cellular stress. Once 

in the cytosol, citrullinated CRT may be presented on the cell surface through binding with 

ERp57 and lipid raft flipping (Kepp et al., 2010). Other evidence also suggests that citrullinated 

CRT has a high affinity for PS and they may cluster with ERp57 on the lipid raft (Païdassi et al., 

2011). Less is known about arginylated CRT, but it is interesting to note that in cell types lacking 

arginyl-tRNA protein transferase (ATE1), a protein responsible for arginylation, CRT cannot be 

detected on the cell surface (Decca et al., 2007; Sambrooks et al., 2012).  

In summary, while CRT is predominantly an ER-enriched protein, it can also be found in 

multiple intra- and extra-cellular locales. As such, many possible mechanisms have been 

proposed to suggest the transit mode of CRT to the non-ER cellular compartments. Owing to the 

diversity of functions regulated by CRT, the mechanism of CRT trafficking remains a subject of 

keen interest. 

 

1.8 Immunogenic Cell Death 

At any given time in a healthy human body, millions of cells undergoing apoptosis are 

removed without invoking an inflammatory response. This type of apoptosis, known as 

tolerogenic or non-immunogenic, promotes tolerance to self and does not impact the immune 

system in any significant way (Galluzzi et al., 2012b; Green et al., 2009). Naturally, the 

counterpart to non-immunogenic cell death is immunogenic cell death (ICD), where the antigens 

originating from the dead or dying cell are able to stimulate an immune response. This past 

decade has seen research into the phenomenon of ICD gaining traction, in particular when it is 

studied in the context of the cancer cell (Green et al., 2009). 
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ICD involves changes in the cell surface presentation of specific proteins as well as the 

release of soluble mediators, both of which usually occur in a defined temporal sequence 

(Galluzzi et al., 2012b; Green et al., 2009; Kepp et al., 2009; Obeid et al., 2007). Such signals are 

collectively termed damage-associated molecular patterns (DAMPs). They engage a series of 

receptors such as Toll-like receptor (TLR) 2 and 4, CD91, CD40 and LRP1, that are expressed 

by phagocytes to stimulate the presentation of tumor antigens to T cells (Garg et al., 2012; 

Spisek and Dhodapkar, 2007). Important DAMPs that collaborate to elicit an immune response 

include CRT, HMGB1, ATP and a number of heat shock proteins such as HSP27, HSP70 and 

HSP90 (Graner, 2016; Krysko, 2013; Ren et al., 2016; Roy et al., 2014).  

Most of the ICD-inducing agents have a profound effect on ER homeostasis, leading to 

ER stress and generation of ROS (Garg et al., 2012; Kroemer et al., 2013; Krysko et al., 2012). 

Both ER stress and accumulation of ROS play an important role in the signaling pathways 

leading to ICD and the secretion of DAMPs (Garg et al., 2012; Kroemer et al., 2013; Krysko et 

al., 2012). CRT that normally resides in the ER is translocated to the cell surface during ICD, 

where it functions as an “eat me” signal for phagocytes (Garg et al., 2012; Obeid et al., 2007). 

HMGB1 is an important nuclear chromatin protein that is released into the extracellular space 

during the last stages of immunogenic apoptosis. Released HMGB1 binds to TLR2 and TLR4, a 

process that is required for the optimal presentation of tumor antigens to phagocytes (Apetoh et 

al., 2007a; Apetoh et al., 2007b; Kazama et al., 2008). ATP is the last of the important DAMPs 

released by cells undergoing ICD. Released or secreted ATP functions as a “find-me” signal that 

guides professional phagocytes to the site where cellular apoptosis is occurring (Garg et al., 

2012). 
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1.8.1 Treatments that Induce Immunogenic Cell Death 

Immunogenic cell death or immunogenic apoptosis can be induced by chemotherapeutic 

agents such as the anthracyclines (doxorubicin, daunorubicin, and mitoxantrone, to name a few), 

oxaliplatin and bortezomib, or by radiotherapy and photodynamic therapy (PDT) (Casares et al., 

2005; Garg et al., 2012; Garg et al., 2010; Obeid et al., 2007; Spisek et al., 2007). It has been 

shown that tumor cell lines treated ex vivo with the aforementioned therapies and then 

transplanted into immunocompetent mice, effectively function as a cancer vaccine in the absence 

of any adjuvants or immunostimulatory substances (Kroemer et al., 2013). Furthermore, these 

mice are protected against the same tumor cell lines when re-challenged with them.  

To date, many more treatments have been found to elicit an immune response against 

malignant tumors. The mAb 7A7 induces CRT, HSP70, and HSP90 cell surface presentation in 

D122 lung carcinoma cells, subsequently leading to protective immune responses in vaccination 

experiments (Garrido et al., 2011). BK channel agonists such as phloretin and pimaric acid 

induce the overexpression of HSP60, HSP70, and HSP90 as well as the release of HMGB1 in rat 

glioma cells leading to protective immune responses in vivo (Hoa et al., 2009). Mafosfamide, 

which is a type of cyclophosphamide, promotes surface CRT presentation and HMGB1 release 

from EG7 lymphoma cells that then stimulated a protective immune response in vaccination 

experiments (Schiavoni et al., 2011).  

Besides single agent treatments that can stimulate the presentation of the three major 

DAMPs (CRT, HMGB1, and ATP), combinations of agents may also achieve the same effect 

(Kroemer et al., 2013). For example, cardiac glycosides are ineffective in killing cancer cells, but 

can effectively induce CRT exposure, ATP release, and HMGB1 release. When used in 

conjunction with non-ICD inducing chemotherapeutics such as cisplatin or mitomycin C, cardiac 
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glycosides can stimulate ICD in vaccination experiments (Menger et al., 2012). Another example 

of combination chemotherapy capable of inducing ICD is thapsigargin and cisplatin. 

Thapsigargin is an ER stressor that stimulates cell surface presentation of CRT but fails to induce 

the release of ATP and HMGB1. Cisplatin, on the other hand, is a non-ICD inducing 

chemotherapeutic that causes the release of ATP and HMGB1 but does not stimulate CRT cell 

surface presentation. The combination of thapsigargin and cisplatin induces the release of these 

three DAMPs and ICD in vaccination experiments (Galluzzi et al., 2012a; Martins et al., 2011). 

Although not technically a treatment, certain viral infections, such as measles, can also induce 

ICD (Donnelly et al., 2013). 

  In summary, therapeutic regimes that facilitate the induction of ICD in tumor cells can 

exert strong anti-cancer effects beyond simply killing the target cells (Martins et al., 2011; 

Menger et al., 2012). Therefore, suboptimal chemotherapeutic regimens which fail to induce 

ICD, changes in cancer cells that prevent the secretion of DAMPs, or defects in the immune 

system that prevent recognition of the malignant cells, can all play a role in treatment failure. 

 

1.9 Somatic Calreticulin Mutations Associated with Myeloproliferative Neoplasms 

Myeloproliferative neoplasms (MPNs) are a rare and heterogeneous group of 

hematological neoplasms with similar biology (Vardiman et al., 2009). In MPNs, mutations 

originating within the hematopoietic stem cell lead to clonal amplification of certain myeloid 

progenitors, which ultimately result in excess production of mature and immature cells in either a 

single or multiple myeloid lineages. The classic MPNs include polycythemia vera, essential 

thrombocythemia, and primary myelofibrosis. The combined annual incidence rates for 

polycythemia vera, essential thrombocythemia, and primary myelofibrosis, calculated from 
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electronic database reports to August 2012, were 0.84, 1.03, and 0.47 per 100,000, respectively 

(Titmarsh et al., 2014). Even though MPNs start out as benign tumors, they can spontaneously 

transform and evolve into either myelodysplastic syndrome or acute myeloid leukemia that are 

associated with a much worse prognosis (Abdel-Wahab et al., 2010; Björkholm et al., 2011; 

Finazzi et al., 2005). 

To date, multiple genetic markers have been found to be associated with MPNs and this 

has enabled their better diagnosis and treatment. Approximately 95% of polycythemia vera 

patients and approximately 50% of essential thrombocythemia and 65% of primary 

myelofibrosis patients have the JAK2V617F gain-of-function mutation (Tefferi, 2010). In 

addition, 5 to 10% of patients with essential thrombocythemia or primary myelofibrosis with 

nonmutated JAK2 carry activating mutations in the thrombopoietin receptor gene, MPL (Pikman 

et al., 2006; Rumi et al., 2013). Taken together, nearly all polycythemia vera patients have the 

JAK2 mutation while approximately 2/3 of essential thrombocythemia and primary myelofibrosis 

patients carry either JAK2 or MPL mutations. This leaves 1/3 of essential thrombocythemia and 

primary myelofibrosis patients with an as yet uncharacterized mutation or genotype associated 

with the disease. In 2013, somatic mutations in CALR, which encodes for CRT, were identified 

in 70-84% of patients who are both JAK2 and MPL negative, making mutated CALR the second 

most frequently occurring genetic marker for MPNs right after mutated JAK2 (Klampfl et al., 

2013; Nangalia et al., 2013).  

All CALR mutations associated with MPN happen at exon 9; they are either insertions or 

deletions that cause a frameshift to an alternative reading frame which creates a new C-terminal 

domain for the mutated CRT protein (Klampfl et al., 2013; Nangalia et al., 2013). The two most 

frequently occurring CALR variants are termed type I and type II, where type 1 (L367fs*46) 



44 

 

results from a 52 base pair deletion and type 2 (K385fs*47) results from a 5 base pair insertion 

(Klampfl et al., 2013). Both the type I and II mutations encode a predicted CRT protein with a 

significantly altered C-terminal region in which most of the acidic sequences and the KDEL ER 

retention sequence are lost. Taking its place is an alternate translation reading frame derived 

from the genomic DNA sequences which flank the mutated CALR loci corresponding to exon 9. 

Importantly, the type I mutant CRT retains 92%, while the type II mutant CRT retains 97%, of 

the wildtype CRT protein. However, as of the writing of this thesis, whether or not the MPN-

associated activities of the novel C-terminus might be attributed to the loss of the KDEL ER 

retention sequence remains unknown. 

 

1.10 Calreticulin Facilitation of JAK/STAT Signaling 

The occurrence of the MPN-associated somatic mutations in CALR (Klampfl et al., 2013; 

Nangalia et al., 2013) and the JAK2 gain-of-function mutation is mutually exclusive, suggesting 

a possible overlap in functionality between the CALR and JAK2 mutations. The valine-to-

phenylalanine (V617F) alteration constitutively activates JAK2, resulting in increased 

phosphorylation of downstream STAT proteins, increased cytokine responsiveness and cytokine-

independent proliferation of myeloid cells (James et al., 2005; Kralovics et al., 2005). Indeed, 

expression of type I mutant CRT in the BaF3 reporter pro-B cell line increased the level of 

STAT5 phosphorylation compared to cells expressing non-mutated wildtype CRT (Klampfl et 

al., 2013). 

Further investigations have provided mechanistic insights into the manner by which 

mutated CRT induces the proliferation of myeloid cells leading to MPN. CRT appears to be a 

key mediator that facilitates the activation of the JAK/STAT signaling pathway downstream of 
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myeloproliferative leukemia protein (MPL), which is the thrombopoietin cytokine receptor 

(Araki et al., 2016; Chachoua et al., 2016). The C-domain of type I mutated CRT interrupts the 

N-P domain interaction to expose the CRT N-domain (see Figure 1.6 for CRT domains), which 

is then able to interact directly with the JAK2-MPL protein complex (Araki et al., 2016). This 

triplex of mutant CRT, JAK2 and MPL facilitates the thrombopoietin-independent activation of 

JAK2, and subsequent JAK-mediated phosphorylation of STAT proteins (Araki et al., 2016). 

Interestingly, this activation, although constitutive, appears to be much weaker than 

thrombopoietin-induced activation of JAK2, or mutant JAK2V617F mutation, thus providing a 

possible explanation as to why MPNs with mutated CALR have a better prognosis than those of 

JAK2V617F (Araki et al., 2016; Chachoua et al., 2016). Interestingly, perhaps occurring through 

a similar or different mechanism/s, overexpression of wildtype CRT facilitates JAK/STAT 

signaling in multiple tumor cell types including in both solid and hematopoietic malignancies 

(Abraham et al., 2010; Du et al., 2009; Li et al., 2005a). Therefore, based on the current state of 

knowledge, it is conceivable that wildtype CRT facilitates JAK/STAT signaling, while the 

somatically mutated CRT variant found in MPNs disrupts the normal conformation of CRT and 

results in constitutive activation of STAT proteins. 

 

1.11 Hypotheses 

As discussed, CAMDR is a contributor to MRD, chemotherapeutic failure and relapse in 

ALL as well as other hematologic malignancies (Damiano et al., 2001; Matsunaga et al., 2003; 

Meads et al., 2009; Naci et al., 2012). Integrins are the major mediators of CAMDR. Most 

integrin-mediated activities, including in CAMDR, have been attributed to β-integrins. Much 

less is known regarding the contribution of α-integrins. The general hypothesis investigated in 
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this work is that the α-integrin cytoplasmic domain contributes to adhesion-mediated survival 

and drug resistance in leukemia. More specific hypotheses are addressed in the following 

chapters as follows. 

The work described in Chapter 3 evaluated the hypothesis that interactions mediated by 

the cytoplasmic tail of α4-integrin regulate T-ALL cell survival and chemoresistance. I found 

that resistance to drug-induced apoptosis was mediated by a conserved motif found in α-

integrins, requiring only the GFFKR membrane-proximal sequence. 

When CRT is on the cell surface, it acts as an “eat me” signal for phagocytes to engulf 

the cell (Coppolino et al., 1995; Liu et al., 2013; Obeid et al., 2007). However, because the 

interaction of CRT with the GFFKR motif in α-integrins promotes cytosolic localization of CRT, 

it is possible that this influences whether or not CRT is present on the cell surface. This leads to 

the work described in Chapter 4 that determined whether the CRT-integrin interactions that 

occur in the cytosol can reduce the immunogenicity of tumor cells treated with ICD-inducers. I 

evaluated the hypothesis that α-integrin expression and function can modulate the presentation 

of cell surface CRT. I found that α-integrin activation and GFFKR motif expression decrease cell 

surface CRT presentation. 

MPN type I CRT mutation constitutively activates STAT proteins whereas wildtype CRT 

facilitates JAK/STAT signaling (Abraham et al., 2010; Du et al., 2009; Klampfl et al., 2013; Li 

et al., 2005a). Therefore, the work described in Chapter 5 explored further the hypothesis that the 

association between the α-integrin GFFKR motif and CRT is involved in JAK/STAT signaling 

and chemoresistance. I aimed to demonstrate the requirement for CRT in CAMDR and in 

GFFKR motif-mediated chemoresistance. Furthermore, I evaluated whether CRT facilitates 

JAK/STAT signaling in T-lymphoblasts. I found that CRT is partially required for GFFKR 
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motif-mediated chemoresistance and CAMDR. In addition, I found evidence implicating CRT 

function in the control of cytokine-induced STAT protein phosphorylation. 
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Chapter 2: Materials and Methods 

 

2.1 Materials 

2.1.1 Cells and Cell Culture 

The human T-ALL cell line, Jurkat clone E6-1, was obtained from American Type 

Culture Collection (ATCC). JB4 is a Jurkat derivative lacking α4-integrin expression (Rose et 

al., 2003). The Jurkat derivative β1
-/- 

cells (Jurkat 6A-A1, subsequently referred to as β1
-/- 

cells in 

this thesis) were provided by Dr. Shimizu (Romzek et al., 1998). Dr. Andrew Weng (BCCRC) 

provided the T-ALL cell lines THP-6, SUP-T1, and DND-41.  

All cells were cultured at 37°C, 5% CO2 in complete RPMI (RPMI 1640 [R8758; Sigma-

Aldrich] supplemented with 10% fetal bovine serum [FBS], penicillin-streptomycin and 

nonessential amino acids [Gibco, ThermoFisher Scientific]). In some experiments, cells were 

gradually adapted for growth in media supplemented with Cell-Ess
® 

(Essential Pharmaceuticals) 

in place of FBS, as per the manufacturer’s instructions.  

The primary human T-ALL cells, BD-53 and BD-67, were obtained from the BC 

Children’s Hospital Biobank with ethics approval from the BC Women’s and Children’s 

Hospital institutional review board (H12-03216). The relapsed bone marrow aspirate was thawed 

and 10
6
 cells injected via tail vein into NOD-SCID/IL-2Rγ null (NSG) mice (Jackson 

Laboratory). Recipient mice were monitored for human leukemia cell engraftment and expansion 

by flow cytometric analysis of peripheral blood. Mice with high leukemia burden were 

euthanized, and their spleens (80% human CD45
+
 lymphoblasts) immediately used as the source 

for primary T-ALL cells. 
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2.1.2 CRISPR-Cas9 Generation of CRT
-/-

 cells 

CRT
-/-

 cells was generated by CRISPR-Cas9 methodology (Cong et al., 2013).The guide 

RNA sequence targeting the first coding exon for CALR (5' CGAGCCTGCCGTCTACTTCA 3') 

was ligated into the Bbs1 site of pX330. Jurkat cells were nucleoporated and clonally sorted into 

96-well dishes. CRT
-/-

 clones were initially identified by immunofluorescence staining with the 

α-CRT antibody (PA3-900), and later confirmed by sequencing of the targeted genomic loci. 

Multiple clones were isolated and further screened to ensure comparable integrin expression 

relative to the parental clone. Clone hCRT1-3 was used to generate the data shown here, with the 

major phenotypes reproduced in at least 2 other clonal CRT
-/-

 isolates. CRT
-/-

 clones in the other 

Jurkat derivative, Tacδ, were generated in identical fashion to this description. Clone hCRT1-6 

was used for Tacδ/CRT
-/-

 experiments.  

 

2.1.3 Plasmids 

The truncated α4δ integrin corresponding to human α4 amino acids 1-1007 was amplified 

by polymerase chain reaction (PCR) using primers, adding a stop codon following the 

KAGFFKR sequence of α4, and subcloned into pcDNA3.1 (Invitrogen). Tacδ was cloned as a 

fusion of Tac (human CD25 amino acids 1-263) to KLGFFKR encoded with double stranded 

oligonucleotides. To facilitate convenient swapping of the cytosolic tail, KLGFFKR was used 

instead of KAGFFKR since it incorporates the HindIII restriction site. As a control for Tacδ, Tac 

was fused to KLRFGFK to produce Tacδ
scr

, which encodes the scrambled version of GFFKR as 

the cytosolic tail. Expression plasmids for full-length α4-integrin and Tac epitope were gifts 

from Dr. Mark Ginsberg (UCSD). The expression plasmids for IL6Rα and IL7Rα were obtained 

from the DNASU Plasmid Repository (Arizona State University).  
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GFP-CRT is an N-terminal Green Fluorescent Protein (GFP) fusion to human CRT 

(amino acids 18-417), provided by Dr. Eggleton (Tarr et al., 2010b). To reconstitute ER-

targeting function, the signal sequence (ss) of CRT (amino acids 1-17) was fused N-terminal to 

GFP-CRT, producing ssGFP-CRT. The KDEL ER retention sequence deleted, GFP-tagged CRT 

with ER-targeting signal sequence (ssGFP-CRT-KDELdel) was made from PCR amplifying 

ssGFP-CRT using primers that artificially inserted restriction enzyme cut site and subcloned 

back into EGFP-C3. The inserted restriction enzyme cut sites were used to replace the C-

terminal KDEL sequence with a stop codon. The GFP-tagged myeloproliferative neoplasm CRT 

mutant type I with ER-targeting signal sequence (ssGFP-CRT-mutant type I) was made from 

PCR amplifying ssGFP-CRT using primers that artificially inserted restriction enzyme cut site 

and subcloned back into EGFP-C3. The inserted restriction enzyme cut sites were used to replace 

the wildtype C-terminal sequence with mutant sequence. IRES-GFP-CRT was made from 

replacing the cytomegalovirus (CMV) promoter with the internal ribosome entry site (IRES) for 

GFP-CRT.  

 

2.1.4 Recombinant Proteins and Fibronectin 

Glutathione S-transferase (GST)-tagged proteins were purified from BL21 Escherichia 

coli lysates by affinity chromatography through glutathione sepharose (GE Healthcare) 

according to the manufacturer’s instructions. GST-CS1 and GST-Fn9.11 are GST fusions to 

fibronectin CS1 region and repeats 9-11, respectively (Jongewaard et al., 1996; Ramos and 

DeSimone, 1996). Expression vectors for GST-KLGFFKR and GST-KLRFGFK proteins were 

made as double-stranded oligonucleotides encoding for the peptides fused C-terminal to GST 

encoded by pGEX-4T (GE Healthcare). Fibronectin (Fn) from human plasma was purified in-
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house by affinity chromatography through gelatin sepharose (GE Healthcare). FITC-Fn was 

prepared by labeling Fn with fluorescein isothiocyanate according to the manufacturer’s 

instruction (Sigma-Aldrich). 

 

2.1.5 Antibodies 

The following antibodies were used for flow cytometric labeling of cell surface proteins: 

α4-integrin (9F10), α5-integrin (NKI-SAM-I), Tac (BC96), F4/80 (BM8) and IL6Rα (UV4) from 

BioLegend; β1-integrin (sc-53711) from Santa Cruz Biotechnology; CRT (ab2907) and IFNARα 

(ab90498) from Abcam; and GFP (GF28R) from ThermoFisher Scientific. Antibodies used for 

intracellular labeling and immunofluorescence microscopy were: CRT (ab2907) and PDI 

(ab2792) from Abcam. Antibodies used for immunoblotting are: Akt (40D4), α4-integrin 

(#4600), phospho-Akt substrate (23C8D2), phospho-Tyr705 STAT3 (D3A7), phospho-Tyr694 

STAT5 (D47E7), STAT3 (124H6) and STAT5 (#9363) from Cell Signaling Technology; α4-

integrin (sc-365209) and Tac (sc-665) from Santa Cruz Biotechnology; GAPDH (FF26A/F9) 

from BioLegend; calreticulin (PA3-900)  from Thermo Scientific; phospho-Thr308 Akt 

(EP2107Y) and phospho-Ser473 Akt (EP2109Y) from Epitomics. Antibodies used for 

immunoprecipitation were: α4-integrin (sc-365209) from Santa Cruz Biotechnology or α4-

integrin (HP2/1) from Becton-Coulter and Tac (BC96) from BioLegend. Antibodies used for 

integrin activation and phagocytosis assays were: β1-integrin (9EG7) from ThermoFisher 

Scientific; β1-integrin (TS2/16) from BioLegend and CD47 (B6H12) from BD Pharmingen. 
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2.1.6 Services 

Flow cytometry work was conducted at the Child and Family Research Institute (CFRI) 

Flow Core Facility. Analytical work was conducted on FACSCalibur, FACSCanto, and 

LSRFortessa, while fluorescence activated cell sorting was conducted on a FACSAria (BD 

Biosciences). Some analytical work mentioned in Chapter 4 and 5 was conducted on a BDAccuri 

located in the Michael Cuccione Laboratories. Post-acquisition analysis was done using FlowJo 

(Tree Star).  

 

2.2 Methods 

2.2.1 Cell Transfection 

Cell transfections with α4, α4δ, Tacδ and Tacδ
scr

 constructs were performed using Amaxa 

Nucleofection Kit V (Lonza) by nucleofection using the program X-001 on the Amaxa 

Nucleofector (Lonza) and selected accordingly for hygromycin or G418 (Invitrogen) resistance. 

Cell transfections of CRISPR-Cas9 plasmids, IL6Rα, IL7Rα and all CRT related mutant 

constructs were performed using Opti-MEM (Gibco) by nucleofection using the program X-001 

on the Amaxa Nucleofector. Routinely, transfection used 2 x 10
6
 cells in 100 μL of either 

Nucleofection Kit V solution or Opti-MEM with 2500 ng of plasmids. Cells stably expressing 

the desired receptor levels were sorted to homogeneity following surface immunolabeling with 

antibodies. Cells with CRT knockout by CRISPR-Cas9 were blindly cloned in single cell 

suspension and identified through immunofluorescence imaging for the lack of intracellular 

CRT. 
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2.2.2 Preparation of Adhesion Substrates 

Routinely, tissue culture dishes (Corning Costar) were incubated with 40 μg/mL of GST-

CS1, GST-Fn9.11, GST, Fibronectin (Fn) and bovine serum albumin (BSA) in phosphate 

buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8 mM Na2HPO4, pH 7.4 

(Sigma)) overnight at 4
o
C. Following 2 washes with PBS, the coated dishes were ready for 

seeding with cells.  

 

2.2.3 Cell Apoptosis 

12-well substrate-coated plates were seeded with cells at 2 x 10
5
 cells/well in 1 mL Complete-

RPMI for 4 hours before addition of doxorubicin to the desired concentration. The half maximal 

effective concentrations (EC50) of doxorubicin for Jurkat and JB4 cells were determined to be 

0.05 and 0.03 μg/mL, respectively. After 48 hours of incubation, cells were resuspended and 

incubated with Annexin V-Cy5 (BD Biosciences) according to the manufacturer’s instructions 

prior to flow cytometry analysis. In some experiments, cells were treated with: (i) Akt Inhibitor 

IV (Millipore) at the indicated concentrations; (ii) with 0.6 mM EGTA (Sigma) or 60 μM 

verapamil (Enzo), either alone or with doxorubicin for 48 hours before determination of 

apoptosis.  

 

2.2.4 Cell Adhesion Assay 

Cells were seeded on substrate-coated 6-well dishes for 30 minutes before imaging. For 

each condition, 12 different fields-of-view (FOV) were acquired before physical agitation of the 

dishes, followed by re-acquisition of the same FOVs. Alignment markers imprinted on the dish 

were used for registration of images. Imaging was with an Olympus IX81 microscope equipped 
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with 20X Phase objective, CoolSnap HQ2 camera (Photometrics), H-117 linear-encoded stage 

(Prior Scientific) and control by MetaMorph
®

 (Molecular Devices). Post-acquisition image 

processing was with ImageJ (http://rsb.info.nih.gov/ij/) as follows: Before and after images were 

pseudocolored, aligned and overlaid. Non-translocated cells were scored as adhered and those 

displaced as non-adhered. % cell adhesion was calculated for each FOV (# adhered/total cells) 

with Mean and standard deviation computed for 12 FOVs. On average, each FOV had ~150 

cells, with ~1800 cells scored per cell-substrate combination.  

Some adhesion assays were done with cells pre-labeled with CellTracker™ Green 

CMFDA (Invitrogen) according to manufacturer’s instructions, seeded at 2 x 10
5
 cells/well in 

substrate-coated 96 well plates, and incubated at 37°C for 45 minutes. Fluorescence readings 

were acquired with an Enspire spectrofluorometer (485 nm excitation, 515 nm emission) before, 

and after 3 washes with PBS. Background fluorescence from the incubation medium was 

subtracted from each reading and the percent adhesion was calculated as follows: 100 • 

(Fluorescence after washes/Initial fluorescence). 

 

2.2.5 Affinity Chromatography, Immunoprecipitations, and Western Blot Analysis 

Cell lysates were routinely prepared in PN-buffer (5 mM PIPES, 25 mM NaCl, 75 mM 

sucrose, 25 mM NaF, 20 mM Na4P2O710H2O, 1 mM CaCl2, 1 mM MgCl2, 1% Triton X-100, 

complete protease inhibitors (Roche)). For phospho-Akt and Akt phospho-substrate analysis, 

cells were serum-starved in 0.5% FBS/RPMI for 48 hours before plating on 100 mm substrate-

coated dishes for up to 60 minutes. For immunoprecipitations, 1 mg cell lysate was incubated 

with 2 μg antibodies for 14 hours. Then, 10 μL bed-volume protein A/G sepharose (Pierce) was 

added and incubated for a further 2 hours before washes and elution in SDS-PAGE sample 

http://rsb.info.nih.gov/ij/
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buffer. Where applicable, cells were pre-treated with combinations of 4 μg/mL doxorubicin and 

1 μg/mL 9EG7 for 4 hours prior to lysis. For phospho-STAT3 analysis, cells were resuspended 

in fresh serum-free RPMI and stimulated with 2.5 ng/mL IFNα 2b (GenScript) or 25 ng/mL IL6 

(GenScript) for 15 minutes. For phospho-STAT5 analysis, cells were resuspended in fresh 

serum-free RPMI and stimulated with 10 ng/mL IFNα 2b for 15 minutes. For recombinant GST-

protein pull down of CRT, 1 mg Jurkat lysate was incubated with 12 μg GST-KLGFFKR or 

GST-KLRFGFK immobilized on GSH-sepharose for 14 hours. The loading of GST-proteins was 

done by Coomassie Blue staining of an excised portion of the SDS-PAGE gel. For Western blot 

analyses, SDS-PAGE separated proteins transferred onto nitrocellulose membranes (BioRad) 

were incubated with primary and IR-dye conjugated secondary antibodies (Pierce and Rockland). 

Blots were imaged on an Odyssey Imaging System (LI-COR). The Akt activation index (relative 

units) was calculated as the fluorescence intensity of Akt phospho-substrates divided by GAPDH 

as a loading reference. 

 

2.2.6 Intracellular Calcium Measurements 

Cells re-suspended in Ca
2+

-free PBS were incubated with 1 μM Fluo-4-AM, 0.02% w/v 

Pluronic F-127 (Invitrogen), 0.1% dimethyl sulfoxide (Sigma-Aldrich) for 30 minutes at 22
o
C. 

Following washes, cells were re-suspended in PBS, 1 mM CaCl2/PBS, or 1 mM CaCl2/5 mM 

EGTA/PBS for 10 minutes at 22
o
C, and then kept chilled on ice prior to flow cytometry 

measurements. The median fluorescent intensity (MFI) values were used to compare intracellular 

Ca
2+

 levels within one experiment. Intracellular calcium levels were identical for cells incubated 

with PBS alone or with 1 mM CaCl2/5 mM EGTA/PBS, indicating that Ca
2+

 efflux was not a 

significant factor in the assay. Ca
2+

 influx was calculated as intracellular Fluo-4-AM 
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fluorescence levels in 1 mM CaCl2/PBS subtracted by measurements in PBS alone. To monitor 

adhesion mediated changes in intracellular Ca
2+

, aliquots containing 1x10
5
 Fluo-4-AM-labeled 

cells resuspended in Complete RPMI or Complete RPMI/0.6 mM EGTA were seeded onto BSA, 

CS1 or fibronectin coated wells at 37
o
C, and microplate fluorescence readings taken at intervals 

following cell plating (Enspire, Perkin-Elmer). 

 

2.2.7 Calcein-AM Efflux Assay 

Harvested cells were re-suspended in pre-warmed (37
o
C) Complete RPMI, and seeded as 

100 μL aliquots containing 2 x 10
5
 cells per well in 96-well plates. Plates were incubated for 15 

minutes at 37
o
C, 5% CO2 prior to addition of equal volume calcein-AM (Invitrogen) dissolved in 

pre-warmed Complete RPMI at a final concentration of 250 nM. Cellular esterases convert the 

non-fluorescent calcein-AM to fluorescent calcein that is retained in the cell. Calcein 

fluorescence measurements (Ex: 485 nm, Em: 520 nm) were collected immediately (t=0) and 

thereafter at the indicated time points at room temperature. Between t=15 and t=30 minutes, the 

cells were re-incubated at 37
o
C, 5% CO2. The data plotted are the fluorescence values after 

subtraction of the fluorescence values for cell-free wells, which were taken as blank 

measurements. 

 

2.2.8 Doxorubicin Efflux Assay 

Harvested cells were re-suspended in complete RPMI and incubated with 2 μg/mL 

doxorubicin for 2 hours at 37
o
C. Cells were then washed free of extracellular doxorubicin, and 

resuspended in PBS or 1 mM CaCl2/PBS at 6x10
6
 cells/mL and incubated at 37

o
C, 5% CO2. At 

the indicated time points, aliquots of cell suspensions were removed, centrifuged to pellet cells, 
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and 150 μL of the supernatant recovered to assay for effluxed doxorubicin in a microplate format 

(Ex: 488 nm, Em: 578 nm). The data plotted are the fluorescence values minus the fluorescence 

values for solution only blank measurements. 

 

2.2.9 Stimulation of Cell Surface Calreticulin 

Routinely, 1 x 10
6
 cells/mL in complete RPMI were treated with or without 4 μg/mL 

doxorubicin (Sigma-Aldrich) for 4 hours or 300 μM oxaliplatin (Tocris Bioscience) for 2 hours, 

at 37
o
C. In some assays, cells were serum-starved in serum-free RPMI for 24 hours prior to drug 

treatments. Where indicated, cells were transiently transfected by nucleoporation 24 hours prior 

to drug treatments. For assays involving cell adhesion, cells were seeded on substrate-coated 

wells 1 hour prior to drug treatments. To assess the effect of integrin-binding antibodies, the 

antibody was added to cells 15 minutes prior to drug treatments. Cell surface CRT or GFP-CRT 

levels were measured by flow cytometry analysis of α-CRT or α-GFP antibody-labeled cells 

using 633 nm excitation. Only the non-apoptotic population, defined as Annexin V (BD) 

negative cells, was gated for analysis using Geometric Mean calculation. 

 

2.2.10 Fluorescence Microscopy 

Cells were seeded on fibronectin-coated coverslips to allow adhesion and fixed in 3.7% 

formaldehyde/PBS for 15 minutes, permeabilized in 0.1% Triton X-100/PBS for 5 minutes and 

immunostained for CRT and the ER marker, PDI, with the corresponding antibodies. Images 

were acquired on an Olympus IX81 microscope equipped with a 60x NA1.35 oil immersion 

objective. Post-acquisition processing of images was conducted using ImageJ. Where applicable, 

3.7% formaldehyde/PBS fixed cells were partially permeabilized in 25μg/mL digitonin/PBS 
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(Acros) for 5 minutes. The digitonin concentration was optimized based on the ability to 

maintain ER integrity that precluded staining for PDI, an ER-marker (Afshar et al., 2005). 

 

2.2.11 Partial Permeabilization and Immunostaining for CRT 

Cells were treated with combinations of 300 μM of oxaliplatin for 2 hours and 1 μg/mL 

of 9EG7 for 4 hours, followed by fixation in suspension with 3.7% formaldehyde/PBS for 15 

minutes. Fixed cells were then divided into 2 groups each treated with 0.1% Triton X-100/PBS 

or 25 μg/mL digitonin/PBS (Acros), for 5 minutes. Following 3 washes with PBS, cells were 

immuno-stained for CRT and PDI and analyzed by flow cytometry. The digitonin concentration 

was optimized based on the ability to maintain ER integrity that precluded staining for PDI, an 

ER-marker (Afshar et al., 2005). 

 

2.2.12 Antibody-Induced Integrin Activation 

WT and β1
-/-

 cells were treated with 0.015625 (1/64 dilution) μg/mL to 1 μg/mL of 9EG7 

(β1-activating) antibody for 4 hours. Flow cytometry was used to measure activated β1-integrin 

labeled with the 9EG7 antibody.  

 

2.2.13 Soluble Ligand Binding 

Cells were pre-treated with 1 μg/mL 9EG7 or 1 μg/mL TS2/16 for 4 hours or 1 mM Mn
2+

 

or 3 mM EGTA for 30 minutes prior to rinsing with PBS twice. Pre-treated cells were then 

incubated with 0.2 mg/mL of FITC-Fn for 30 minutes and rinsed with PBS afterward. Flow 

cytometry was used to measure the FITC-Fn binding to treated cells.  
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2.2.14 Phagocytosis Assay 

 To prepare macrophages, bone marrow aspirates were flushed from the femur and 

tibiae of 8-week-old C57BL/6 mice into complete IMDM (IMDM, 10% FBS, pen/strep).  

Aspirates were seeded at a density of 5 x 10
5
 nucleated cells/mL for 4 hours. Non-adherent cells 

were pelleted at 300g for 5 minutes and re-suspended in complete IMDM with 10 ng/mL 

recombinant murine MCSF (StemCell Technologies) for 10 days with complete media changes 

at 4 and 7 days. Adherent cells (macrophages) from 10-day cultures were >95% Mac-1
+
 and 

F4/80
+
 as determined by flow cytometry. Macrophages were lifted using Cell Dissociation 

Buffer (enzyme free) as per manufacturer’s instructions (Gibco, Thermo-Scientific) and re-

suspended in complete IMDM at 5 x 10
5
 cells/mL. Macrophages were spun down and re-

suspended in blank IMDM for 1 hour prior to co-incubating with target cells in phagocytosis 

assays. 

To prepare target cells, Jurkat cells were labeled with CellTracker™ Green (Invitrogen) 

according to the manufacturer’s instructions. Labeled cells were then incubated with or without 1 

μg/mL 9EG7 (β1-integrin activating antibody) for 4 hours at 37
o
C. As applicable, cells were also 

co-incubated for the final 2 hours with or without 7 μg/mL α-CD47 (B6H12) and/or 300 μM 

oxaliplatin. Treated cells were washed twice with PBS and re-suspended in serum-free IMDM. 

Phagocytosis assays were initiated by mixing 2.4 x 10
5
 macrophages with 1.2 x 10

6
 Jurkat cells 

per well in 24-well plates for 2 hours in serum-free IMDM at 37
o
C. Murine macrophages were 

subsequently stained with F4/80 antibodies, and total cells recovered using Cell Dissociation 

Buffer for analysis by flow cytometry. Phagocytosis was calculated as follows: % Phagocytosis 

= 100 • (CellTracker
+
, F4/80

+ 
macrophages/total macrophages). In some experiments, 
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macrophages were re-plated on coverslips for imaging by fluorescence microscopy to confirm 

successful internalization of target cells. 

 

2.2.15 Statistical Analysis 

The unpaired 2 tail Student’s t-test was used to calculate p-values. Error bars shown are 

the standard deviation values obtained from at least 3 treatment replicates conducted within an 

experiment. Each experiment is representative of similar results obtained in at least 2 

independently conducted experiments. 
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Chapter 3: Integrin Cell Adhesion Mediated Drug Resistance in T-ALL 

 

3.1 Overview and Rationale 

Work published by other groups has demonstrated the phenomenon of CAMDR 

occurring in hematological cancers such as acute myelogenous leukemia and multiple myeloma 

(Hazlehurst et al., 2000a; Matsunaga et al., 2008; Matsunaga et al., 2003; Mori et al., 2004). Naci 

and colleagues used the Jurkat T-ALL cell line to demonstrate that CAMDR can be effected via 

integrin α2-mediated adhesion (Naci et al., 2012). However, the possible involvement of the 

immunologically important integrin α4 in T-ALL CAMDR has not been shown. High integrin α4 

expression correlates with MRD in ALL (DiGiuseppe et al., 2009), and MRD is a good predictor 

of treatment failure and tumor relapse (Borowitz et al., 2008). Indeed, high integrin α4 mRNA 

expression was identified as an adverse risk factor in childhood ALL at first relapse (Shalapour 

et al., 2011). Integrin α4 is also an important integrin for retention and homing of hematopoietic 

cells to the bone marrow stroma (Hidalgo et al., 2001; Miyake et al., 1991; Möhle et al., 1995; 

Petty et al., 2009). In addition, a number of important protein interactions involving α4 integrin 

cytoplasmic interactions have been characterized, including interactions that promote pro-

survival signaling occurring via PI3K/Akt signaling (Chekenya et al., 2008; Lim et al., 2001; 

Song et al., 2005; Xia et al., 2004). This formed the original basis of my investigation into the 

role of integrin α4 in CAMDR of T-ALL. I found that the phenomenon of CAMDR can be 

induced by cell adhesion mediated by a number of T cell integrins. In particular, the minimal 

integrin cytoplasmic motif required to effect drug resistance was found to be the conserved 

GFFKR motif that is present in all α-integrins.  
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3.2 Integrin Adhesion Promotes Chemoresistance in Jurkat T-ALL 

Jurkat is a T-lymphoblastic cell line established from the peripheral blood of a 14-year-

old male with T-ALL (Schneider et al., 1977). In addition to being a tissue culture model for T-

ALL, Jurkat cells have seen widespread use as a powerful genetic model to study various T cell 

functions. In addition, our laboratory has a collection of Jurkat derivative cell lines that are 

deficient in specific integrin expression, including integrin α4 and β1. Thus, the work reported in 

this thesis primarily utilize Jurkat lymphoblasts as a genetic and biochemical signaling model for 

the functional study of integrins and their signaling partners in T-ALL subjected to 

chemotherapy in vitro.  

To determine if Jurkat T-ALL cells gain drug resistance upon α4-integrin-mediated cell 

adhesion, I seeded Jurkat cells (the wildtype parental strain is referred to as WT from here on) on 

tissue culture plates that were pre-coated with the following glutathione S-transferase (GST) 

recombinant proteins: GST, GST-CS1, and GST-Fn9.11. GST is used as a control substrate that 

will not engage integrins, while CS1 and Fn9.11 are polypeptide fragments derived from 

fibronectin that specifically engage integrins α4β1 and α5β1, respectively (Jongewaard et al., 

1996; Ramos and DeSimone, 1996). The seeded cells were then treated with doxorubicin and 

assayed for apoptosis by flow cytometry using Annexin V binding to cell surface 

phosphatidylserine (PS). In the absence of drug treatment, the fraction of apoptotic WT cells 

seeded on GST-CS1, GST-Fn9.11 or GST was not significantly different (Figure 3.1A). In 

contrast, there was a higher percentage of cells undergoing apoptosis in doxorubicin-treated WT 

cells seeded on a control non-adherent substrate compared to cells seeded on GST-CS1 or GST-

Fn9.11. 
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Previously, α2β1-integrin has been shown to mediate CAMDR in T-ALL (Naci et al., 

2012). Here, my results show that ligation via α4β1-integrin or α5β1-integrin could also mediate 

CAMDR in Jurkat T cells. Since α2, α4 and α5 are all expressed as heterodimers with β1-

integrins in Jurkat cells, CAMDR appears to be a phenomenon that is applicable to multiple β1-

integrins. It was also reported that adhesion via αLβ2-integrin (also known as LFA-1) can also 

promote CAMDR in multiple myeloma (Schmidmaier and Baumann, 2008; Winter et al., 2001). 

To address the possibility that Jurkat cell adhesion via αLβ2 can also promote CAMDR, WT 

cells were seeded on the αLβ2-integrin substrate, ICAM-1. As expected, the fraction of apoptotic 

WT cells seeded on ICAM-1 and treated with doxorubicin was lower than those seeded on the 

control substrate, BSA (Figure 3.1B). I noted that WT cells seeded on both ICAM-1 and GST-

CS1 showed similar resistance to apoptosis with doxorubicin treatment, indicating that CAMDR 

in Jurkat T cells can be mediated by multiple integrins including α4β1-, α5β1- or αLβ2-integrins.   

To confirm the contribution of α4-integrin to CAMDR, I made use of the JB4 Jurkat-

derivative cell line (Rose et al., 2003) which lacks α4-expression (referred to as α4
-/-

 from here 

on), and α4
wt

 cells, which are JB4 cells stably reconstituted with α4-expression. These cells were 

seeded on GST-CS1 and treated with doxorubicin, resulting in a higher percentage of apoptosis 

in α4
-/-

 cells compared to α4
wt

 cells (Figure 3.2). The chemoresistance exhibited by α4
wt

 cells is 

directly attributed to α4-integrin function since α4
-/-

 cells lack α4-integrin expression and thus 

cannot adhere to the α4-specific ligand, GST-CS1. 

 

 

 

 



64 

 

 

Figure 3.1. Adhesion on integrin substrates confers enhanced resistance to doxorubicin in 

Jurkat T cells 

Wildtype Jurkat cells were seeded on (A) dishes coated with GST-CS1, GST-Fn9.11 or GST or 

(B) dishes coated with GST-CS1, ICAM-1 or BSA for 4 hours, followed by treatment with the 

indicated concentration of doxorubicin for 48 hours. Flow cytometry was used to assess the 

percentage of total cells undergoing apoptosis as labeled by Annexin V binding. The bars show 

the mean  S.D.; n=3 replicates; *p<0.01. 

 

  A                                        B  
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Figure 3.2. Adhesion mediated via α4-integrin confers enhanced resistance to doxorubicin 

α4
wt

 and α4
-/-

 cells were seeded on dishes coated with GST-CS1 for 4 hours, followed by 

treatment with the indicated concentration of doxorubicin for 48 hours. Flow cytometry was used 

to assess the percentage of total cells undergoing apoptosis as labeled by Annexin V binding. 

The bars show the mean  S.D.; n=3 replicates; *p<0.02; **p<0.05. 

 

3.3 α4-integrin with a Truncated Cytoplasmic Domain Exhibits Adhesion-Independent 

Chemoresistance 

The adhesion phenotypes for specific integrins are dependent on the individual 

cytoplasmic tail sequences and their interacting proteins. In instances when integrin heterodimers 

share a common subunit, such as α4β1 and α5β1, then the adhesion phenotype is determined by 

the α-integrin cytoplasmic domain (Kassner and Hemler, 1993). One of the best studied α-

integrin cytoplasmic domain interactions is that of α4-integrin. In this regard, the α4-tail interacts 

with proteins including paxillin, Type I PKA, and non-muscle Myosin IIA to control cell 
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adhesion and migration (Lim et al., 2007; Liu et al., 1999; Rivera Rosado et al., 2011). The α4-

integrin cytoplasmic tail is also required for α4β1-mediated adhesion to extracellular ligands 

(Kassner et al., 1994).  

To determine the requirement of the α4-integrin cytoplasmic tail in supporting α4-

mediated CAMDR, the tail-truncated variant α4δ was constructed (Figure 3.3A). α4δ retained 

the complete extracellular and transmembrane domain of α4 and the minimal α4-tail encoding 

only the juxtamembrane KAGFFKR sequence. This motif is essential for heterodimerization 

with β1-integrin and for maintaining surface α4-expression; thus it cannot be deleted, further 

truncated, or altered (Kassner et al., 1994). α4
-/-

 cells were transfected and selected to stably 

express α4
wt

 or α4δ, and further sorted by flow cytometry to obtain cells with a comparable 

surface expression between α4
wt

 and α4δ (Figure 3.3B). Compared to the parental α4
-/-

 cells, α4
wt

 

and α4δ cells have a higher β1-integrin expression (Figure 3.3B), which indicates that the 

expressed α4 or α4δ formed heterodimers with β1-integrin. Neither α4
wt

 nor α4δ cells were 

compared directly to WT cells in subsequent experiments, which trivialized the lower α4-integrin 

and β1-integrin expression levels obtained on α4
wt

 and α4δ cells. Periodic measurements 

conducted throughout experimentation with these cells revealed no significant differences in the 

expression levels of integrins α4, α4δ, and β1, indicating their expression was stable. I also 

observed no significant differences in the general morphology for Jurkat, α4
-/-

, α4
wt

 and α4δ cell 

lines cultured under standard conditions (Figure 3.4). 

To determine the ligand binding properties of α4
-/-

, α4
wt

, and α4δ cells, I performed a cell 

adhesion assay using the substrates GST-CS1, GST-Fn9.11 and GST (Figure 3.5). α4
-/-

, α4
wt

 and 

α4δ cells adhered to GST-Fn9.11 and not to the control GST substrate. Unlike α4
wt

 cells, α4
-/-

 

and α4δ did not adhere to the α4β1-specific substrate GST-CS1. This result is in agreement with 
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similar tail-truncation work done by others which also showed that the deleted portion of α4-tail 

is required to support adhesion (Kassner et al., 1994).  

Since CAMDR requires adhesion mediated via integrins, and α4δ expression failed to 

support adhesion to GST-CS1, I evaluated the impact of α4δ expression on drug resistance in the 

presence and absence of cell adhesion. Cells were seeded on the various substrates, treated with 

doxorubicin and the % of apoptotic cells determined. Consistent with their adhesion properties, 

cells showed significantly reduced apoptosis when seeded on substrates that they can adhere to, 

in this case, α4
-/-

 cells seeded on GST-Fn9.11, and α4
wt

 cells seeded on GST-CS1 or GST-Fn9.11 

(Figure 3.6). Interestingly, α4
wt

 cells seeded on GST exhibited slightly less doxorubicin-induced 

apoptosis compared to α4
-/-

, suggesting that α4
wt

-expression alone can mediate a weaker drug 

resistance without adhesion. More importantly, α4δ cells seeded on GST-CS1 or GST, which 

does not support their adhesion, showed low levels of apoptosis comparable to cells that were 

adhered through integrins (Figure 3.6). Thus, α4δ cells exhibited a form of chemoresistance that 

is independent of integrin-mediated adhesion. 
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Figure 3.3. Schematic and expression of the α4-tail truncated variant, α4δ 

(A) Schematic of α4-integrin and truncated α4-integrin (α4δ) used depicting the cytoplasmic 

domain sequences. α4δ is truncated as indicated and retains the KAGFFKR portion of the 

cytoplasmic tail. ECD denotes the extracellular domain and TMD denotes the transmembrane 

domain. (B) Flow cytometry determination of cell surface integrin α4 and β1 expression in WT, 

α4
-/-

, α4
wt

, and α4δ cells. Numbers under the histograms show the median fluorescence intensity. 

To ensure the stable expression of α4-integrin and β1-integrin, routine measurements were 

conducted that found no significant differences in expression. 

 

A                                         

 

B  
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Figure 3.4. Cell morphology 

Representative differential interference contrast images of WT, α4
-/-

, α4
wt
, α4δ, Tacδ and Tacδ

scr
 

cell lines. Tacδ is a fusion of Tac (human CD25 amino acids 1-263) to the α4-integrin motif, 

KLGFFKR. As a control for Tacδ, Tacδ
scr

 is a fusion of Tac to the scrambled version of α4-

integrin motif, which is KLRFGFK. The cultured cells were grown in suspension and imaged 

live in the absence of an adhesion substrate (non-adherent conditions). Bar: 20 µm. 
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Figure 3.5. Adhesion assay for α4
wt

, α4δ, and α4
-/-

 cells plated on GST-CS1, GST-Fn9.11 

and GST substrates 

α4
wt

, α4δ, and α4
-/-

 cells were seeded for 30 minutes on dishes pre-coated with GST-CS1, GST-

Fn9.11 or GST and then scored for adhesion as described in Methods. Briefly, images of cells 

were taken before and after physical agitation, and cells not displaced were scored as adherent. 

The percentage of total cells adhered were computed as an average from 12 fields of view (FOV) 

per cell type and treatment condition for one experiment. The bars show the mean  S.D.; n=3; 

*p<0.0001. 
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Figure 3.6. Drug resistance assay for α4
wt

, α4δ, and α4
-/-

 cells plated on GST-CS1, GST-

Fn9.11 and GST substrates 

α4
wt

, α4δ, and α4
-/-

 cells were seeded on dishes pre-coated with GST-CS1, GST-Fn9.11 or GST 

for 4 hours, followed by treatment with 0.03 μg/mL of doxorubicin for 48 hours. Flow cytometry 

was used to assess the percentage of total cells undergoing apoptosis as labeled by Annexin V 

binding. The bars show the mean  S.D.; n=3; *p<0.02; ns, p not significant. 

 

3.4 The Membrane-Proximal GFFKR Motif is Sufficient for Chemoresistance 

Since the truncated cytoplasmic tail encoded by α4δ-integrin still allowed 

heterodimerization with β1-integrin as α4δβ1 (Figure 3.3B)(Kassner et al., 1994), the adhesion-

independent chemoresistance observed with α4δ cells could be attributed either to the β1-

integrin-mediated signals or to the α4δ-tail that carries the juxtamembrane GFFKR motif. To 

evaluate the observed chemoresistance in the absence of β1-integrin, I constructed chimeric 

receptor proteins termed Tacδ and Tacδ
scr

 (Figure 3.7A). Tac is the extracellular and 

transmembrane domains of CD25 with no cytoplasmic domain (Bodeau et al., 2001). Tacδ is a 

fusion of Tac to the C-terminal KLGFFKR peptide, while Tacδ
scr

 carries the scrambled 
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KLRFGFK version of the peptide. Notably, Tacδ is a monomer that does not heterodimerize 

with β1-integrin thus allowing the assessment of GFFKR-mediated effects that excludes the 

signal contributed by β1-integrin. α4
-/- 

cells were transfected and sorted to obtain cell lines that 

express comparable levels of Tacδ and Tacδ
scr

  (Figure 3.7B). Routine expression monitoring for 

the Tac epitope indicated the expression was stable and did not change over time. In terms of 

general morphology, Tacδ and Tacδ
scr

 cells were comparable and indistinguishable to the WT 

Jurkat and other cell lines described earlier (Figure 3.4). In apoptosis assays conducted in the 

absence of cell adhesion substrates, Tacδ, but not Tacδ
scr

 cells, exhibited low levels of 

doxorubicin-induced apoptosis comparable to α4δ cells (Figure 3.8), indicating that the 

membrane-proximal GFFKR motif is sufficient to promote an adhesion-independent form of 

chemoresistance.  
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Figure 3.7. Schematic and expression of Tac and integrin receptors 

(A) Schematic of fusion proteins containing the extracellular and transmembrane domains of the 

carrier epitope, Tac, in comparison with α4
wt

 and α4δ. Tacδ and Tacδ
scr

 are fusions of Tac with 

the cytoplasmic peptide, KLGFFKR, and the scrambled version, KLRFGFK, respectively. ECD 

is the extracellular domain while TMD is the transmembrane domain. (B) Flow cytometry 

determination of cell surface Tac and integrin β1 expression in Tacδ, Tacδ
scr

, and α4
-/-

 cells. 

Numbers under the histograms show the median fluorescence intensity. No significant difference 

was found during measurements that were conducted routinely to ensure the stable expression of 

Tacδ and Tacδ
scr

. 

 

 

A                                         

 

 

B  
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Figure 3.8. Expression of the membrane-proximal GFFKR motif confers enhanced 

chemoresistance in an adhesion-independent manner 

α4
wt
, α4δ, α4

-/-
, Tacδ, and Tacδ

scr
 cells were seeded on GST-coated dishes for 4 hours, followed 

by treatment with 0.03 μg/mL of doxorubicin for 48 hours. Flow cytometry was used to assess 

the percentage of total cells undergoing apoptosis as labeled by Annexin V binding. The bars 

show the mean  S.D.; n=3; *p<0.03; **p<0.01. 

 

3.5 Expression of the GFFKR Motif as α4δ and Tacδ Activates Akt 

Integrin-mediated cell adhesion leads to the activation of Akt (King et al., 1997). This 

phenomenon is implicated in promoting cell survival and increased cell proliferation (Song et al., 

2005). To determine if Akt is involved in T-ALL CAMDR, I seeded cells on integrin substrates 

and performed Western blot analysis to detect phosphorylated Akt as an indicator of Akt 

activation. α4
wt

 cells seeded on GST-CS1 to engage α4-integrin showed increased levels of 

phospho(T308)-Akt at 40 and 60 minutes post-stimulation (Figure 3.9). In contrast, 

phospho(T308)-Akt levels were not changed for α4
wt

 cells seeded on the control GST substrate, 
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or for α4
-/-

 cells seeded on GST-CS1, indicating the requirement for integrin-substrate 

engagement to stimulate Akt phosphorylation. 

To determine whether the adhesion-independent chemoresistance demonstrated by α4δ 

and Tacδ cells correlates with Akt phosphorylation, I compared phospho(T308)-Akt levels for 

the cell lines seeded on GST-CS1, GST-Fn9.11 or BSA. Consistent with the results obtained for 

doxorubicin-induced apoptosis, cells adhered on ligands that bind to the corresponding expressed 

integrins have increased phospho(T308)-Akt levels; in this case α4
-/-

 and Tacδ
scr

 on GST-Fn9.11, 

and α4
wt

 on GST-CS1 or GST-Fn9.11 (Figure 3.10). Furthermore, α4δ and Tacδ cells showed 

elevated levels of phospho(T308)-Akt independent of the substrate that they were seeded on 

(Figure 3.10).  

Phosphorylation of Akt at both T308 and S473 sites is required for full activation of Akt 

kinase activity (Liu et al., 2014; West et al., 2003). To determine if GFFKR expression regulates 

Akt phosphorylation at both of these sites, I compared the lysates of non-adherent and adherent 

Tacδ or Tacδ
scr

 cells by Western blot analyses (Figure 3.11). As before, Tacδ cells showed 

constitutively high phospho(T308)-Akt levels in an adhesion-independent manner. In contrast, 

cell adhesion was required to upregulate phospho(S473)-Akt for both Tacδ and Tacδ
scr

 cells. 

Taken together, these results indicated that expression of the monomeric form of the membrane-

proximal GFFKR motif leads to constitutive phosphorylation of Akt at T308, while 

phosphorylation of S473 remains adhesion-dependent. 

Since the extent of the adhesion-independent phosphorylation of Akt in Tacδ cells is 

limited to the T308 site, I proceeded to determine if this was sufficient to promote the activity of 

Akt in Tacδ cells. Akt specifically recognizes the consensus sequence, RXRXXS*/T* as its 

phosphorylation target (Cardone et al., 1998). Lysates of Tacδ and Tacδ
scr

 cells were probed with 
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an antibody that recognizes phosphorylated Akt substrates (RXRXXS*/T*) as an indirect 

readout for Akt kinase activity. Under non-adherent conditions, Tacδ cells exhibited higher 

levels of Akt phospho-substrates compared to Tacδ
scr

 cells (Figure 3.12). Similarly, this 

enhanced level of Akt activation was also observed in WT cells that adhered to fibronectin when 

compared to non-adherent conditions (Figure 3.13).  

Finally, to assess if the enhanced Akt activity mediates resistance to apoptosis, cells were 

treated with Akt inhibitor IV, which blocks Akt activation. I found that a higher concentration of 

Akt inhibitor IV was required to induce a comparable level of apoptosis in Tacδ cells when 

compared to Tacδ
scr

 cells (Figure 3.14). A higher concentration of Akt inhibitor IV was also 

required to reduce the Akt activity observed in lysates of Tacδ cells relative to Tacδ
scr

 cells 

(Figure 3.15). Taken together, the results indicated that integrin-mediated adhesion increases Akt 

phosphorylation and activation, and enhances resistance to apoptosis, while cells expressing the 

membrane-proximal GFFKR cytoplasmic tail bypass the adhesion requirement. 

 

 

Figure 3.9. Adhesion through α4 integrin mediates Akt phosphorylation 

α4
wt

 and α4
-/-

 cells were seeded on dishes coated with GST or GST-CS1 for the indicated times, 

and cell lysates were immunoblotted to detect phospho(T308)-Akt and total Akt levels. The 

results shown are representative of more than 3 experiments. 
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Figure 3.10. α4δ and Tacδ expression circumvent the requirement for cell adhesion 

mediated stimulation of Akt phosphorylation 

Tacδ, Tacδ
scr

, α4
-/-

, α4
wt

 and α4δ cells were seeded on dishes coated with GST-CS1, GST-

Fn9.11, or BSA for 45 minutes, and cell lysates were immunoblotted to detect phospho(T308)-

Akt and total Akt levels. The results shown are representative of more than 3 experiments. 

 

 

 

Figure 3.11. Tacδ expression mediates constitutive Akt phosphorylation at T308 

Tacδ and Tacδ
scr

 cells were seeded on dishes coated with GST-Fn9.11 (adhesion +ve) or GST 

(adhesion -ve) for 45 minutes, and cell lysates were immunoblotted to detect phospho(T308)-

Akt, phospho(S473)-Akt, and total Akt levels. The results shown are representative of more than 

3 experiments. 
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Figure 3.12. Tacδ expression promotes Akt activation 

Lysates of Tacδ and Tacδ
scr

 cells were immunoblotted to detect Akt phospho-substrates and 

GAPDH. The Akt activation index was calculated as the total signal of Akt phospho-substrates 

divided by the signal of GAPDH. The bars show the mean  S.D.; n=3 independent experiments; 

*p<0.05. 

 

 

Figure 3.13. Cell adhesion to an integrin substrate promotes Akt activation 

WT cells were seeded on dishes coated with BSA or fibronectin (Fn) for 30 minutes, and cell 

lysates were immunoblotted to detect Akt phospho-substrates and GAPDH. The Akt activation 

index was calculated as the total signal of Akt phospho-substrates divided by the signal of 

GAPDH. The bars show the mean  S.D.; n=3 independent experiments; *p<0.03.  
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Figure 3.14. Induction of apoptosis in Tacδ cells requires a higher level of Akt inhibitor 

Tacδ and Tacδ
scr 

cells were treated with Akt inhibitor IV at the indicated concentrations for 48 

hours. Flow cytometry was used to assess the percentage of total cells undergoing apoptosis as 

labeled by Annexin V binding. The bars show the mean  S.D.; n=3; *p<0.02; ns, p not 

significant. 

 

 

Figure 3.15. Inhibition of Akt activity in Tacδ cells requires a higher level of Akt inhibitor 

Tacδ and Tacδ
scr 

cells were treated with Akt inhibitor IV at the indicated concentrations for 24 

hours, and cell lysates were immunoblotted to detect Akt phospho-substrates and GAPDH. The 

results shown are representative of more than 3 experiments. 
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3.6 Integrin GFFKR Motif-Mediated Chemoresistance is Coupled with Calcium Influx 

To interrogate the underlying mechanism responsible for the GFFKR motif-mediated 

drug resistance, I analyzed the literature for possible pathways. It has been shown that T-cell 

adhesion promotes the elevation of intracellular Ca
2+

 and that Ca
2+

 channel blocking agents can 

restore chemosensitivity of otherwise chemoresistant cells (Weismann et al., 1997; Xia and 

Smith, 2012). I then proceeded to explore the link between integrin-mediated chemoresistance 

and Ca
2+

 flux in CAMDR. 

To measure intracellular Ca
2+

 levels, a cell permeant fluorescent Ca
2+

 indicator, Fluo-4-

AM, was added to Tacδ, Tacδ
scr
, α4

-/-
, α4

wt
 and α4δ cells and assayed under non-adherent 

conditions. Aliquots of the Fluo-4-AM labeled cells were then incubated in media containing 

Ca
2+

, or in Ca
2+

-free media. The difference in cellular Fluo-4-AM fluorescence between the two 

conditions provided a measure of Ca
2+

 influx. I found that α4δ and Tacδ cells exhibited the 

highest levels of Ca
2+

 influx, α4
wt

 cells had intermediate Ca
2+

 influx, while α4
-/-

 and Tacδ
scr

 cells 

had the lowest levels of Ca
2+

 influx (Figure 3.16). Thus, cells exhibiting adhesion-independent 

chemoresistance (Figure 3.8) also exhibited increased Ca
2+

 influx (Figure 3.16). 

Next, I sought to determine the association between GFFKR-mediated chemoresistance 

and Ca
2+

 influx by blocking Ca
2+

 influx into Tacδ cells. I assessed the apoptotic index of cells 

treated with combinations of doxorubicin and EGTA (Figure 3.17). For this purpose, EGTA was 

used at a concentration sufficient to chelate all extracellular Ca
2+

. I showed that blocking Ca
2+

 

influx with EGTA increased the apoptotic index of doxorubicin-treated Tacδ
scr

 cells by 2-fold 

over that of doxorubicin treatment alone. In contrast, EGTA treatment increased the apoptotic 

index of the chemoresistant Tacδ cells by 9-fold over that of doxorubicin treatment alone.  
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As an alternative to chelating the extracellular Ca
2+

, the L-type Ca
2+

 channel inhibitor, 

verapamil, was used to determine if the chemoresistance-coupled Ca
2+ 

influx in T-ALL is 

mediated via L-type Ca
2+ 

channels (Figure 3.18). At a concentration that blocked ~70% of 

extracellular Ca
2+

 influx, verapamil enhanced the chemosensitivity of Tacδ cells to doxorubicin 

by 21-fold over that of doxorubicin alone, while that of the already chemosensitive Tacδ
scr

 cells 

only increased by 1.5-fold. These results suggest that blocking extracellular Ca
2+

 influx via L-

type channel increased the chemosensitivity of T-ALL cells that are otherwise chemoresistant. 

It has been reported that integrin-mediated cell adhesion can promote the elevation of 

intracellular Ca
2+ 

(Sjaastad and Nelson, 1997; Weismann et al., 1997). Along this line of thought, 

I determined if integrin engagement is sufficient to stimulate increases in intracellular Ca
2+

 in 

WT Jurkat cells. WT cells pre-labeled with Fluo-4-AM were seeded onto substrate-coated 

dishes, and fluorescence was monitored over time (Figure 3.19). As expected, the cells exhibited 

comparable fluorescence at t=0 in all conditions, reflecting the comparable quantity of cells 

seeded and before significant adhesion had occurred. Over the next 35 minutes, cells seeded on 

GST-CS1 or fibronectin had significantly higher intracellular Ca
2+

 levels compared to cells 

seeded on BSA. No changes in intracellular Ca
2+

 were observed when EGTA was added to 

chelate extracellular Ca
2+

, indicating that integrin-mediated adhesion promoted the influx of 

extracellular Ca
2+

 into cells. 
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Figure 3.16. Intracellular Ca
2+

 measurements of cells by flow cytometry 

Tacδ, Tacδ
scr
, α4

-/-
, α4

wt
 and α4δ cells were labeled with Fluo-4-AM as described in Methods and 

incubated in PBS with or without 1 mM CaCl2 at 22
o
C for 10 minutes prior to measurements. 

Flow cytometry was used to assess the concentration of intracellular Ca
2+

 as indicated by Fluo-4-

AM fluorescence. Plotted are the intracellular calcium measurements obtained from cells in 1 

mM CaCl2/PBS after subtracting measurements obtained from cells in PBS alone (mean  S.D.; 

n=4; *p<0.01). 
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Figure 3.17. Sequestration of extracellular Ca
2+

 attenuates chemoresistance to doxorubicin 

(A) Tacδ and Tacδ
scr

 cells were treated with combinations of 0.04 µg/ml doxorubicin and 0.6 

mM EGTA for 48 hours. Flow cytometry was used to assess the percentage of total cells 

undergoing apoptosis as labeled by Annexin V binding. As plotted is the mean  S.D.; n=4; 

*p<0.001. (B) Tacδ and Tacδ
scr

 cells were labeled with Fluo-4-AM and incubated with 

combinations of 1 mM Ca
2+ 

and 0.6 mM EGTA at 22
o
C for 10 minutes. Flow cytometry was 

used to assess the concentration of intracellular Ca
2+

 as indicated by Fluo-4-AM fluorescence. 

The bars show the mean  S.D.; n=3; *p<0.03. 

 

 

 

 

 

 

 

 

 

A                                             B  
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Figure 3.18. Blockade of L-type calcium channels with verapamil attenuates 

chemoresistance to doxorubicin 

(A) Tacδ and Tacδ
scr

 cells were treated with combinations of 0.03 µg/mL doxorubicin and 60 μM 

verapamil for 48 hours. Flow cytometry was used to assess the percentage of total cells 

undergoing apoptosis as labeled by Annexin V binding. As plotted is the mean  S.D.; n=3; 

*p<0.002, **p<0.0001. (B) Tacδ and Tacδ
scr

 cells were labeled with Fluo-4-AM and incubated 

with 1 mM Ca
2+

 and either 0.6 mM EGTA or 60 μM verapamil at 22
o
C for 10 minutes. Flow 

cytometry was used to assess the concentration of intracellular Ca
2+

 as indicated by Fluo-4-AM 

fluorescence. The bars show the mean  S.D.; n=3; *p<0.001. 

 

 

 A                                          B  
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Figure 3.19. Cell adhesion promotes increases in intracellular Ca
2+

 

Fluo-4-AM labeled WT cells were seeded on dishes coated with GST-CS1, fibronectin (Fn) or 

BSA with and without EGTA added to the extracellular media. Fluo-4-AM fluorescence was 

measured at the indicated times following cell seeding. The data points show the mean  S.D.; 

n=5; p<0.01 for t=20-35 minutes for Fn versus BSA; p not significant for t=0-15 minutes for Fn 

versus BSA; p not significant for EGTA treated conditions. 

 

3.7 GFFKR Motif-Mediated Chemoresistance is Coupled with Drug Efflux 

One of the mechanisms contributing to chemoresistance is the enhanced expression and 

activity of drug efflux transporters. A recent study reported that β1-integrin-mediated Jurkat cell 

adhesion increased the expression of the p-glycoprotein transporter, MRP1, and decreased the 

intracellular accumulation of doxorubicin (El Azreq et al., 2012). 

To determine if the GFFKR motif-mediated adhesion-independent chemoresistance 

observed in Tacδ cells can be attributed to changes in drug efflux activity, Tacδ and Tacδ
scr

 cells 
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were incubated with calcein-AM, an indicator substrate used to assess the activity of certain p-

glycoprotein-based transporters, including MRP1. I found that Tacδ cells accumulate fluorescent 

calcein at a significantly lower rate than Tacδ
scr

 cells, indicating that Tacδ expression led to 

enhanced efflux of calcein-AM (Figure 3.20).  

Since doxorubicin has an inherently high level of fluorescence, I measured the 

fluorescence of doxorubicin present in the media as an indicator of drug efflux over time. Cells 

were incubated with, and then washed free of, extracellular doxorubicin before being incubated 

in fresh buffer supplement with or without Ca
2+

. The release of cellular doxorubicin back to the 

buffer was assayed by measuring the fluorescence of the cell-free supernatant. When incubated 

in the Ca
2+

-supplemented buffer, the supernatants of Tacδ cells accumulated a significantly 

higher level of doxorubicin when compared to those of Tacδ
scr

 cells (Figure 3.21). In contrast, 

incubation of Tacδ cells in a Ca
2+

-free buffer led to lower rates of doxorubicin efflux compared 

to Tacδ cells in Ca
2+

-supplemented buffer (Figure 3.21), indicating that available extracellular 

Ca
2+

 is an important modulator of doxorubicin efflux. Taken together, these findings showed that 

GFFKR expression leads to chemoresistance to doxorubicin in a manner that is correlated with 

enhanced Ca
2+

 influx and drug efflux. 
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Figure 3.20. Effect of GFFKR expression on calcein efflux 

Tacδ and Tacδ
scr

 cells were incubated with the cell permeant calcein-AM substrate, and 

fluorescence readings were taken at the indicated times. Non-fluorescent calcein-AM is 

hydrolyzed to the highly fluorescent calcein by intracellular esterases; thus the rate of calcein 

accumulation is an indirect and inverse measure of the cellular efflux rates of calcein-AM. The 

data points the show mean  S.D.; n=4; p not significant for t<2 minutes; p<0.05 for 2<t<5 

minutes; p<0.002 for t>5 minutes. 
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Figure 3.21. Effect of GFFKR expression on doxorubicin efflux 

Tacδ and Tacδ
scr

 cells were incubated with 2 μg/mL doxorubicin for 2 hours at 37
o
C prior to 

rinse and re-suspension in PBS with or without 1 mM Ca
2+

. At the indicated times, cell-free 

supernatants were assessed for fluorescence as an indication of doxorubicin efflux from cells. 

The bars show the mean  S.D.; n=3; *p<0.009; ns, p not significant. 

 

3.8 Discussion 

CAMDR contributes to minimal residual disease and relapse in hematological 

malignancies (Bradstock and Gottlieb, 1995; Matsunaga et al., 2003; Meads et al., 2009), and 

integrin function is a major contributor to CAMDR (Damiano et al., 1999; Hazlehurst et al., 

2000a; Hazlehurst and Dalton, 2001; Hazlehurst et al., 2000b). My study describes the 

contribution of the juxtamembrane GFFKR cytoplasmic motif of α-integrins to chemoresistance 

in a T lymphoblast model. Using α4
-/-

 cells reconstituted with wildtype α4-integrin, I confirmed 

that T cell CAMDR requires α4β1-mediated engagement with its substrate. CAMDR in T cells 

may be supported by other integrins as well, as T cells adhered through α4β1-, α5β1- or αLβ2-
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integrin exhibited chemoresistance when plated to adhere on the corresponding substrates. α4
-/-

 

cells expressing the mutant α4δ, where the cytoplasmic domain is truncated to the minimal 

GFFKR motif, revealed a form of chemoresistance that is adhesion-independent. Expression of 

the Tacδ non-integrin transmembrane fusion protein bearing GFFKR as the cytoplasmic domain 

also conferred an adhesion-independent chemoresistant phenotype. Thus, the GFFKR sequence 

conserved in α-integrins constitutes a common pro-survival regulatory motif. 

As a major integrin expressed by hematopoietic cells, α4-integrin has been implicated in 

CAMDR of various hematologic malignancies (Damiano et al., 1999; de la Fuente et al., 2002; 

Gattei et al., 2008; Matsunaga et al., 2008; Matsunaga et al., 2003). However, the 

chemoresistance that is exhibited by cells adhering to substrates engaging other integrins 

including α5, α6, and α2, hints at the generality of this phenomenon (Damiano et al., 2001; De 

Toni-Costes et al., 2010; Naci et al., 2012; Yamakawa et al., 2012). A common denominator for 

these α-integrins is their pairing with β1, without which the adhesion receptor is incomplete. 

Another commonality is the conserved GFFKR motif found in nearly all of the human α-

integrins; of which the α-tail sequences C-terminal to GFFKR are largely divergent (Abram and 

Lowell, 2009). Interactions involving the α4-tail have been characterized with reported effects on 

cell adhesion and migration (Lim et al., 2007; Liu et al., 1999; Rivera Rosado et al., 2011). I had 

anticipated abrogating CAMDR upon reconstituted expression of the tail-truncated α4δ. 

Although cell adhesion to the α4β1-specific substrate was predictably disrupted (Kassner et al., 

1994), α4δ-expressing cells exhibited chemoresistance in the absence of integrin-mediated 

adhesion. The contribution of β1 (as α4δβ1) in adhesion-independent chemoresistance was 

negated upon expression of the monomeric fusion Tacδ construct, indicating that the GFFKR 
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motif is sufficient to promote chemoresistance normally stimulated by integrin-mediated 

adhesion. 

Cells expressing the Tacδ construct provided an opportunity to assess the role of a 

conserved motif found in α-integrins in regulatory roles and survival signaling typically 

stimulated by adhesion. I found that T308-Akt is constitutively highly phosphorylated in the 

GFFKR-expressing cells exhibiting high levels of Ca
2+

 influx, while levels of phospho(S473)-

Akt remains adhesion regulated. Importantly, higher phospho(T308)-Akt levels correlated with 

higher levels of Akt activity detected in lysates of non-adherent Tacδ cells, suggesting 

phospho(T308)-Akt as an important pro-survival event that is regulated downstream of the α-

integrin GFFKR motif. My results are also consistent with the hypothesis postulated by other 

groups that the phosphorylation status of T308-Akt may be a more reliable indicator of Akt 

activity (Vincent et al., 2011), and may serve as a better prognosticator for certain tumor 

outcomes that include acute leukemias (Gallay et al., 2009).  

The increased Ca
2+

 influx may also explain the adhesion-independent high levels of 

phospho(T308)-Akt and Akt activity that I observed in α4δ- and Tacδ-expressing cells, as well as 

in adhered cells expressing wildtype α4. As reported previously, the Ca
2+

/calmodulin-dependent 

protein kinase kinase (CAMKK) can directly phosphorylate T308-Akt in a Ca
2+

-dependent 

manner (Yano et al., 1998). This raises the interesting possibility that high levels of intracellular 

Ca
2+

 may sustain Akt activation following its initial activation via the classical PI3K-dependent 

processes (Vanhaesebroeck and Alessi, 2000). An interesting follow up study can include the 

inhibition or knockout of CAMKK to determine whether GFFKR motif mediated 

phosphorylation of Akt at T308 indeed involves CAMKK as the mediator.  
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Increases in intracellular Ca
2+

 levels stimulated by integrin-mediated adhesion have been 

reported in cell types that include myocytes and T-lymphocytes (Weismann et al., 1997; Wu et 

al., 2001). The Ca
2+

 increases appear to involve extracellular Ca
2+

 influx via L-type channels in 

the plasma membrane, as well as Ca
2+

 release from intracellular stores (Kwon et al., 2000). In 

my assays using Fluo-4-AM to measure free cytosolic Ca
2+

, I observed that the availability of 

extracellular Ca
2+

 is an important determinant to obtaining the intracellular Ca
2+

 increases 

mediated by integrin signaling. Since extracellular Ca
2+

 is required to support integrin-mediated 

adhesion, I cannot conclude that adhesion-stimulated increases in intracellular Ca
2+

 can occur 

without extracellular Ca
2+

 influx. However, cells expressing α4δ or Tacδ did not require 

adhesion to promote the measured increases in intracellular Ca
2+

, so long as extracellular Ca
2+

 is 

available. Verapamil was able to blockade Ca
2+

 influx associated with Tacδ expression, thus my 

findings are consistent with the involvement of L-type channels in α-integrin GFFKR motif-

mediated Ca
2+

 transport.  

Ca
2+

 influx has been associated with the drug efflux function mediated by p-glycoprotein 

transporters, and is thus a possible modulator of chemoresistance (Sulova et al., 2009). This 

relationship is complex, as the use of various Ca
2+

 indicators as well as Ca
2+

 channel inhibitors, 

such as verapamil, have revealed interactions with the p-glycoprotein transporters themselves. 

These interactions may become possible sources of complication. I attempted to control for these 

effects in my assays, as follows. Drug efflux was assessed using both the calcein-AM assay, as 

well as release of doxorubicin from cells. In both cases, enhanced efflux was obtained for cells 

expressing Tacδ. Fluo-4-AM, which is used to assess intracellular Ca
2+

, may itself be a substrate 

for efflux by p-glycoproteins. However, my assay conditions revealed higher intracellular Fluo-

4-AM fluorescence (and hence Ca
2+

) for α4δ and Tacδ cells, thus any loss due to Fluo-4-AM 
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efflux is minimal. I assessed the contribution of Ca
2+

 influx to chemoresistance either by 

chelating extracellular Ca
2+

 with EGTA or by inhibiting L-type Ca
2+

 channels with verapamil. At 

concentrations that appreciably reduced Ca
2+

 influx, I was able to synergize the apoptotic 

inducing effects of doxorubicin. Thus, my results support a correlation between intracellular Ca
2+

 

levels, drug efflux, and apoptosis. 

It is now established from extensive structure-function based studies that activated 

integrins undergo conformational changes that include the physical separation of the cytoplasmic 

domains of α- and β-integrins (Abram and Lowell, 2009; Kim et al., 2011). Such conformational 

changes allow the binding of signaling and structural proteins to the otherwise inaccessible 

cytoplasmic domains of α- and β-integrins. Extrapolating from the available evidence, I postulate 

that for cells expressing the minimal GFFKR motif (α4δ and Tacδ), GFFKR is potentially 

accessible for binding to a pro-survival factor in the absence of adhesion. For cells expressing 

full-length α4-, α5-, or αL-integrins, structural changes within the integrin dimer accompanying 

integrin-mediated adhesion may facilitate the increased association. Ca
2+

 influx may be mediated 

via L-type channel activation, triggering Akt-mediated pro-survival signaling and in the case for 

chemoresistance, increased drug efflux. Thus, cell adhesion via integrins forms a switch for 

activation of pro-survival signaling and chemoresistance. 
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Chapter 4: Integrin Modification of Tumor Immunogenicity 

 

4.1 Overview and Rationale 

To carry out the work described in Chapter 3, I had constructed several cell lines based 

on Jurkat T-lymphoblasts that express α4
wt

 or the mutant form, α4δ, in which the cytoplasmic tail 

was truncated to retain only the α-integrin membrane-proximal GFFKR motif. Expression of 

GFFKR as α4δ and as Tacδ promoted chemoresistance to doxorubicin, activation of Akt and 

influx of Ca
2+

 in a manner independent of cell adhesion. I also showed that these events are 

normally triggered in cells expressing non-mutated integrins when presented with integrin 

adhesion substrates. These findings suggest the importance of the α-integrin GFFKR motif in 

transmitting cell adhesion-mediated pro-survival signaling.  

To infer the possible mechanisms responsible for the GFFKR-mediated chemoresistance, 

I evaluated the literature for α-integrin GFFKR-interacting proteins. Calreticulin (CRT), a 

ubiquitous multi-functional Ca
2+

 binding protein, was identified as a favored candidate since 

CRT is implicated in the regulation of apoptosis, integrin-mediated adhesion, focal adhesion 

assembly, adhesion-mediated Ca
2+

 influx, and associates with several α-integrins (Bastianutto et 

al., 1995; Coppolino et al., 1995; Coppolino and Dedhar, 1999; Coppolino et al., 1997; Dedhar, 

1994; Du et al., 2009; Dupuis et al., 1993; Fadel et al., 1999; Fadel et al., 2001; Gelebart et al., 

2005; Goicoechea et al., 2000; Gold et al., 2010). Although originally discovered as an ER 

resident protein, the presence of CRT on the cell surface during immunogenic cell death (ICD) is 

a widely accepted phenomenon (Green et al., 2009; Kepp et al., 2009; Kroemer et al., 2013; 

Obeid et al., 2007; Tesniere et al., 2008). Certain cancer treatments and chemotherapeutics 

induce the translocation of CRT from the ER lumen to the cell surface where it marks the CRT-
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presenting cell for engulfment by macrophages (Green et al., 2009; Kepp et al., 2009; Kroemer 

et al., 2013; Obeid et al., 2007; Tesniere et al., 2008). Studies have shown that CRT may flip 

between the inner plasma membrane leaflet and outer plasma membrane leaflet in association 

with phosphatidylserine (PS) (Kepp et al., 2010; Païdassi et al., 2011). Thus, as the α-integrin 

GFFKR motif was postulated to interact with CRT, it is plausible that this interaction occurring 

at the inner plasma membrane may impact the cell surface presentation of CRT at the outer 

plasma membrane. The work described in this chapter was carried out to assess the role of 

integrin-regulated cell surface localization of CRT in controlling the immunogenicity of tumor 

cells that are undergoing ICD.  

 

4.2 α-integrin Associates with Calreticulin through the GFFKR Motif 

I first determined if the expression of various constructs affected total CRT levels, since 

cell sensitivity to chemotherapeutics can be modulated by changes in total CRT (Nakamura et 

al., 2000). By Western blot analyses, I found comparable total CRT levels in the cell lines used 

in my experiments (Figure 4.1), suggesting that the phenotypes observed thus far were not due to 

gross changes in total CRT. To determine if CRT interacts with GFFKR, Jurkat WT cell lysates 

were incubated with matrix-immobilized GST-KLGFFKR or GST-KLRFGFK fusion proteins. 

CRT was detected at higher levels in a complex with GST-KLGFFKR, indicating the specificity 

of the interaction (Figure 4.2). To determine if CRT interacts with α4-integrin, I performed co-

immunoprecipitation assays using lysates derived from cells under non-adherent conditions. I 

detected much higher levels of CRT co-immunoprecipitating with α4δ than with α4 (Figure 

4.3.A). In a similar fashion, higher levels of CRT co-immunoprecipitated with Tacδ compared to 

Tacδ
scr

 (Figure 4.3.B). Since cells expressing wildtype α4 exhibited enhanced Akt signaling and 
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chemoresistance only in the adherent state, I determined if plating cells on an adhesion substrate 

may result in an increased association of CRT with α4. Plating of WT cells either on GST-CS1 

or on fibronectin promoted an increased interaction of CRT with immunoprecipitated α4 (Figure 

4.4). Thus, CRT associates with the truncated α4δ in a manner requiring the GFFKR peptide 

motif, and cell adhesion acts as a stimulus to enhance the interaction of CRT with wildtype α4. 

 

 

Figure 4.1. Total CRT expression in various Jurkat-based cell lines 

Comparison of total CRT expression in lysates of α4
wt
, α4δ, α4

-/-
, Tacδ and Tacδ

scr
 cells by 

Western blotting. Equal protein loading was assessed by immunoblotting for GAPDH. The 

results shown are representative of more than 3 experiments. 

 

 

 

Figure 4.2. Pulldown of calreticulin with matrix-immobilized GFFKR protein 

Affinity chromatography using matrix immobilized GST-KLGFFKR or GST-KLRFGFK 

(scrambled) recombinant proteins incubated with Jurkat cell lysates. Binding of CRT was 

assessed by Western blotting. Loading of the GST recombinant proteins was visualized by 

Coomassie Blue staining. The results shown are representative of more than 3 experiments. 
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Figure 4.3. Detection of calreticulin in immunoprecipitates of α4-integrin and Tacδ 

(A) Lysates of α4
wt
, α4δ, and α4

-/-
 cells were incubated with an α4-surface epitope antibody or 

IgG control, and the co-immunoprecipitated proteins detected with antibodies against CRT and 

α4 by Western blotting. (B) Tacδ and Tacδ
scr

 cell lysates were immunoprecipitated with a Tac-

surface epitope antibody, and associated proteins detected with antibodies against CRT and Tac. 

The results shown are representative of more than 3 experiments. 

 

 

Figure 4.4. Effect of cell adhesion on α4-integrin and calreticulin interaction 

WT cells were seeded on dishes coated with GST-CS1 (adhesion), GST (no adhesion), 

fibronectin (adhesion), or BSA (no adhesion). The adhesion status was assessed visually. After 

45 minutes, cell lysates were prepared, incubated with an α4-surface epitope antibody and the 

co-immunoprecipitated proteins detected with antibodies against CRT and α4 by Western 

blotting. The results shown are representative of more than 3 experiments. 

     A                                                  B  
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4.3 Doxorubicin Induces Cell Surface Calreticulin Presentation in Jurkat T-lymphoblasts 

To study the possible contribution of CRT in chemoresistance and ICD in T-

lymphoblasts, I constructed a Jurkat (WT) derivative CRT knockout cell line (CRT
-/-

) using the 

CRISPR-Cas9 gene editing system (Cong et al., 2013). Western blot analysis and sequencing of 

the genomic CALR loci showed a complete loss of CRT expression due to a targeted frameshift 

insertion resulting in a predicted early translation termination (Figure 4.5). I will address the 

contribution of CRT to chemoresistance in Chapter 5 of this thesis. In this chapter, I will focus 

on elucidating the role of integrin function on cell surface CRT expression in ICD. 

To assess the effects of anthracyclines on cell surface CRT expression, WT and CRT
-/-

 

cells were subjected to treatment with and without doxorubicin, and the level of surface CRT in 

live cells was assayed by flow cytometry using an α-CRT antibody. As shown in Figure 4.6, 

doxorubicin-treated WT cells exhibited an approximately 2-fold increase in surface CRT, 

whereas no change in surface CRT was evident for CRT
-/-

 cells. Despite lacking CRT 

expression, I noted that CRT
-/-

 cells exhibited an apparent and significant level of surface CRT 

staining when compared to the IgG control (Figure 4.6A). One possible source for the α-CRT 

reactive signal may have been the fetal bovine serum (FBS) in the culture media since a low 

level of CRT may be found in serum (Ni et al., 2013; Ren et al., 2016). Therefore, I repeated the 

assay and used cells that were serum-starved for 24 hours prior to treatment with doxorubicin 

(Figure 4.6.B). WT cells that were either serum-starved (0% FBS) or normally cultured in 10% 

FBS supplemented media exhibited an ~2-fold increase in surface CRT upon doxorubicin-

treatment. As before, surface CRT levels remain unchanged following doxorubicin-treatment of 

CRT
-/-

 cells. When compared to non-starved CRT
-/-

 cells, I found that serum-starvation did result 

in a reduction of surface CRT signals detected with the α-CRT antibody (Figure 4.6.B). 
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Presumably, the residual signal detected on serum-starved CRT
-/-

 cells was due to the serum 

coating of cells that persisted during the starvation (Figure 4.6.B). This reduction can also be 

observed in WT cells, albeit at levels that were not statistically significant. Importantly, these 

results indicated that anthracycline-treatment of a Jurkat T-leukemic cell line stimulates 

increased presentation of surface CRT and that this phenomenon is abrogated in cells lacking 

CRT expression. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Generation of a CRT
-/-

 cell line by CRISPR-Cas9 mediated gene editing 

WT Jurkat cells were transfected with a CRISPR-Cas9 construct targeting CALR, and clones 

were screened for CRT expression as detailed in Methods. (A) Confirmation of loss of CRT 

expression in a representative CRT
-/-

 clone by Western blotting using antibodies against CRT. 

Equal protein loading was assessed by immunoblotting for GAPDH. (B) Sequencing of the 

CALR genomic loci showing single nucleotide insertion (red triangle) occurring at 68 bp from 

the predicted start codon and -3 bp from the PAM recognition motif (green bar). The frame shift 

mutated variant encodes for a predicted 58 amino acid protein product due to a premature 

termination codon. 

A                                              

 

 

B  
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Figure 4.6. Doxorubicin-treatment induces cell surface CRT expression in Jurkat T cells 

(A) Jurkat wildtype (WT) and CRT
-/-

 cells were cultured in 10% FBS supplemented media for 24 

hours, followed by treatment with or without 4 μg/mL of doxorubicin (Doxo) for 4 hours. Flow 

cytometry was used to measure surface CRT labeled with an α-CRT antibody. The histograms 

show the surface CRT expression under different treatment conditions. Cells treated with 

doxorubicin are marked in red while non-treated cells are marked in blue. Cells labeled with an 

IgG control antibody are denoted with a dashed black line. The results shown are representative 

of more than 3 experiments. (B) WT and CRT
-/-

 cells were cultured in either 10% FBS 

supplemented media or serum-starved (0% FBS) for 24 hours, followed by treatment with or 

without 4 μg/mL of doxorubicin for 4 hours. Flow cytometry was used to measure the geometric 

mean fluorescence intensity (gMFI) of surface CRT labeled with the α-CRT antibody. The bars 

show the mean  S.D.; n=3; *p<0.01; **p<0.05; ns, p not significant. 
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4.4 FBS Supplemented Culture Media Contributes to Cell Surface Calreticulin 

The results thus far suggested that the detection of surface CRT can be complicated by α-

CRT reactive signals present in serum-containing media. To determine the contribution of FBS 

to surface CRT signals, I subjected serum-starved cells to brief re-exposure to media containing 

various amounts of FBS. I found that a 2-hour re-incubation with serum is sufficient to restore 

the level of surface CRT in serum-starved WT and CRT
-/-

 cells to the level detected for the 

corresponding non-starved, serum-cultured cells (Figure 4.7A). Interestingly, the impact of 

serum appears to be dose-dependent and is similar in WT and CRT
-/-

 cells. A Western blot 

analysis of cell-free FBS together with WT and CRT
-/- 
cell lysates revealed an α-CRT reactive 

band that is present in FBS (Figure 4.7.B). This FBS band has an apparent molecular weight that 

is higher than human CRT. Bovine and human CRT are both 417 amino acids in length (400 

when the signal peptide is cleaved) and 93% identical, thus it remains unclear if the α-CRT 

reactive signal found in FBS is due to non-specific binding to impurities or to bona fide bovine 

CRT. 

To further demonstrate the effect of serum, I used a serum-free synthetic replacement 

media (Cell-Ess
®
) to adapt and culture WT and CRT

-/-
 cells. The cells fared poorly in the 

complete absence of serum, but I did achieve a final culture state that consisted of 0.3% FBS and 

9.7% Cell-Ess
®
. Under these conditions, I observed that CRT

-/-
 cells exhibited no significant 

staining for surface CRT when compared to cells maintained in 10% FBS-supplemented media 

(Figure 4.8). Doxorubicin-mediated stimulation of surface CRT in WT cells was still equally 

robust (~2-fold increase) in 10% and 0.3% FBS-cultured conditions. This indicated that most, if 

not all, of the surface CRT that was stimulated by anthracycline and detected with the α-CRT 

antibody is endogenous to the cell. 
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Figure 4.7. FBS contributes significantly to surface CRT signals detected with an antibody 

(A) Flow cytometry gMFI plots of surface CRT on WT (blue) and CRT-/- (red) cells cultured in 

10% FBS supplemented media or serum-starved (0% FBS) for 24 hours as indicated (Culture 

FBS). Following the 24-hour pre-treatment with or without FBS, the cells were re-incubated for 

2 hours in FBS-supplemented media at the indicated levels prior to cell surface labeling with the 

α-CRT antibody. The bars show the mean  S.D.; n=3; *p<0.01. The absence of error bars 

indicates samples conducted without replicates. (B) Detection of α-CRT reactive signals 

comparing cell-free 0.6% FBS media alone, and lysates of WT or CRT
-/-

 cells. GAPDH is 

included for normalization of cell lysates. The results shown are representative of more than 3 

experiments. 
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Figure 4.8. Antibody-mediated detection of surface CRT is abolished when cells are 

cultured in low serum media 

(A) WT and CRT
-/-

 cells were cultured in 10% FBS supplemented media or 0.3% FBS/9.7% 

Cell-Ess
®
 supplemented media, followed by treatment with or without 4 μg/mL of doxorubicin 

(Doxo) for 4 hours. Flow cytometry was used to measure surface CRT labeled with the α-CRT 

antibody. The histograms show surface CRT expression of WT and CRT
-/-

 cells under different 

treatment conditions. Cells treated with doxorubicin are marked in red while non-treated cells are 

marked in blue. Cells labeled with an IgG control antibody are denoted with a dashed black line. 

The results shown are representative of more than 3 experiments. (B) The flow cytometry gMFI 

plots of surface CRT as described in (A). The bars show the mean  S.D.; n=3; *p<0.001; 

**p<0.05; ns, p not significant. 

 

4.5 Doxorubicin-induced increase in cell surface CRT requires the ER-resident form 

Under normal cell physiological conditions, CRT is a protein that is highly enriched 

within the lumen of the ER. As such, the mechanisms by which a cell undergoing ICD is able to 

present CRT on the cell surface to act as an ‘eat me’ phagocytic signal remains a subject of keen 

A                                    B 
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interest for tumor cell biologists. The construction of the CRT null T-lymphoblast line now 

enables our investigation into mechanisms of CRT trafficking to the cell surface during ICD.  

To identify the source of surface CRT, I created multiple CRT constructs tagged with 

green fluorescent protein (GFP) for visualization and labeling (Figure 4.9). Dr. Paul Eggleton 

(University of Exeter) provided the base construct GFP-CRT, which is an N-terminal GFP-

tagged CRT without the ER-targeting signal sequence. Thus, GFP-CRT is expected to be 

expressed within the extra-ER cytosolic compartment (Tarr et al., 2010b; Walter and Johnson, 

1994). The construct ssGFP-CRT reproduces the 17-amino acid ER-targeting signal sequence at 

the N-terminus that directs the synthesis of ssGFP-CRT into the ER lumen (Walter and Johnson, 

1994). To confirm the expected subcellular expressed localization, I performed 

immunofluorescence imaging of CRT in conjunction with the ER marker PDI in WT, CRT
-/-

, or 

CRT
-/-

 cells transfected to express ssGFP-CRT or GFP-CRT. As expected, endogenously 

expressed CRT co-localized with PDI within the ER compartment of WT cells, while CRT
-/-

 

cells showed no CRT staining (Figure 4.10). In similar fashion, ssGFP-CRT expressed in CRT
-/-

 

cells colocalized with PDI, indicating proper targeting of ssGFP-CRT to the ER (Figure 4.10). 

When expressed in CRT
-/-

 cells, GFP-CRT exhibited a diffuse localization staining that did not 

co-localize with PDI, confirming that GFP-CRT was expressed in the extra-ER cytosol (Figure 

4.10).  

In addition to GFP-CRT and ssGFP-CRT, I also made the following constructs that have 

a mutated or variant CRT C-terminal domain. ssGFP-CRT-KDELdel is similar to ssGFP-CRT 

except that the C-terminal KDEL motif is deleted (Figure 4.9). In principal, this protein cannot 

engage KDEL receptors that retrieve KDEL-containing proteins from the Golgi apparatus back 

to the ER, thus promoting its exit from the ER  (Wilson et al., 1993). ssGFP-CRT-mutant type I 
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reproduces the alternate C-terminal reading frame identified as the causative somatic mutation in 

patients with myeloproliferative neoplasms (MPN) (Figure 4.9) (Klampfl et al., 2013; Nangalia 

et al., 2013). Importantly, CRT-mutant type I’s alternate C-terminus also lacks the KDEL ER 

retention motif (Klampfl et al., 2013; Nangalia et al., 2013).  

I transfected CRT
-/-

 cells with the various GFP-tagged CRT constructs and used flow 

cytometry to determine their relative expression levels on the basis of the GFP signal intensities 

(Figure 4.11). Notably, while ssGFP-CRT and GFP-CRT showed comparable GFP expression, 

the expression of ssGFP-CRT-KDELdel and ssGFP-CRT-mutant type I was much lower (Figure 

4.11). The transiently transfected cells were then subjected to treatment with or without 

doxorubicin and labeled with anti-CRT antibody for flow cytometry analysis of surface CRT. 

Figure 4.12 shows an example of my gating scheme, where GFP-positive signals were used to 

gate for transfected cells (CRT-positive) for subsequent analysis. Consistent with my previous 

experiments, WT cells exhibit a ~2-fold increase in surface CRT upon treatment with 

doxorubicin, while no increase was seen in CRT
-/-

 cells (Figure 4.13A). CRT
-/-

 cells transfected 

with the ER-targeted ssGFP-CRT also exhibited the ~2-fold increase in surface CRT upon 

treatment with doxorubicin, comparable to WT cells (Figure 4.13A). In contrast, CRT
-/-

 cells 

transfected with the cytosol-targeted GFP-CRT exhibited high levels of surface CRT with or 

without doxorubicin treatment (Figure 4.13A). These levels were comparable to or higher than 

the doxorubicin-treated cells that expressed ssGFP-CRT (Figure 4.13A).  

Notably, expression of ssGFP-CRT-KDELdel and ssGFP-CRT-mutant type I in CRT
-/-

 

cells produced a phenotype that more closely resembles that of cells expressing the ER-targeted 

ssGFP-CRT, in that doxorubicin treatment was able to stimulate a significant increase in surface 

CRT (Figure 4.13A). I noted too that cells transfected to express ssGFP-CRT, ssGFP-CRT-
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KDELdel and ssGFP-CRT-mutant type I exhibited somewhat higher levels of surface CRT 

without doxorubicin treatment when compared to WT cells. This result may be due to 

overexpression of the transfected proteins relative to endogenous levels of CRT, or it may be due 

to the GFP-tagged form. 

To confirm the functionality of the GFP-tagged CRT constructs, I repeated the surface 

CRT assay using an α-GFP antibody in place of the α-CRT antibody to detect the fusion GFP-

CRT when presented on the surface of live cells (Figure 4.13B). Non-transfected WT or CRT
-/-

 

cells showed only background signals indicating minimal non-specific binding of α-GFP 

antibodies to the cell surface (Figure 4.13B). The results obtained for surface staining with the α-

GFP antibody for cells expressing the various GFP-CRT constructs were similar to those seen 

with the α-CRT antibody (Figure 4.13A), indicating that the fusion proteins were translocated to 

the cell surface and behave in a manner comparable to endogenous CRT. As an additional 

control, I showed that in CRT
-/-

 cells transfected to express GFP alone, GFP remains cytosolic 

and was not present on the cell surface (Figure 4.13B, inset). 

Importantly, these results demonstrated that doxorubicin-mediated stimulation of surface 

CRT requires the ER-resident form. The ssGFP-CRT and both of the KDEL-null constructs 

retain the N-terminal signal sequence which mediates its synthesis and insertion into the ER 

lumen. As shown by Klampfl et al., overexpressed CRT Type I mutant remains enriched within 

the ER (Klampfl et al., 2013). My results with either Type I or the KDEL deleted form of CRT 

suggests that deletion of the KDEL ER retention sequence does not drastically modify the ability 

to present surface CRT upon treatment with doxorubicin.  

To evaluate the possibility that the high GFP-CRT observed on the cell surface may be a 

result of overexpression, I made an additional construct, IRES-GFP-CRT. With this construct, 
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GFP-CRT expression is under the control of the less efficient IRES (internal ribosome entry site) 

promoter (Mizuguchi et al., 2000). Compared with the CRT expression driven by the CMV 

(cytomegalovirus) promoter, the IRES-driven expression of GFP-CRT in cells was ~10 fold 

lower (Figure 4.14A). Indeed, cells expressing IRES-GFP-CRT showed lower surface CRT 

levels compared to cells expressing CMV-GFP-CRT (Figure 4.14B). Similar to results obtained 

with CMV-GFP-CRT (Figure 4.13), doxorubicin treatment of cells expressing IRES-GFP-CRT 

did not result in an observable increase of surface GFP-CRT levels (Figure 4.14B). This result is 

consistent with the high cell surface expression of GFP-CRT not being merely due to 

overexpression (Figure 4.14B). Moreover, since the cytosol-targeted GFP-CRT showed a high 

level of surface CRT that was comparable to the other ER-targeted constructs when stimulated 

with doxorubicin, I hypothesized that cytosolic CRT is readily presented on the cell surface in a 

manner not requiring induction of ER-stress. Collectively, my results suggest a mechanism of 

action whereby drug-mediated induction of ER stress leads to CRT release from the ER into the 

cytosol, whereupon its increased concentration enables its presentation on the cell surface. This 

mechanism likely bypasses or overwhelms alternate mechanisms that involve the Golgi 

apparatus where KDEL receptors reside. 
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Figure 4.9. Schematic of variant CRT constructs compared with the wildtype 

Wildtype CRT is depicted with the N-terminal 17 amino acid signal sequence (ss) and the C-

terminal KDEL ER-retention motif. GFP-CRT lacks the signal sequence and is targeted to the 

cytosol. ssGFP-CRT, ssGFP-CRT-KDELdel and ssGFP-CRT-mutant type I are ER-targeted due 

to the signal sequence. ssGFP-CRT-KDELdel and ssGFP-CRT-mutant type I do not contain the 

ER-retention motif. The red box depicts the alternate C-terminal reading frame for CRT 

associated with myeloproliferative neoplasms (type I mutant). GFP: green fluorescent protein. 

 

 

Figure 4.10. Immunofluorescence staining for CRT and PDI 

(A) Immunofluorescence images of endogenous CRT (green) and an ER marker, PDI (red) in 

WT and CRT
-/-

 cells. (B) CRT
-/-

 cells were transfected to express ssGFP-CRT (green) or GFP-

CRT (green), and co-stained for PDI (red). Scale bars=10 µm. 

 

A                                      B  
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Figure 4.11. Comparison of expression for the various GFP-CRT constructs 

Flow cytometry was used to determine the expression level of CRT
-/-

 cells transiently transfected 

to express the following constructs: (A) ssGFP-CRT, (B) GFP-CRT, (C) ssGFP-CRT-KDELdel, 

and (D) ssGFP-CRT-mutant type I. The histograms show GFP signals for the indicated GFP-

CRT construct (blue) overlaid upon those of non-transfected CRT
-/-

 cells (red). 

 

 

 

A                                  B  

C                                  D  
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Figure 4.12. Example of flow cytometry gating scheme for analysis of GFP+ cells 

CRT
-/-

 cells were transiently transfected to express a GFP-tagged CRT construct. (A) The healthy 

population is gated (as indicated) on the basis of the forward and side scatter properties. This 

population was previously validated to be non-apoptotic as Annexin V and PI negative (data not 

shown). (B) The gated population from A is analyzed for GFP fluorescence to distinguish 

between transfected (GFP
+
) and non-transfected (GFP

-
) cells. (C) Then GFP

+
 (red) and GFP

-
 

(orange) populations are separately analyzed for cell surface CRT levels by α-CRT labeling. In 

addition to GFP
+
 and GFP

-
 cells, the data includes overlays with unlabeled Ctrl cells (black) and 

labeled CRT
-/-

 cells (blue). 
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Figure 4.13. Doxorubicin-mediated increase in surface CRT requires the ER-resident form 

of CRT 

(A) WT, CRT
-/-

, and CRT
-/-

 cells transfected to express ssGFP-CRT, GFP-CRT, ssGFP-CRT-

KDELdel or ssGFP-CRT-mutant type I were treated with or without 4 μg/mL of doxorubicin 

(Doxo) for 4 hours. Flow cytometry was used to measure the gMFI of surface CRT labeled with 

the α-CRT antibody. (B) Same as (A), except the cells were labeled with α-GFP antibody instead. 

Inset is a representative histogram overlay of surface GFP expression of non-transfected CRT
-/-

 

cells (Control) and CRT
-/-

 cells transfected to express GFP-CRT (red) or GFP alone (green). The 

bars show the mean  S.D.; n=3; *p<0.01; ns, p not significant. 

A                
  
 
 
 
 
 
 
 
 
 
                    
B 
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Figure 4.14. Differential expression of GFP-CRT and its effects on surface CRT 

(A) The representative histogram overlay of CMV-GFP-CRT expression (red) versus IRES-GFP-

CRT expression (blue). Black is the non-transfected GFP -ve
 
control. (B) WT, CRT

-/-
, GFP-CRT 

and IRES-GFP-CRT cells were treated with or without 4 μg/mL of doxorubicin (Doxo) for 4 

hours. Flow cytometry was used to measure the gMFI of surface CRT labeled with the α-CRT 

antibody. The bars show the mean  S.D.; n=3; *p<0.01; ns, p not significant. 

 

 

4.6 Expression and Function of α-integrins Reduce Cell Surface Calreticulin 

As I showed in Figure 4.4, cells that engage integrin substrates exhibit increased 

interaction of CRT with the immunoprecipitated α-integrins. This phenomenon has also been 

reported by Dr. Shoukat Dedhar’s group (Coppolino et al., 1995; Coppolino and Dedhar, 1999). 

This interaction is dependent upon the GFFKR peptide motif found at the juxtamembrane 

cytosolic tail of α-integrins, leading to our speculation that α-integrin function may modulate 

surface CRT presentation. To address this, I assessed the contribution of cell adhesion to surface 

CRT levels for cells treated with doxorubicin. As described in Chapter 3, I used the Jurkat 

A                                    B 
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derivative cell line lacking α4-integrin expression (α4
-/-
), and α4

-/-
 cells stably reconstituted with 

full-length α4 (α4
wt

) or with a C-terminal truncated variant termed α4δ that terminates with the 

GFFKR cytosolic motif (Figure 3.3). The results described in Chapter 3 demonstrated that cells 

expressing α4δ do not adhere to an α4β1-specific substrate (Figure 3.5), yet exhibit increased 

α4δ binding to CRT in a manner that bypasses the requirement for cell adhesion (Figure 4.3). 

To assess the impact of integrin engagement on surface CRT, cells were seeded on the 

substrates GST-CS1 (α4β1-ligand), GST-Fn9.11 (α5β1-ligand) or GST (non-integrin engaging) 

and treated with or without doxorubicin at concentrations that induce robust levels of surface 

CRT. When seeded on GST, doxorubicin-treated α4δ cells showed significantly lower surface 

CRT compared to α4
-/-

 and α4
wt

 cells (Figure 4.15). When seeded on GST-CS1, doxorubicin-

treated α4
wt

 cells had lower surface CRT compared to α4
-/-

 cells. When seeded on GST-Fn9.11, a 

substrate that can engage multiple integrins including α5β1-integrin that is expressed in all 3 cell 

lines, doxorubicin-treated α4
-/-

 and α4
wt

 cells had lower surface CRT compared to the same cells 

seeded on GST. Importantly, α4δ cells exhibited low surface CRT in both adherent and non-

adherent conditions, and this low level was comparable to α4
-/-

 and α4
wt 

cells under adherent 

conditions (Figure 4.15).  

Since α4δ binds CRT in a constitutive manner, I postulated that the juxtamembrane 

GFFKR motif might act to sequester CRT within the cytosol and reduce its translocation to the 

cell surface. Consequently, I predicted that cells with higher α4δ expression would have lower 

surface CRT levels. To investigate this idea, I used flow cytometry to gate cells expressing high, 

medium, and low α4δ expression, and showed that surface CRT levels were inversely correlated 

with α4δ levels, both with and without doxorubicin treatment (Figure 4.16). 
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To determine if the juxtamembrane CRT-binding motif, GFFKR, is sufficient to inhibit 

surface CRT, I also assessed cells expressing the Tac carrier epitope fused to KLGFFKR (Tacδ) 

or a scrambled version KLRFGFK (Tacδ
scr

) as the cytosolic tails (Figure 3.7). Similar to α4δ 

cells, doxorubicin-treated Tacδ cells had significantly reduced surface CRT when compared with 

control or Tacδ
scr

 cells (Figure 4.17).  

These results demonstrated that anthracycline-mediated surface CRT presentation is 

reduced for cells engaging integrin substrates. In contrast, cells expressing the juxtamembrane 

GFFKR motif (as α4δ or Tacδ) exhibited constitutively low levels of surface CRT in a manner 

that bypasses the requirement for cell adhesion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. Expression and function of α-integrin reduce presentation of surface 

calreticulin 

α4
-/-
, α4

wt
 (α4

-/- 
reconstituted with α4

wt
), or α4δ cells (α4

-/- 
reconstituted with α4δ) were seeded on 

dishes coated with GST-CS1 (α4β1-ligand), GST-Fn9.11 (α5β1-ligand) or GST for 1 hour, 

followed by treatment with or without 4 μg/mL of doxorubicin (Doxo) for 4 hours. Flow 

cytometry was used to measure the gMFI of surface CRT labeled with the α-CRT antibody. The 

bars show the mean  S.D.; n=3; *p<0.05; ns, p not significant. 
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Figure 4.16. α4δ-integrin expression reduces presentation of surface calreticulin 

α4δ cells were serum-starved for 24 hours, followed by treatment with or without 4 μg/mL of 

doxorubicin (Doxo) for 4 hours. α4δ cells were co-stained for surface α4 and surface CRT and 

gated for low, medium and high levels of α4δ expression as indicated. The bar graph shows the 

gMFI of surface CRT of each α4δ expression group (mean  S.D.; n=3; *p<0.01; ns, p not 

significant). 
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Figure 4.17. Expression of the GFFKR motif as Tacδ reduces presentation of surface 

calreticulin 

α4
-/-
, α4

-/-
 cells expressing Tacδ and α4

-/-
 cells expressing Tacδ

scr
 were serum-starved for 24 

hours, followed by treatment with or without 4 μg/mL of doxorubicin (Doxo) for 4 hours. Flow 

cytometry was used to measure the gMFI of surface CRT labeled with the α-CRT antibody. The 

bars show the mean  S.D.; n=3; **p<0.01, *p<0.05. 

 

4.7 Cell Adhesion Mediated Activation of β1-integrins Decreases Surface Calreticulin 

Presentation 

Integrins are stably expressed as heterodimeric cell surface receptors. Since β1-integrin 

pairs with multiple α-integrins, loss of the β1-subunit yields corresponding decreases in the 

expression of multiple integrins. Indeed, I found dramatically decreased expression of α3-, α4-, 

and α5-integrins (all known to pair with β1) in a β1-deficient Jurkat-derivative cell line 

compared to wildtype cells (Figure 4.18). Other than β1, α4 can also pair with the β7-subunit. 

However, wildtype Jurkat cells do not express any detectable level of β7-integrins (data not 

shown), thus it was surprising to find that the β1-deficient cell line still expressed significant 
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levels of α4. When assayed for β7 expression, I found that β1
-/-

 cells expressed a significant level 

of β7-integrin (data not shown), suggesting that formation of α4β7 heterodimer had compensated 

for loss of α4β1. We confirmed that the ability of cells to adhere to the α4β1-specific substrate 

GST-CS1 was completely lost by β1
-/-

 cells (Figure 4.19). To test the requirement of β1-integrin 

in surface CRT presentation, I seeded β1
-/-

 and WT cells on GST-CS1 or the control substrate 

GST, prior to treatment with doxorubicin. Both β1
-/-

 and WT cells responded to doxorubicin 

treatment as manifested by comparable increases in surface CRT when seeded on GST (Figure 

4.20). When seeded on GST-CS1 to engage α4β1-integrin, the β1-expressing WT cells exhibited 

a marked decrease in surface CRT, while the β1
-/-

 cells exhibited no reduction in surface CRT 

compared with non-adherent conditions (Figure 4.20). Taken together, the evidence indicated a 

modulatory role for adhesion-mediated activation of integrins in decreasing surface CRT 

presentation for cells treated with doxorubicin.  

 

 

Figure 4.18. Loss of β1-integrin decreases paired α-integrin expression 

Histogram overlays of WT (blue) and β1
-/-

 (red) Jurkat cells showing relative surface expression 

of integrins α3, α4, α5, and β1. Black dotted line denotes IgG control. Flow cytometry was used 

to measure surface integrin expression labeled with the respective antibodies. The results shown 

are representative of more than 3 experiments. 
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Figure 4.19. Loss of β1-integrin abolishes β1-integrin mediated cell adhesion 

WT and β1
-/-

 cells were labeled with CellTracker™ Green, followed by seeding on dishes coated 

with GST or GST-CS1 for 45 minutes. Fluorescence readings were acquired with an Enspire 

spectrofluorometer (485 nm excitation, 515 nm emission) before and after 3 washes with PBS. 

Background fluorescence from the incubation medium was subtracted from each reading, and the 

percentage of total cells that was adhered was calculated as follows: 100*(Fluorescence after 

washes/initial fluorescence). The bars show the mean  S.D.; n=3; *p<0.01; ns, p not significant. 

 

Figure 4.20. Loss of β1-integrin abolishes cell adhesion-mediated reduction in surface CRT 

WT and β1
-/-

 cells were seeded on dishes coated with GST or GST-CS1 for 1 hour, followed by 

treatment with or without 4 μg/mL of doxorubicin (Doxo) for 4 hours. Flow cytometry was used 

to measure the gMFI of surface CRT labeled with the α-CRT antibody. The bars show the mean 

 S.D.; n=3; *p<0.01; ns, p not significant. 
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4.8 Antibody Activation of β1-integrins Reduces Surface Calreticulin Presentation 

For cells to adhere to an integrin substrate, the integrins must be activated to take on the 

high-affinity ligand binding state. The results presented thus far suggest that the reduced surface 

CRT level is observed for native integrins that were activated by engaging their ligands. 9EG7 is 

a monoclonal antibody widely used as a reporter for the activated state of β1-integrin 

heterodimers (Bazzoni et al., 1995). Unique to 9EG7, however, is its reported ability to promote 

ligand binding by maintaining β1-integrin in the activated conformation (Su et al., 2016). I 

wondered if 9EG7-mediated activation of β1-integrin in the absence of cell adhesion could also 

down-regulate surface CRT presentation. 

First, I tested if 9EG7 promotes integrin activation in WT cells. Increasing concentrations 

of 9EG7 incubated with cells in suspension resulted in its increased binding as an indicator of 

increased integrin activation (Figure 4.21A). I then tested if 9EG7 binding can promote integrin 

ligand binding as a confirmation of increased β1-integrin activation. I found that both 9EG7 and 

a known integrin activator, Mn
2+

, significantly increased the binding of fibronectin as a ligand to 

WT cells, when compared to untreated control cells or cells treated with  TS2/16, a β1-specific 

but non-activating antibody (Figure 4.21B). Notably, EGTA-treatment abolished β1-integrin 

ligand binding completely, an observation consistent with the requirement for Ca
2+

 to support 

integrin activation (Figure 4.21B).  

Next, I treated WT, CRT
-/-

 and β1
-/-

 cells with various concentrations of 9EG7 and with 

doxorubicin to induce surface CRT. I found that increasing concentrations of 9EG7 reduced 

surface CRT on WT cells to the low levels observed on CRT
-/-

 cells (Figure 4.22). Importantly, 

incubation of 9EG7 with β1
-/-

 cells had no inhibitory consequence on doxorubicin-induced 

surface CRT levels. In similar fashion, treatment of WT cells with TS2/16 had no inhibitory 
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consequence on doxorubicin-induced surface CRT levels. Notably, the 9EG7-mediated decrease 

of surface CRT in WT cells was observed for both doxorubicin-treated and non-treated 

conditions (Figure 4.22), suggesting the generality of an integrin activation-mediated effect that 

does not require anthracycline induction of ER-stress.  

To gain insight on how integrin function can prevent surface presentation of CRT upon 

treatment with ICD inducers, I conducted integrin immunoprecipitation assays for cells treated 

with or without doxorubicin, and with or without 9EG7, as before. Doxorubicin effectively 

promoted an increased level of CRT that immunoprecipitated with α4-integrin, and this 

association was increased further for 9EG7-treated cells (Figure 4.23). Furthermore, CRT
-/-

 cells 

expressing either the ER-targeted ssGFP-CRT or the cytosol-targeted GFP-CRT that were 

treated with 9EG7 but not doxorubicin both exhibited significantly reduced levels of surface 

CRT and GFP (Figure 4.24). This confirmed that 9EG7-mediated integrin activation can inhibit 

surface translocation of CRT from a predominantly cytosolic localization.  
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Figure 4.21. Incubation of cells with 9EG7 antibody promotes β1-integrin activation 

(A) WT and β1
-/-

 cells were treated with the indicated concentrations of 9EG7 (β1-activating) 

antibody for 4 hours. Flow cytometry was used to measure the gMFI of activated β1-integrin 

labeled with the 9EG7 antibody. The bars show the mean  S.D.; n=3; *p<0.01. (B) WT cells 

were not treated (Ctrl), or treated with 1 μg/mL of 9EG7 (β1-activating) or TS2/16 (β1-binding, 

non-activating) antibodies for 4 hours, 1 mM of Mn
2+

 for 30 minutes, or 3 mM of EGTA for 30 

minutes, followed by incubation with 0.2 mg/mL of FITC-Fn for 30 minutes. Flow cytometry 

was used to measure the gMFI of FITC-Fn binding. The bars show the mean  S.D.; n=3; 

*p<0.01; ns, p not significant. 

 

A                                                 
 
 
 
 
 
 
 
 
 
 
 
 

B 
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Figure 4.22. Activation of integrins with 9EG7 antibody reduces surface CRT levels 

WT, CRT
-/-

 and β1
-/-

  cells were treated with the indicated concentrations of 9EG7 (β1-

activating) or TS2/16 (β1 non-activating) antibodies for 15 minutes, followed by treatment with 

or without 4 μg/mL of doxorubicin (Doxo) for 4 hours. Flow cytometry was used to measure the 

gMFI of surface CRT labeled with the α-CRT antibody. The bars show the mean  S.D.; n=3; 

*p<0.01; ns, p not significant. 
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Figure 4.23. Doxorubicin and 9EG7 treatment increase CRT binding to α4-integrin 

α4-integrin was immunoprecipitated (IP) from lysates of WT cells that was treated in suspension 

with combinations of 4 μg/mL of doxorubicin (Doxo) and 1 μg/mL of 9EG7 for 4 hours, as 

indicated, and analyzed by immunoblotting for CRT and α4. Densitometry analysis was 

performed to determine the CRT-α4 signal intensity ratio in the immunoprecipitates. The results 

shown are representative of more than 3 experiments. 
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Figure 4.24. Activation of integrins with 9EG7 antibody reduces surface ssGFP-CRT and 

GFP-CRT levels 

WT, CRT
-/-

, and CRT
-/-

 cells expressing ssGFP-CRT or GFP-CRT were treated with or without 1 

µg/mL of 9EG7 antibody for 4 hours. Flow cytometry was used to measure the gMFI of (A) 

surface CRT or (B) surface GFP labeled with α-CRT or α-GFP antibodies respectively. The bars 

show the mean  S.D.; n=3; *p<0.01. The absence of error bars indicates samples conducted 

without replicates. 

 

4.9 Integrin Activation Reduces Surface CRT Presentation in T-cell Leukemias 

Thus far, I have shown that integrin function either stimulated by cell adhesion or 

induced by an activating antibody can suppress surface CRT expression in Jurkat cells. To 

determine if the phenomenon can be observed in other T-ALL lymphoblasts, I repeated key 

assays using the human T-ALL cell lines THP-6, SUP-T1, and DND-41, as well as two primary 

human T-ALL patient samples, BD-67 and BD-53, which had been expanded by engraftment in 

   A                                                 B 
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NSG mice. As before, cells were treated with or without doxorubicin to stimulate surface CRT. 

To assess the effects of adhesion, I seeded cells on dishes coated with BSA or fibronectin. To 

assess the effects of integrin activation, cells were treated in suspension with 9EG7 activating 

antibodies, or with TSP2/16, as a non-activating β1-integrin binding control. As shown in Figure 

4.25, doxorubicin-induced surface CRT was significantly reduced for cells adhered to fibronectin 

and for cells treated with 9EG7, compared to their respective controls, in agreement with my 

observations using Jurkat T-lymphoblasts. 
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Figure 4.25. Cell adhesion or 9EG7 antibody treatment reduces surface CRT presentation 

in various T-ALL leukemias 

Flow cytometry gMFI plots of surface CRT on various cells subjected to the following 

treatments, as indicated. Cells were seeded on BSA or fibronectin (FN) for 1 hour, incubated 

with 1 µg/mL of 9EG7 or TS2/16 antibodies for 15 minutes, or no antibody treatment (Ctrl), 

prior to incubation with or without 4 μg/mL of doxorubicin (Doxo) for 4 hours. The bars show 

the mean  S.D.; n=3; *p<0.01; **p<0.05. As indicated, the cells are: (A) THP-6; (B) SUPT-1; 

(C) DND41; murine expanded primary human leukemia (D) BD-67 and (E) BD-53.  

 

4.10 CRT Released upon Drug Treatment is Bound by Activated Integrins within the 

Cytosol 

As 9EG7 co-treatment with doxorubicin inhibited surface CRT and increased CRT–

integrin interaction (Figure 4.22 and Figure 4.23), I postulated that drug treatment promoted the 

release of ER-resident CRT into the cytosol where it is able to interact with the integrin cytosolic 

domain. Doxorubicin is fluorescent and incompatible with multicolor immunofluorescence 

E 
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imaging; thus I used oxaliplatin, a non-fluorescent and well-characterized ICD-inducing agent 

(Tesniere et al., 2010). First, I confirmed that surface CRT expression is induced in oxaliplatin-

treated Jurkat cells and that 9EG7 similarly inhibited surface CRT exposure (Figure 4.26). To 

enable differential immunostaining of cytosolic- and ER resident CRT, I used partial 

permeabilization of cells with digitonin, versus full permeabilization using Triton X-100 (Afshar 

et al., 2005). WT cells showed robust staining for PDI and CRT when fully permeabilized with 

TX-100, but not when treated with a digitonin concentration that enables permeabilization of the 

plasma membrane but not the ER (Figure 4.27). I observed a low but significant level of CRT in 

oxaliplatin-treated WT cells that were digitonin-permeabilized, suggesting staining of CRT other 

than the CRT in the ER pool. 

To quantify the results, I repeated the assay by flow cytometry, as this allows assessment 

of total fluorescence that is not limited by optical sectioning (Figure 4.28). Cells were treated 

with oxaliplatin, 9EG7, or both, prior to fixation with formaldehyde and permeabilization with 

either TX-100 or digitonin. Regardless of the treatment conditions, TX-100-permeabilized WT 

cells exhibited comparable staining for CRT at levels significantly greater than that observed for 

CRT
-/-

 cells, indicating that total CRT levels were unaltered by the various treatments. In 

contrast, digitonin-permeabilized WT cells treated with oxaliplatin exhibited significantly 

elevated CRT staining when compared to no drug treatment. The oxaliplatin-induced elevated 

CRT staining occurred both in the absence and presence of 9EG7 co-treatment with comparable 

levels (Figure 4.28), suggesting that 9EG7-mediated inhibition of surface CRT does not impact 

the release of CRT from the ER. In a similar manner, cells expressing Tacδ exhibited no increase 

in surface CRT upon oxaliplatin treatment, even though cytosolic CRT was significantly 

increased (Figure 4.29). 
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Taken together, my results showed that cells treated with the integrin activator 9EG7, or 

expressing the minimal α-integrin GFFKR, have markedly reduced surface CRT when 

challenged with an ICD inducer, even though CRT was elevated in the extra-ER, cytosolic 

compartment. This cytosolic pool of CRT is also detected as an increased interaction with α4-

integrin. As α-integrins interact with CRT via the cytosolic GFFKR motif, my results support a 

model where activated integrins can bind to cytosolic CRT and prevent its translocation to the 

cell surface. 

 

 

Figure 4.26. Oxaliplatin-induced elevation of surface CRT is inhibited by 9EG7 

WT and CRT
-/-

 cells were treated with combinations of 1 μg/ml of 9EG7 antibody for 4 hours 

and 300 μM of oxaliplatin (Oxa) for 2 hours. Flow cytometry was used to measure the gMFI of 

surface CRT labeled with the α-CRT antibody. The bars show the mean  S.D.; n=3; *p<0.01; 

ns, p not significant. 
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Figure 4.27. Comparative CRT staining using cells permeabilized with Digitonin or TX-100 

CRT
-/-

 cells and WT cells were treated with or without 300 μM of oxaliplatin (Oxa) for 2 hours, 

followed by fixation with formaldehyde and either partial permeabilization with digitonin or full 

permeabilization with Triton X-100 (TX-100). Cells were then immunostained for CRT (green) 

and an ER marker, PDI (red). The results shown are representative of more than 3 experiments. 
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Figure 4.28. Flow cytometry comparison of CRT staining using cells permeabilized with 

Digitonin or TX-100 

WT and CRT
-/-

 cells were treated with combinations of 300 μM of oxaliplatin (Oxa) for 2 hours 

and 1 μg/mL of 9EG7 for 4 hours, followed by fixation in suspension with formaldehyde and 

either partial permeabilization with digitonin or full permeabilization with TX-100. Flow 

cytometry was used to measure CRT labeled with the α-CRT antibody. The histograms show the 

CRT signals detected under different treatment conditions; n=3. 
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Figure 4.29. Oxaliplatin-treatment increases extra-ER cytosolic CRT that is not presented 

on the surface of cells expressing Tacδ 

A) Tacδ and Tacδ
scr

 cells were treated with or without 300 μM oxaliplatin (Oxa) for 2 hours. 

Flow cytometry was used to measure the gMFI of surface CRT labeled with the α-CRT antibody. 

The bars show the mean  S.D.; n=3; *p<0.01; ns, p not significant. B) The flow cytometry 

experiment is conducted in a similar manner to that described in Figure 4.29 using Tacδ and 

Tacδ
scr

 cells. Cells were untreated or treated with oxaliplatin for 2 hours, fixed and permeabilized 

with Digitonin or TX-100 prior to co-staining for both CRT and PDI. The histograms show the 

CRT and PDI signals detected under different treatment conditions; n=3. 

 

 

      A                              B 
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4.11 Integrin-Mediated Decrease in Cell Surface CRT Reduces Phagocytosis by 

Macrophages 

To determine if the integrin-mediated inhibition of surface CRT mediated by ICD 

inducers has a measurable outcome on target cell engulfment by professional phagocytes, I 

performed a phagocytosis assay using macrophages. WT target cells were treated with 

oxaliplatin, 9EG7, and combinations thereof. To counter WT cells’ high levels of cluster of 

differentiation 47 (CD47) expression, a known inhibitory receptor for macrophage-mediated 

phagocytosis, cells were co-incubated with the CD47-neutralizing antibody, B6H12 (Chao et al., 

2010; Jaiswal et al., 2009; Leclair and Lim, 2014). The treated WT cells were incubated with 

macrophages, and the labeled cell mixture was analyzed by flow cytometry to delineate and 

quantitate single-positive (WT cells or macrophages) and double-positive (WT cells engulfed by 

macrophages) populations (Figure 4.30A). The data for all conditions are plotted as a 

phagocytosis index (Figure 4.30B). 

In agreement with similar assays conducted by others (Tseng et al., 2013; Willingham et 

al., 2012), I found that CD47 neutralization with B6H12 antibody was necessary to reveal a 

three- to four-fold higher rate of phagocytosis (Figure 4.30B). Under these conditions, 

macrophage-mediated phagocytosis was significantly increased for oxaliplatin-treated cells 

compared with untreated WT cells. Importantly, co-treatment with 9EG7 antibody resulted in 

reduced phagocytosis of cells treated with or without oxaliplatin. Taken together, my results 

showed that the integrin activating 9EG7 antibody can suppress surface presentation of CRT in 

T-lymphoblasts to levels that reduce cell engulfment by macrophages. 
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Figure 4.30. Cells treated with 9EG7 antibody exhibit reduced phagocytosis 

(A) CellTracker
TM

 labeled WT cells were treated with combinations of 1 μg/mL of 9EG7 (β1-

activating) for 4 hours, 7 μg/mL of B6H12 (α-CD47) antibodies for 2 hours, and/or 300 μM of 

oxaliplatin (Oxa) for 2 hours, followed by co-incubation with F4/80 labeled primary mouse 

macrophages for 2 hours. Flow cytometry was used to determine phagocytosis (CellTracker
+ 

and 

F4/80
+
 macrophages). The scatter plots show the CellTracker

TM
 and F4/80 signals under 

different treatment conditions. The results shown are representative of more than 3 experiments. 

(B) The calculated phagocytosis index depicted as bar graphs for the data obtained in (A). 

Phagocytosis index (%) is calculated as 100 • (CellTracker
+
, F4/80

+
 macrophages/ total 

macrophages). The bars show the mean  S.D.; n=3; *p<0.02; ns, p not significant. 
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4.12 Discussion 

One of the three important hallmarks of ICD is the presentation of CRT on the 

extracellular cell surface that acts as a pro-phagocytic signal for macrophages (Krysko et al., 

2013). Since cell adhesion is a physiologically relevant stimulus previously shown to increase 

CRT interaction with α-integrins via the juxtamembrane, cytosolic GFFKR motif (Coppolino et 

al., 1995; Coppolino and Dedhar, 1999; Liu et al., 2013), the work described in this chapter 

sought to further our understanding of the relationship between the α-integrin-CRT interaction 

that occurs within the cytosol and the extracellular surface-presented CRT that occurs during 

ICD. This work is the first to demonstrate a regulatory role for α-integrin function in modulating 

cell surface CRT presentation. 

The many functions mediated by CRT, combined with evidence for its multiple 

subcellular and extracellular localization, has proven to be a challenge to our ability to dissect the 

specific roles of this pleiotropic protein. By first generating CRT
-/-

 T-lymphoblasts, and then 

reconstituting expression with GFP-tagged CRT that was either expressed in the cytosol or 

enriched within the ER lumen, I was able to investigate the subcellular source of surface CRT 

resulting from an ICD inducer. The increased surface CRT presentation following doxorubicin 

treatment of cells expressing the ER-targeted ssGFP-CRT is consistent with earlier reports, 

suggesting that the path to the cell surface requires induction of ER stress and CRT release from 

its highly enriched localization within the ER lumen (Garg et al., 2010; Korbelik et al., 2011; 

Obeid et al., 2007). This increase was detectable with either CRT or GFP antibodies, indicating 

that the translocation involved the intact fusion protein. When expressed within the cytosol 

without transiting the ER, GFP-CRT was presented at high levels on the cell surface in a manner 

that could not be stimulated further with doxorubicin, thus effectively bypassing the requirement 
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for ER stress. Both ssGFP-CRT_KDELdel and ssGFP-CRT mutant type I contain the ER-

targeting signal sequence and lack the KDEL ER retention sequence, thus enabling targeted 

synthesis of both mutant proteins into the ER while allowing for possible exit through the ER-

Golgi secretory pathway. Indeed, the doxorubicin-inducible surface CRT presentation in cells 

expressing either one of the mutant proteins is consistent with the idea that both proteins 

remained primarily expressed within the ER. Similarly, both ssGFP-CRT_KDELdel and ssGFP-

CRT mutant type I had much lower expression compared to ssGFP-CRT or GFP-CRT, hinting 

that a large portion of ssGFP-CRT_KDELdel and ssGFP-CRT mutant type I proteins may have 

been secreted from the cell through the ER-Golgi pathway. Notably, I was not able to obtain 

satisfactory immunofluorescence images of ssGFP-CRT-KDELdel and ssGFP-CRT-mutant type 

I transfected CRT
-/-

 cells. Immunofluorescence images of ssGFP-CRT-KDELdel and ssGFP-

CRT-mutant type I expressed in Chinese hamster ovary (CHO) cells confirmed their ER 

localization (data not shown). Several hypotheses have proposed the pathway for which CRT 

transit from the ER to the cell surface (Holaska et al., 2001; Panaretakis et al., 2008; Panaretakis 

et al., 2009; Raghavan et al., 2013; Wiersma et al., 2015). My findings suggested that CRT is 

released from the stressed ER to the cytosol during ICD-inducer treatment, followed by 

translocation of cytosolic CRT to the cell surface. 

At the plasma membrane, α-integrins appear to regulate surface CRT presentation. The 

C-terminal cytosolic tail encoded by all α-integrins has a conserved GFFKR peptide motif 

required for heterodimer stabilization with β-integrin (de Melker et al., 1997; Kassner et al., 

1994). Structural studies have revealed that the α- and β-integrin tails become physically 

separated upon integrin activation, facilitating binding of proteins to the tails (Kim et al., 2003). 

This work, as well as work described by the Dedhar group (Coppolino et al., 1995; Coppolino 
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and Dedhar, 1999; Liu et al., 2013), demonstrated the phenomenon that cell adhesion promoted 

the increased interaction of CRT with α-integrins. I adopted several strategies to test the 

assumption that increased integrin activation leads to increased intracellular CRT-integrin 

interaction, thus reducing the amount of ‘free’ cytosolic CRT able to translocate to the 

extracellular surface. As a physiologically relevant stimulus, I showed that T-lymphoblast 

adhesion to an integrin substrate significantly reduced surface CRT in cells treated with ICD 

inducers. Similarly, suspension cells treated with the β1-integrin-activating antibody, 9EG7, 

elicited a greater suppressive effect on surface CRT when compared with adhesion, in most cases 

reducing surface CRT on WT cells to the levels observed for CRT
-/-

 cells. Combined with the 

observations that 9EG7 treatment, or expression of the juxtamembrane-anchored cytosolic 

GFFKR motif, suppressed the appearance of surface CRT for CRT
-/-

 cells expressing the cytosol-

targeted GFP-CRT, I suggest that a cytosolic pool of CRT exists in T-lymphoblasts and that 

activated integrins interact primarily with this pool of cytosolic CRT.  

I also showed that expression of a transmembrane-anchored α-integrin tail consisting of 

only the GFFKR motif (as α4δ or Tacδ) resulted in increased interaction with CRT in an 

adhesion-independent manner and in a manner requiring the GFFKR sequence. α4δ and Tacδ 

cells also exhibit constitutively lower levels of surface CRT, again in an adhesion-independent 

manner. Furthermore, higher α4δ expression correlated with lower levels of surface CRT, 

suggesting that the truncation may enable binding of CRT to the now more accessible 

juxtamembrane GFFKR motif. More CRT associated with α4-integrin when cells were treated 

with an ICD inducer, likely resulting from a marked increase in cytosolic CRT released from the 

ER, now able to interact with α-integrin tails. This suggested that the increased CRT-integrin or 
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CRT-GFFKR interaction effectively sequestered CRT within the cytosol and prevented its 

translocation to the extracellular surface. 

The work presented in this chapter showed that cell surface CRT presentation is 

decreased when T-ALL cell lines are seeded on several integrin-engaging substrates or when 

treated with a β1-integrin activating antibody such as 9EG7. Beyond the GFFKR-conserved 

motif, α-integrin tails share little sequence homology (Abram and Lowell, 2009); thus, an 

interesting question for future studies would be to compare surface CRT levels of cells 

specifically engaging various α-integrins. In addition to α4β1, lymphocytes also express high 

levels of αLβ2-integrins, considered to be an equally important homing receptor. Thus, it would 

be of great interest to test if cell adhesion on ICAM-1, a substrate for αLβ2-integrins, may also 

be inhibitory to surface CRT presentation in cells treated with ICD-inducing agents.  

Another interesting possibility to consider is if the α-integrin interaction with CRT is 

absolutely dependent on the conserved GFFKR sequence. As shown in Figure 1.5, the α-

integrins represented by α8, α9, α10, and α11 exhibit small variations to this otherwise highly 

conserved motif, as GFFxR or GFFxx (where x is a deviation from the consensus motif). Thus, 

cell adhesion via these specific integrins may or may not result in increased CRT-α-integrin 

interaction nor in decreased surface CRT upon treatment of cells with ICD-inducing agents.  

As a DAMP expressed on the surface of cells undergoing ICD, surface CRT is crucial for 

the clearance of tumor cells by the host immune system, mediated by professional phagocytes 

(Chao et al., 2010; Spisek et al., 2007; Spisek and Dhodapkar, 2007). Therefore, cell 

physiological events contributing to reduced surface CRT expression may lead to reduced 

antitumor responses resulting from ICD-based chemotherapy. The tumor microenvironment such 

as the bone marrow stroma may provide these protective stimuli in the form of adhesion 
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substrates and stimulatory chemokines that promote integrin activation (Meads et al., 2009; 

Meads et al., 2008). Thus, effective chemotherapy using ICD inducers may benefit from co-

administration with integrin function-blocking therapeutic antibodies. 
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Chapter 5: Role of Calreticulin in Chemoresistance and as a Mediator of 

JAK/STAT Signaling in T-Lymphoblasts 

 

5.1 Overview and Rationale 

JAK/STAT signaling pathways transmit extracellular signals through the plasma 

membrane into the cell nucleus, leading to expression of proteins involved in the regulation of 

cell proliferation, differentiation, and apoptosis (Darnell Jr et al., 1994; Rawlings et al., 2004). 

As multiple JAK/STAT pathways are involved in lymphocyte proliferation and differentiation, 

they are often mutated or overexpressed in hematological malignancies, for example, mutations 

in STAT3 and STAT5 pathways are often found in leukemias (Koskela et al., 2012; Shuai et al., 

1996). As a multifunctional protein, CRT has been shown to facilitate the phosphorylation of 

STAT3 (Abraham et al., 2010; Du et al., 2009; Li et al., 2005a). More recently, multiple 

genome-based studies have shown that somatic mutations in CALR (which encodes for CRT) 

form the second largest group of markers after the JAKV617F gain of function mutation in 

myeloproliferative neoplasms (MPN) (Klampfl et al., 2013; Nangalia et al., 2013). Interestingly, 

the same groups found that the somatic CRT or JAK mutations in MPNs were, for the most part, 

mutually exclusive (Klampfl et al., 2013; Nangalia et al., 2013), leading to the tantalizing 

postulate that CRT and JAK function within the same signaling pathway. Indeed, expression of 

mutated CRT was found to sustain a low level of constitutive STAT3 phosphorylation (Klampfl 

et al., 2013).  

JAK/STAT signaling has been studied extensively regarding its involvement in tumor 

proliferation, development, and chemoresistance. For example, STAT3 and STAT5 have been 
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shown to mediate the proliferation and survival of multiple types of leukemia, multiple myeloma 

and numerous solid tumor cell types such as breast cancer and ovarian cancer (Bhardwaj et al., 

2007; Bharti et al., 2004; Jinawath et al., 2010; Nakajima et al., 1996; Real et al., 2002; Sexl et 

al., 2000; Van der Plas et al., 1996; Weisberg et al., 2012). Combined with my previous findings 

that CRT binds to α-integrin via the GFFKR membrane-proximal cytoplasmic motif, and that the 

GFFKR motif is associated with enhanced chemoresistance in T-ALL cells, I sought to 

determine if CRT is associated with drug resistance in T-ALL cells in a manner involving 

JAK/STAT signaling. 

 

5.2 Calreticulin is Associated with α-integrin GFFKR Motif-Mediated Drug Resistance  

To investigate if CRT is associated with GFFKR motif-mediated drug resistance, I used 

CRISPR-Cas9 (Cong et al., 2013) to silence CRT expression in the chemoresistant Tacδ cells 

previously described in Chapter 3 (Tacδ/CRT
-/-

). Western blot analysis and sequencing of the 

genomic CALR loci showed a complete loss of CRT expression due to a targeted frameshift 

deletion resulting in a predicted early translation termination (Figure 5.1). Similar to the 

apoptosis assays described in Chapter 3, I also used cells expressing Tacδ
scr

 with the scrambled 

GFFKR motif as the control for Tacδ cells. Cells were treated with doxorubicin for 48 hours, and 

apoptosis was determined by Annexin V binding using flow cytometry. In agreement with 

previous assays described in Chapter 3 (Figure 3.8), I found that doxorubicin-induced apoptosis 

was lowest in Tacδ cells and highest in Tacδ
scr

 cells (Figure 5.2A). In contrast with Tacδ cells, 

Tacδ/CRT
-/- 

cells exhibited partial loss of chemoresistance to doxorubicin (Figure 5.2A); thus 

implicating CRT as a positive mediator of GFFKR-mediated drug resistance. Stable re-



141 

 

expression of CRT in the form of ssGFP-CRT in Tacδ/CRT
-/-

 cells (Figure 5.2B) successfully 

restored chemoresistance to levels comparable to Tacδ
 
cells (Figure 5.2A).   

The work described in Chapter 3 showed that GFFKR motif-mediated chemoresistance 

requires the influx of extracellular Ca
2+

 (Figure 3.17 and Figure 3.18). Since CRT has been 

described as an L-type Ca
2+

 channel and a Ca
2+

 reservoir regulatory protein (Kwon et al., 2000), 

it is plausible that CRT’s role in drug resistance may be coupled to its role in regulating Ca
2+

 

flux. To investigate this, I measured intracellular Ca
2+

 levels for Tacδ, Tacδ/CRT
-/-

 and Tacδ
scr

 

cells using the cell permeant Ca
2+

 indicator, Fluo-4-AM. As before, cells were incubated in 

media with and without extracellular Ca
2+

 and under non-adherent conditions. In this manner, the 

difference in cellular Fluo-4-AM fluorescence between the two conditions provides a measure of 

Ca
2+

 influx. Similar to previous results (Figure 3.16), I found that Tacδ cells exhibited the 

highest levels of Ca
2+

 influx (Figure 5.3). Surprisingly, Tacδ
scr

 had intermediate Ca
2+

 influx, 

while Tacδ/CRT
-/-

 cells had the lowest Ca
2+

 influx, suggesting that CRT is a more important 

factor in regulating Ca
2+

 influx than the GFFKR motif (Figure 5.3).  

Previously, I showed that drug efflux contributes to GFFKR motif-mediated adhesion-

independent chemoresistance (Figure 3.20 and Figure 3.21). Drug efflux is coupled with Ca
2+

 

influx to achieve the export of drugs out of cells (Schinkel and Jonker, 2003). Since CRT 

impacts cellular Ca
2+

 influx in a significant manner, I sought to determine if CRT contributes to 

drug efflux activity observed in Tacδ cells. Tacδ, Tacδ/CRT
-/-

 and Tacδ
scr

 cells were incubated 

with calcein-AM, an indicator substrate used to assess the activity of certain p-glycoprotein 

based transporters (Legrand et al., 1998). I found that Tacδ cells retained fluorescent calcein at a 

significantly lower rate compared to Tacδ
scr

 cells while Tacδ/CRT
-/-

 cells had the highest 



142 

 

fluorescent calcein retention rate (Figure 5.4). This indicated that CRT expression was a more 

important factor in the efflux of calcein-AM than GFFKR motif expression.  

 

 

Figure 5.1. Generation of a Tacδ/CRT
-/-

 cell line using CRISPR-Cas9 

Tacδ cells were transfected with a CRISPR-Cas9 construct targeting CALR, and clones were 

screened for CRT expression as detailed in Methods. (A) Confirmation of loss of CRT 

expression in a representative Tacδ/CRT
-/-

 clone by Western blotting using antibodies against 

CRT. Equal protein loading was assessed by immunoblotting for GAPDH. (B) Sequencing of 

CALR genomic loci showing single nucleotide deletion (red triangle) occurring at 67 bp from the 

predicted start codon and -4 bp from the PAM recognition motif (green bar). The frame shift 

mutated variant encodes a predicted 96 amino acid protein product due to a premature 

termination codon. 
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Figure 5.2. Involvement of CRT in GFFKR motif-mediated drug resistance 

(A) The indicated cells were treated with 0.06 μg/mL of doxorubicin for 48 hours and flow 

cytometry was used to assess the percentage of total cells undergoing apoptosis as labeled by 

Annexin V binding. The bars show the mean  S.D.; n=3; *p<0.01. (B) Western immunoblot to 

detect CRT and GAPDH (loading control) in lysates of the same cells. 

 

 

 

 

 

 

 

 

Figure 5.3. Involvement of CRT in regulation of intracellular Ca
2+

 levels 

The indicated cells were labeled with Fluo-4-AM as described in Methods and incubated in PBS 

with or without 1 mM CaCl2 at 22
o
C for 10 minutes prior to measurements. Flow cytometry was 

used to assess the concentration of intracellular Ca
2+

 as indicated by Fluo-4-AM fluorescence. 

Plotted are the intracellular calcium measurements obtained from cells in 1 mM CaCl2/PBS after 

subtracting measurements obtained from cells in PBS alone (mean  S.D.; n=4; *p<0.01). 

A                                                 B                 

   



144 

 

 

Figure 5.4. Involvement of CRT in calcein-simulated drug efflux 

The indicated cells were incubated with the cell permeant calcein-AM substrate and fluorescence 

readings were taken at the indicated times. The rate of fluorescent calcein accumulation is an 

indirect and inverse measure of the cellular efflux rates of calcein-AM. The data points show the 

mean  S.D.; n=3; p not significant for t<2 minutes; p<0.05 for 2<t<4 minutes; p<0.002 for t>4 

minutes. 

 

5.3 Calreticulin is Involved in CAMDR Signaling 

Previously, I showed that cells expressing the truncated GFFKR motif as α4δ and Tacδ 

exhibited constitutive binding to CRT in a manner independent of cell adhesion, while cell 

adhesion via integrins enhanced the interaction between α-integrin and CRT (Figure 4.3 and 

Figure 4.4). To determine if CRT also plays a significant role in drug resistance upon α-integrin-

mediated adhesion, I seeded WT, CRT
-/- 

and CRT
-/-

 cells stably expressing ssGFP-CRT on the 

integrin substrate fibronectin (Fn) or on BSA as a non-adherent control, prior to treatment with 

doxorubicin (Figure 5.5). Consistent with my previous results, the fraction of apoptotic cells was 
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reduced for all three cell lines when plated on Fn when compared with BSA as a substrate 

(Figure 5.5A). However, the adhesion-dependent reduction in apoptosis was not as large for 

CRT
-/-

 cells when compared to WT cells, or to CRT
-/-

 cells rescued with ssGFP-CRT expression 

(Figure 5.5A and B). This indicated that CRT plays a role in adhesion-dependent integrin-

mediated chemoresistance (CAMDR). Notably, the fraction of apoptotic cells after treatment 

with doxorubicin and seeding on BSA was comparable among the three cell lines, indicating that 

loss of CRT did not adversely affect cell survival under adhesion-independent conditions. 

The work described in Chapter 3 showed that integrin-mediated cell adhesion in WT cells 

promoted Ca
2+ 

influx (Figure 3.19) and that drug resistance was coupled with Ca
2+

-dependent 

drug efflux. To determine if CRT is involved in this process, WT and CRT
-/- 

cells were labeled 

with Fluo-4-AM and fluorescence monitored over time following seeding of the cells onto Fn- or 

BSA-coated dishes (Figure 5.6). The cells exhibited comparable fluorescence at t=0 under all 

conditions tested, indicating comparable labeling and quantity of cells. Over the next 35 minutes, 

WT cells seeded on Fn exhibited significantly higher intracellular Ca
2+

 levels compared to WT 

cells seeded on BSA. Even though plating of CRT
-/- 

cells on Fn elicited a small increase in 

intracellular Ca
2+

 levels compared to CRT
-/- 

cells on BSA, overall, the Ca
2+

 influx for CRT
-/- 

cells 

was significantly less than that of WT cells plated on a non-adherent substrate (Figure 5.6).  

To determine if CRT is involved in cell adhesion-dependent promotion of drug efflux, 

WT and CRT
-/- 

cells were incubated with the cell-permeant calcein-AM substrate and then 

seeded onto Fn- or BSA-coated dishes. The rate of fluorescence accumulation inversely 

correlates with the efflux rate of calcein-AM, and as shown in  

Figure 5.7, I found that the efflux rates of WT and CRT
-/-

 cells plated on Fn or BSA 

correlated precisely with their rates of Ca
2+

 influx (Figure 5.6). Taken together, these results 
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implicate a role for CRT in cell adhesion-mediated drug resistance, and indicate that the effects 

are mediated in part by CRT’s critical role in regulating Ca
2+

 flux. 

 

 

 

 

Figure 5.5. Involvement of CRT in CAMDR 

(A) WT, CRT
-/- 

and CRT
-/-

 cells stably expressing ssGFP-CRT were seeded on dishes coated 

with Fn or BSA for 4 hours, followed by treatment with 0.05 μg/mL of doxorubicin for 48 hours. 

Flow cytometry was used to assess the percentage of total cells undergoing apoptosis as labeled 

by Annexin V binding. The bars show the mean  S.D.; n=3; *p<0.05; ns, p not significant. (B) 

Western immunoblot to detect CRT and GAPDH (loading control) in lysates of the cells as 

indicated. 

 

 

 

 

A                                                      B                 
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Figure 5.6. Involvement of CRT in adhesion-dependent Ca
2+

 flux 

WT and CRT
-/-

 cells were labeled with Fluo-4-AM and seeded on dishes coated with fibronectin 

(Fn) or BSA and fluorescence readings were taken at the indicated times following cell seeding. 

The data points show the mean  S.D.; n=3; p<0.05 for t=30-35 minutes for all comparisons, and 

not significant for t=0 minutes for all comparisons.  

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Involvement of CRT in adhesion-dependent calcein simulated drug efflux 

WT and CRT
-/- 

cells were incubated with the cell permeant calcein-AM substrate and seeded on 

dishes coated with Fn or BSA. Fluorescence readings were measured at the indicated times. The 

rate of calcein accumulation is an indirect and inverse measure of the cellular efflux rates of 

calcein-AM. The data points show the mean  S.D.; n=3; p not significant for t=0-2 minutes for 

all comparisons; p<0.01 for t>7 minutes for all comparisons. 

0       15      20      25     30      35 

                   Time (mins) 
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5.4 Involvement of Calreticulin in STAT Protein Phosphorylation in T-ALL 

As mentioned in the introductory chapter (Section 1.9 and 1.10), mutant forms of CRT 

have been associated with myeloproliferative neoplasms (MPNs), occurring at a frequency that is 

second only to gain-of-function JAK2 mutation (Klampfl et al., 2013; Nangalia et al., 2013). 

Klampfl et al found that expression of mutated CRT led to sustained phosphorylation of STAT5 

in a manner no longer requiring cytokine stimulation (Klampfl et al., 2013; Nangalia et al., 

2013). Both STAT3 and STAT5 have been shown to be important players in the development 

and prognosis of leukemia, and also in contributing to chemoresistance in refractory tumors 

(Bhardwaj et al., 2007; Bharti et al., 2004; Nakajima et al., 1996; Sexl et al., 2000; Van der Plas 

et al., 1996; Weisberg et al., 2012). The MPN-associated somatic mutations result in a CRT 

protein without the C-terminal KDEL ER retention sequence, and this is hypothesized to 

promote increased accumulation of CRT in the cytosol. Of particular interest, there is now 

evidence to suggest that the MPN-associated mutant CRT acts at the receptor level by interacting 

with the thrombopoietin receptor, myeloproliferative leukemia protein (MPL) in essential 

thrombocytopenia, that produces sustained JAK/STAT signaling (Araki et al., 2016; Chachoua et 

al., 2016). While this has not been shown in MPNs, work by another group has indicated that 

CRT is naturally present in the cytosol, albeit at very low levels compared to the ER and in the 

absence of cell treatment with ICD-inducers (Afshar et al., 2005). Along with my finding that 

CRT is involved in GFFKR motif-mediated drug resistance, and that both STAT3 and STAT5 

signaling are potential oncogenic drivers in leukemia (Koskela et al., 2012; Shuai et al., 1996), I 

investigated if CRT is involved in regulation of STAT3 and STAT5 phosphorylation occurring 

downstream of cytokine receptor signaling in T-ALL lymphoblasts. 
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To determine if CRT is involved in STAT3 and STAT5 activation in Jurkat T 

lymphoblasts, I performed Western blot analysis to detect phospho(Y705)-STAT3 and 

phospho(Y694)-STAT5 in cells stimulated with cytokines. Initially, cells were stimulated with 

IFNα 2b, a cytokine that binds to interferon-α/β receptor (IFNAR) and known to non-specifically 

activate a number of STAT proteins, to assess possible CRT involvement in STAT signaling 

(Platanias, 2005). Flow cytometry analysis for surface IFNAR indicated comparable expression 

levels in WT, CRT
-/-

, and CRT
-/-

 cells stably expressing ssGFP-CRT (Figure 5.8), suggesting 

little consequence on receptor expression due to CRT disruption. From initial optimization 

studies, I found that a higher concentration of IFNα 2b was required to induce tyrosine 

phosphorylation of STAT5 compared to that of STAT3 (not shown). Subsequently, WT, CRT
-/-

, 

and CRT
-/-

/ssGFP-CRT cells were stimulated with 10 ng/mL and 2.5 ng/mL of IFNα 2b for 

analysis of phospho(Y694)-STAT5 and phospho(Y705)-STAT3, respectively. Compared to non-

stimulated controls, IFNα 2b-stimulated WT cells showed increased phosphorylation levels of 

both STAT5 and STAT3 (Figure 5.9). In contrast, IFNα 2b-stimulated CRT
-/- 

cells exhibited 

significantly reduced phosphorylation levels of both STAT5 and STAT3, even though total 

expression of the proteins was comparable between WT and CRT
-/-

 cells (Figure 5.9). To 

confirm the requirement of CRT in IFNα 2b-stimulated phosphorylation of STAT proteins, the 

assay was conducted with CRT
-/-

cells stably reconstituted with ssGFP-CRT expression. I found 

that ssGFP-CRT expression fully reconstituted the IFNα 2b-stimulated increase of 

phospho(Y694)-STAT5, but not of phospho(Y705)-STAT3 (Figure 5.9). In summary, my results 

indicated that CRT is required for efficient IFNα 2b-stimulated phosphorylation of STAT5 and 

STAT3, and that ssGFP-CRT expression was able to restore IFNα 2b stimulation of 

phospho(Y694)-STAT5 in CRT
-/-

 cells. 
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Since IFNα 2b binding to its receptors lead to phosphorylation of multiple STAT 

proteins, including STAT1, 2, 3 and 5, I sought to gain greater cytokine specificity by using 

interleukin-6 (IL6) and interleukin-7 (IL7), which preferentially stimulate the phosphorylation of 

STAT3 and STAT5, respectively (Goetz et al., 2004; Hodge et al., 2005; Nakajima et al., 1996; 

Platanias, 2005; Wofford et al., 2008). Initial attempts revealed no evidence of STAT 

phosphorylation when the WT Jurkat cells were stimulated with IL6 or IL7. The fault with this 

approach was traced to the fact that Jurkat cells do not express a detectable level of the 

corresponding receptors, IL6R and IL7R (data not shown). To circumvent this limitation, I 

transfected and flow sorted the WT and CRT
-/-

 cells to obtain comparable stable expression of 

IL6Rα (WT/IL6Rα and CRT
-/-
/IL6Rα, Figure 5.10). Unfortunately, similar attempts to generate 

cells stably expressing IL7Rα were unsuccessful. As shown in Figure 5.11, WT/IL6Rα cells 

stimulated with IL6 showed increased levels of phospho(Y705)-STAT3 compared to the non-

stimulated control. In contrast, IL6 stimulated CRT
-/-
/IL6Rα

 
cells showed a smaller increase in 

STAT3 phosphorylation when compared to WT/IL6Rα cells. This result is similar to that 

obtained for cells stimulated with IFNα 2b and suggests that CRT is involved in STAT signaling 

downstream of IL6Rα or IFNAR stimulation (Figure 5.9 and Figure 5.11).  

Taken together, these results indicate that CRT deficiency resulted in decreased cytokine-

stimulated STAT3 and STAT5 phosphorylation in Jurkat T-lymphoblasts. However, 

reconstitution of the CRT
-/-

 cells with ssGFP-CRT rescued STAT5 but not STAT3 

phosphorylation. It is notable that the ssGFP-CRT levels obtained in the stable expressers were 

lower than that detected for the endogenous protein in WT cells, and this may account for the 

lack of rescue with regards to STAT3 phosphorylation.  
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To better understand the role of CRT in JAK/STAT signaling in T cells, I analyzed 

additional T-ALL cell lines to identify phenotypes that might be amenable for further 

characterization. Three T-ALL cells lines, THP-6, SUP-T1 and DND41 were either not 

stimulated or stimulated with IL6 or IFNα 2b, and the STAT3 and STAT5 phosphorylation 

levels determined by immunoblotting (Figure 5.12). No stimulation was observed with IL6, 

while IFNα 2b stimulated the phosphorylation of STAT3 and STAT5 in THP-6 and SUP-T1 

cells. DND41 cells were found to have constitutive STAT5 phosphorylation. In follow-up 

studies, it will be of interest to knockout CRT expression in DND41 cells to further delineate the 

point along the cytokine receptor/JAK/STAT signaling pathway at which CRT acts. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. IFNAR expression  

Flow cytometry determination of cell surface interferon-α/β receptor (IFNAR) expression in WT, 

CRT
-/-

, and CRT
-/-

 cells stably expressing ssGFP-CRT (ssGFP-CRT). Numbers under the 

histograms show the geometric mean fluorescence intensity. 
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Figure 5.9. IFNα 2b stimulated STAT3 and STAT5 phosphorylation 

WT, CRT
-/- 

and ssGFP-CRT were treated with 10 ng/mL or 2.5 ng/mL IFNα 2b for 15 minutes 

as indicated and cell lysates immunoblotted to detect phospho(Y694)-STAT5, total STAT5, 

phospho(Y705)-STAT3, total STAT3, and CRT levels. Equal protein loading was assessed by 

immunoblotting for GAPDH. The results shown are representative of more than 3 experiments. 
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Figure 5.10. Stable IL6Rα expression in Jurkat cells 

WT and CRT
-/-

 cells were transfected to express IL6Rα and flow cytometry used to sort for 

IL6Rα-expressing cells. The histograms show cells exhibiting stabilized IL6Rα expression in 

comparison to the parental strain. (A) WT/IL6Rα versus WT cells. (B) CRT
-/-
/IL6Rα versus 

CRT
-/-

 cells. Flow cytometry was used to measure IL6Rα labeled with the α-IL6Rα antibody. 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. IL6 stimulation of STAT3 phosphorylation 

WT/IL6Rα and CRT
-/-
/IL6Rα cells were treated with or without IL6 for 15 minutes and cell 

lysates immunoblotted to detect phospho(Y705)-STAT3, total STAT3, and CRT levels. Equal 

protein loading was assessed by immunoblotting for GAPDH. The results shown are 

representative of more than 3 experiments. 
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Figure 5.12. DND41 has constitutive STAT5 phosphorylation 

THP-6, SUP-T1 and DND41 cells were treated with IL6 or IFNα 2b for 15 minutes and cell 

lysates immunoblotted to detect phospho(Y705)-STAT3, total STAT3, and phospho(Y694)-

STAT5. Control indicates untreated cells. Equal protein loading was assessed by immunoblotting 

for GAPDH. The results shown are representative of more than 3 experiments. 

 

5.5 Discussion 

STAT3 and STAT5 signaling are known to regulate the transcription of genes involved in 

proliferation and survival, and not surprisingly, abnormal STAT3 and STAT5 activation 

commonly occur in multiple cancer types (Bharti et al., 2004; Du et al., 2009; Hodge et al., 2005; 

Jinawath et al., 2010; Sexl et al., 2000; Shain et al., 2009; Walker et al., 2014). In MPNs, somatic 

CALR mutations occur at a rate that is second only to that of JAK2V617F, which encodes for a 

constitutively active JAK2 (Klampfl et al., 2013; Nangalia et al., 2013). In MPNs, the 

somatically mutated CRT causes constitutive STAT phosphorylation through CRT association 

with MPL (Araki et al., 2016; Chachoua et al., 2016). This line of evidence is suggestive of co-
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involvement of CRT and JAK in cytokine-mediated STAT activation and signaling. Expression 

of wildtype CRT was also found to facilitate JAK/STAT signaling in multiple cell types 

(Abraham et al., 2010; Du et al., 2009; Li et al., 2005a). Therefore, the work described in 

Chapter 5 investigated whether CRT may be involved in integrin-mediated drug resistance and in 

cytokine-mediated signaling involving STATs. This line of reasoning presumes that CRT’s role 

in facilitating drug resistance and JAK/STAT signaling is highly conserved in multiple cellular 

systems and that misregulation of CRT’s function may reveal its oncogenic potential. 

 From the results described in Chapters 3 and 4, I provided evidence that cell adhesion via 

integrins increased the chemoresistance properties of WT Jurkat cells and that cells expressing 

Tacδ (with the cytosolic GFFKR motif) exhibited chemoresistance in a manner not requiring cell 

adhesion. I also showed that cell adhesion promoted the enhanced interaction of CRT with α-

integrins, while CRT constitutively interacts with Tacδ in a manner not requiring cell adhesion. 

This led to the idea that integrin-mediated chemoresistance may involve CRT-GFFKR 

interaction occurring in the cytosol. With the ability to easily generate CRT null cells using the 

CRISPR-Cas9 system, I was able to confirm that CRT is at least partially involved in both 

adhesion-dependent chemoresistance observed in WT cells, and in adhesion-independent 

chemoresistance observed in Tacδ cells. 

It is not yet clear why the loss of CRT expression only partly attenuated the observed 

chemoresistance. For example, the chemosensitivity of Tacδ/CRT
-/-

 cells was not restored to the 

levels observed for the control Tacδ
scr

 cells. However, the effects are specific to CRT expression, 

since re-expression of CRT (as ssGFP-CRT) was sufficient to restore the chemoresistance 

properties of the CRT
-/-

 cell lines back to the levels observed in the parental cells with 



156 

 

endogenous CRT expression. Thus, the gain in chemoresistance resulting from GFFKR 

expression as Tacδ can be categorized as dominant over the requirement for CRT.  

It is clear that one of CRT’s critical roles is in the modulation of cellular Ca
2+

 flux. I 

found that CRT-deficient T-lymphoblasts exhibit dramatic reductions in both Ca
2+

 influx and 

drug efflux. However, the decrease in drug efflux could not account for the partial restoration of 

chemosensitivity, thus other mechanisms contributed by the GFFKR motif expression or by cell 

adhesion remain plausible. Obvious possibilities include GFFKR-interacting proteins not 

evaluated in this study, a list that includes Sharpin, MDGI, and Mss4. The binding of Sharpin or 

MDGI to GFFKR inhibits β1-integrin activation (Nevo et al., 2010; Rantala et al., 2011), thus 

the functional consequence of the binding of either of these two proteins would be predicted to 

inhibit, and not promote, CAMDR. It is not immediately apparent how Mss4 activity would 

regulate CAMDR. Mss4 is known to regulate matrix metalloproteinases and matrix remodeling 

(Knoblauch et al., 2007; Nevo et al., 2010; Rantala et al., 2011), thus alterations to the ECM 

regulated by Mss4 may impact integrin-mediated drug resistance signaling. To begin to 

investigate these other GFFKR-binding proteins as regulators of GFFKR-mediated drug 

resistance, one could begin by assessing the levels of Sharpin, MDGI or Mss4 that are 

immunoprecipitated with α4δ or Tacδ in my model system, and confirm if the interaction with 

native α4-integrins is increased in a manner dependent on cell adhesion.  

The other emerging possibility is the role of CRT in facilitating JAK/STAT signaling 

important in cell proliferation, survival and chemoresistance signaling. I showed that cytokine-

stimulated CRT
-/-

 cells exhibited reduced phosphorylation of both STAT3 and STAT5 compared 

to WT cells. Notably, reconstitution with ssGFP-CRT restored the phosphorylation of STAT5 

but did not restore the phosphorylation of STAT3. This is a possible indication that the GFP-
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tagged CRT may not function in a manner that fully reproduces the activity mediated by the 

endogenous wildtype version. The CRT N-domain was found to interact directly with the JAK2-

MPL protein complex, and this interaction mediates the phosphorylation of STAT proteins 

(Araki et al., 2016). It is possible that placement of the globular GFP tag at the N-terminus of 

CRT (as ssGFP-CRT) may interfere with the CRT N-domain interaction with cytokine receptors 

for STAT phosphorylation. This issue could be addressed by rescue experiments with wildtype 

CRT instead of the GFP-tagged version. Another possibility that cannot be ruled out is that the 

level of ssGFP-CRT expression in the stable cell lines was significantly less than the levels 

detected for endogenously expressed CRT. In this regard, cytokine receptor-mediated STAT3 

signaling may require higher levels of CRT to efficiently couple the process when compared to 

STAT5. The MPL cytokine receptor that was implicated in MPNs was shown to interact with 

mutated CRT in a complex that also includes JAK2 (Araki et al., 2016; Chachoua et al., 2016). It 

remains to be shown if CRT can interact with other cytokine receptors and with other JAKs, the 

elucidation of which will be important for our mechanistic understanding of the role of CRT in 

proliferative STAT signaling.  

Ideally, one of the specific aims set out in this study was to evaluate the functional 

contribution of cytosolic CRT in cell chemoresistance as well as in JAK/STAT signaling. Having 

created cell lines deficient in CRT expression, I was able to reconstitute expression with various 

mutant forms of CRT, which include the cytosol-targeted GFP-CRT, as well as the KDEL 

deleted versions described in the preceding chapter. However, multiple attempts to establish cell 

lines that stably express GFP-CRT, ssGFP-CRT-KDELdel, and ssGFP-CRT-mutant type I met 

with no success. It is not clear why this is, but I am led to conclude that expression of these 

proteins was either cytotoxic or led to a diminished proliferative potential. The effects appear to 
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be cell line or cell type dependent, as parallel efforts by our lab to establish CHO cells stably 

expressing the above mutant CRT constructs have been successful. Characterization of these 

cells is underway, but it is not clear if we will be able to model key signaling pathways that have 

been the focus of my studies. In addition, there will be renewed efforts to create Jurkat-based 

WT and CRT
-/-

 cells with stable IL7R expression as it is becoming apparent that the IL7-IL7R-

JAK-STAT5 signaling pathway is likely implicated in CRT function. 

Since JAK/STAT signaling is an important pathway involved in cell proliferation and 

survival (Bhardwaj et al., 2007), I speculate that CRT functions to promote chemoresistance 

partly through facilitating STAT phosphorylation and signaling. I have shown in my studies that 

CRT binds to the α-integrin GFFKR motif during integrin activation events (Liu et al., 2016; Liu 

et al., 2013). Integrin activation typically accompanies the clustering of integrins and cytokine 

receptors (Shattil et al., 2010) and indeed, interleukin receptors are clustered at focal adhesions 

in substrate attached cells or enriched in lipid rafts alongside integrins (Streuli and Akhtar, 2009; 

Yanagisawa et al., 2004). As such, I speculate that CRT may act as a bridge to link integrins with 

JAK-associated cytokine receptor signaling in focal adhesions or lipid rafts.  

 Taken together, the work described in Chapter 5 demonstrates that CRT is an important 

contributor to GFFKR motif-mediated drug resistance. This contribution may originate from 

CRT’s function in regulating Ca
2+

 influx, drug efflux, and JAK/STAT signaling.  
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Chapter 6: General Discussion and Perspectives 

 

6.1 The α-integrin GFFKR Motif and CRT Regulate Chemoresistance 

The α-integrin GFFKR motif interacts with several proteins described to regulate integrin 

function including Sharpin, MDGI, Mss4, CIB and CRT (Barry et al., 2002; Coppolino et al., 

1995; Coppolino et al., 1997; Knoblauch et al., 2007; Nevo et al., 2010; Rantala et al., 2011). I 

analyzed published data to identify the candidate effector that best fitted my finding that 

expression of the cytosolic GFFKR motif as a plasma membrane-anchored protein was sufficient 

to promote drug resistance in an adhesion-independent manner. Both Sharpin and MDGI act as 

inhibitors of integrin activation and cell adhesion (Nevo et al., 2010; Rantala et al., 2011). If α4δ 

or Tacδ expression resulted in Sharpin or MDGI binding to the exposed GFFKR, then the 

adhesion and chemoresistance observed via other integrins such as α5β1-ligation to GST-Fn9.11 

would be expected to increase in α4δ or Tacδ expressing cells; a phenomenon I did not observe. 

Mss4 is implicated in the secretion of matrix metalloproteinases and fibronectin remodeling, 

neither of which applies to my assay system (Knoblauch et al., 2007). CIB is a calcium and 

integrin-binding protein, however, detailed interaction studies indicate specificity for αIIb-

integrin sequences N-terminal to and in addition to GFFKR, sequences not found in α4δ or Tacδ 

(Barry et al., 2002). 

This leaves CRT, a ubiquitous calcium-binding and chaperone protein found 

predominantly within the lumen of the endoplasmic reticulum (ER) (Michalak et al., 2009), and 

whose reported interactions with integrins α2 and α7 are associated with transient Ca
2+

 fluxes 

upon integrin-substrate ligation (Coppolino et al., 1997; Kwon et al., 2000). Furthermore, CRT is 

reported in several studies to upregulate the JAK/STAT signaling pathway in a cytokine-
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independent manner, likely contributing to tumor proliferation and enhanced cell survival. Using 

immunoprecipitation studies, I showed an increased interaction of CRT with the truncated 

GFFKR motif of non-adherent cells and with α4-integrin from adhesion-stimulated cells. Thus, 

this study adds to the list of α-integrins shown to interact with CRT in a manner stimulated by 

cell adhesion, which now includes α2, α3, α4, α6 and α7 (Coppolino et al., 1995; Coppolino and 

Dedhar, 1999; Kwon et al., 2000; Tran et al., 2002; Zhu et al., 1997). It remains unclear how an 

ER resident protein like CRT may bind to the juxtamembrane cytoplasmic tail of α-integrins. An 

increasing body of work has highlighted the non-ER resident localization and function of CRT 

that includes cytosolic, cell surface and secreted forms (Gold et al., 2010). Several elegant 

studies described mechanisms that can account for the minor cytosolic localization of CRT 

(Afshar et al., 2005; Shaffer et al., 2005). The demonstration that CRT null cells have impaired 

integrin-mediated adhesion and adhesion-stimulated Ca
2+

 influx suggest a more intimate role for 

CRT in integrin function (Coppolino et al., 1997). This is supported by the finding that restoring 

or enhancing the expression of a cytosolic targeted form of CRT was able to rescue the adhesion 

defect exhibited by CRT-deficient fibroblasts (Afshar et al., 2005).  

The stoichiometry of the CRT-α4 integrin interaction that I observed was estimated to be 

very low. This is not surprising considering the disparate locales of the interacting partners, with 

most CRT found within the ER lumen (Johnson et al., 2001). However, using the CRT knockout 

cell lines, CRT
-/-

 and Tacδ/CRT
-/-

, in conjunction with their respective CRT rescues, I showed 

that CRT is involved in acquired chemoresistance against doxorubicin. Using the same CRT 

knockout and rescue model, I showed that CRT facilitates Ca
2+

 influx, drug efflux, and STAT 

phosphorylation. All of these pathways have been implicated in drug resistance (Chiu et al., 
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2010; Real et al., 2002). Thus, CRT-α-integrin interaction potentially affects both Ca
2+

-mediated 

and JAK/STAT-mediated chemoresistance.  

 

6.2 Integrin Modulation of Immunogenic Cell Death 

As a DAMP expressed on the surface of cells undergoing immunogenic cell death, 

surface CRT is crucial for the clearance of tumor cells by the host immune system, mediated by 

professional phagocytes (Garg et al., 2010; Krysko, 2013; Krysko et al., 2012; Krysko et al., 

2013). Therefore, physiological events contributing to reduced surface CRT expression may lead 

to reduced anti-tumor responses resulting from anthracycline-based chemotherapy. I showed that 

integrin activation reduced cell surface CRT presentation in various T-ALL cells, and resulted in 

the reduced phagocytosis of Jurkat T-lymphoblasts by macrophages. The tumor 

microenvironment such as the bone marrow stroma may provide these protective stimuli in the 

form of adhesion substrates and stimulatory chemokines that promote integrin activation (Meads 

et al., 2008) and lead to decreased phagocytosis of the cancer cells. I also showed that the 

integrin-mediated effects on phagocytosis only became evident when the CD47 ‘don’t eat me’ 

signal was blocked with neutralizing antibodies, a result consistent with published reports (Tseng 

et al., 2013; Willingham et al., 2012). Thus, effective chemotherapy employing anthracyclines 

may benefit from co-administration with integrin- and CD47-function blocking therapeutic 

monoclonal antibodies. 
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6.3 Translocation of Calreticulin from the ER to the Cell Surface During Immunogenic 

Cell Death 

Several enabling methodologies were necessary to achieve confidence for assessing the 

transition of CRT through the subcellular compartments, due in large part to the fact that CRT is 

a multifunctional protein with varied subcellular localizations including the ER, cytosol, or the 

cell surface. I utilized CRISPR-Cas9 to target CALR in Jurkat T-lymphoblasts to derive CRT
-/-

 

cells with no detectable expression of CRT protein (Cong et al., 2013). With CRT
-/-

 cells as a 

blank canvas, I was able to reconstitute expression with GFP-tagged CRT that was either 

expressed in the cytosol or inserted via a signal sequence into the ER lumen in a manner 

resembling the native protein. This provided an opportunity to probe the subcellular source for 

surface CRT resulting from an ICD-inducer. It is widely accepted that the path to the surface 

requires induction of ER-stress and subsequent release of CRT from its highly enriched 

localization within the ER-lumen (Garg et al., 2012; Korbelik et al., 2011; Obeid et al., 2007). 

My results with CRT
-/-

 cells reconstituted with the ER-targeted ssGFP-CRT, ssGFP-CRT-

KDELdel and ssGFP-CRT-mutant type I confirm earlier findings, in that doxorubicin-treatment 

stimulated surface CRT presentation. The fact that this increase is detectable with either α-CRT 

or α-GFP antibodies indicated that the translocation involved the intact fusion protein. When 

expressed within the cytosol without transiting the ER, GFP-CRT presented at high levels on the 

cell surface in a manner that could not be stimulated further with doxorubicin. In effect, this 

bypassed the requirement for induction of ER-stress.  

I utilized partial permeabilization techniques with digitonin to show that CRT is enriched 

within the extra-ER, cytosolic compartment of the cell following treatment with the ICD-inducer, 

oxaliplatin. When cells were co-treated with oxaliplatin and 9EG7, an antibody that promotes the 
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activation of β1-integrins, cell surface CRT levels were not elevated in live, non permeabilized 

cells, even though digitonin permeabilization revealed an increase in the extra-ER cytosolic pool 

of CRT. In a similar fashion, cells expressing Tacδ exhibited no increase in surface CRT upon 

oxaliplatin treatment, even though the extra-ER cytosolic CRT was significantly increased. 

These findings support a mechanism that involves CRT release from the stressed-ER to the 

cytosol (Goitea and Hallak, 2015; Sambrooks et al., 2012; Tarr et al., 2010b; Tsai et al., 2002), 

following which CRT may translocate to the cell surface. Furthermore, enforced activation of 

integrins, or expression of Tacδ, prevented the translocation of cytosolic CRT to the cell surface. 

Since the GFFKR motif for binding CRT is found within the cytoplasmic tail of α-integrin, it is 

plausible that GFFKR may be acting to sequester CRT within the cytosol. This effect is 

switchable, in that integrin activation facilitated by cell adhesion or by activation-specific 

agonists inhibited surface CRT presentation. To my knowledge, this is the first known functional 

role for integrins in the regulation of immunogenic cell death.  

 

6.4 Contribution of Serum CRT to Cell Surface CRT  

During experimental methodology optimization, rather surprisingly, I found that the α-

CRT antibody used to detect surface CRT revealed a residual signal that was significantly above 

background on CRT
-/-

 cells. CRT can be detected in serum and is often found at higher levels in 

patients with inflammatory autoimmune conditions, leading to suggestions that it may be a 

marker for inflammation (Molica et al., 2016; Ni et al., 2013; Ren et al., 2016). This led us to test 

the FBS-supplemented media as a source for CRT detected on the cell surface. I conclude that an 

α-CRT reactive signal is present in FBS and that this signal can be eliminated by culturing cells 

in serum-reduced or serum-free conditions. Importantly, the typical 2-fold increases in cell 
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surface CRT observed for doxorubicin-treated cells was found to originate from endogenous 

cellular pools of the protein, with a negligible contribution from FBS-supplemented media. It is 

noteworthy that the antibody-based phenomenon is not restricted to this one rabbit polyclonal 

antibody used in this study as I have detected serum-based CRT background staining using other 

antibodies sourced from other manufacturers (data not shown). To address issues relating to 

consistency, we have initiated efforts to identify a monoclonal antibody for detecting surface 

CRT. While this is not anticipated to eliminate the serum-derived signals, it will at least provide 

a standardized measure for comparing batches of FBS that will likely have variable levels of 

serum CRT. In sum, I believe my findings will begin to consolidate the existence of CRT in 

various sub- and extra-cellular compartments of the cell, and also provide some explanation for 

anecdotal contradictions within the CRT research community on the validity of antibody-based 

detection for cell surface CRT.  

 

6.5 Calreticulin Facilitates JAK/STAT Signaling in Leukemia 

 Recent studies suggested that the MPN-associated CRT lacking the KDEL ER retention 

sequence may allow passage of the mutant CRT through the Golgi secretory pathway, leading to 

greater accumulation of non-ER localized intracellular and/or extracellular CRT (Chachoua et 

al., 2016). Furthermore, the mutation may also lead to changes in the conformation of the CRT 

protein that facilitate its binding to the MPL/JAK2 complex, leading to a low but sustained 

constitutive phosphorylation of STAT proteins (Araki et al., 2016; Chachoua et al., 2016). 

Interestingly, various -1/+2 frameshift mutations introduced within exon 9 of CALR leads to 

expression of mutant CRT with a novel C-terminus predicted to carry a positive electrostatic 

charge that defines the oncogenic potential of the MPN-associated mutant protein by facilitating 



165 

 

interaction with the MPL receptor (Chachoua et al., 2016; Elf et al., 2016). Mere expression of a 

KDEL deleted variant was not sufficient to promote JAK/STAT signaling in the BaF3 reporter 

cell line, while altering the novel C-terminus sequence to retain a positive charge did. These 

structural insights provided our first clues into the mechanism of action for MPN-associated 

mutant CRT, in that the positively charged C-terminus is likely to act as a gain of function 

oncogenic protein to bind the MPL/JAK complex and promote the activation of STAT. 

In contrast, expression of wildtype CRT was not found to impact STAT phosphorylation 

in the same series of experiments conducted using a pre-B reporter cell line (Chachoua et al., 

2016). On the other hand, previous studies using other cell lines have reported that wildtype CRT 

facilitates STAT3 phosphorylation (Abraham et al., 2010; Du et al., 2009; Li et al., 2005a). It is 

thus conceivable that CRT may impact STAT signaling pathways differently in different cell 

types, depending upon the combination of cytokine receptor and JAK proteins expressed 

(Murray, 2007). For example, the cytokine receptor MPL preferentially binds to JAK2, and the 

MPL/JAK2 complex facilitates the association, phosphorylation and activation of STAT5 

(Murray, 2007). In contrast, the IFNα receptor preferentially binds to JAK1 and TYK2, and this 

combination has been shown to promote activation of STAT1, STAT2, STAT3 and/or STAT5 

(Chow and Gale, 2015; Platanias, 2005). As a further example, the phosphorylation and 

activation of STAT3 is primarily mediated by IL6R binding to JAK1 (Murray, 2007). It is 

possible that wildtype CRT may facilitate the IL6R/JAK1/STAT3 pathway while having a 

minimal impact on the MPL/JAK2/STAT5 pathway.  

My study describes the involvement of wildtype CRT in facilitating JAK/STAT signaling 

in a T-lymphoblast cell model. I utilized CRISPR-Cas9 to knockout CRT expression in Jurkat T-

lymphoblasts and subsequently performed rescue experiments with ssGFP-CRT. Comparing the 
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parental wildtype, CRT
-/-

 and ssGFP-CRT rescued cells, I confirmed that CRT plays a significant 

role in facilitating STAT phosphorylation. CRT
-/-

 cells showed significantly lower STAT3 and 

STAT5 phosphorylation compared to parental wildtype and rescue cells when treated with IFNα 

2b or IL6. Similarly, using both CRT
-/-

 and Tacδ/CRT
-/-

 and their respective CRT rescues, I 

showed that CRT is required for chemoresistance against doxorubicin. Since JAK/STAT 

signaling is involved in cell proliferation and survival (Bhardwaj et al., 2007), I speculate that 

CRT functions to promote chemoresistance partly through facilitating STAT activity. 

Furthermore, I showed that ssGFP-CRT expression successfully reconstituted IFNα 2b-

stimulated phosphorylation of STAT5 but not STAT3. It is plausible that ssGFP-CRT may have 

a weaker association with the IFNα receptor/JAK1/STAT3 complex when compared to the IFNα 

receptor/TYK2/STAT5 complex, and therefore the low ssGFP-CRT expression was insufficient 

to rescue STAT3 phosphorylation. Interestingly, expression of type I MPN mutated CRT is not 

sufficient to bypass the requirement for IFNAR stimulation of STAT5 activity, thus it appears 

that mutated CRT uniquely mediates the cytokine-independent stimulation of MPL (Chachoua et 

al., 2016). This leaves open the possibility that wildtype CRT may retain the ability to signal via 

the IFNα receptor/TYK2/STAT5 complex while the type I MPN CRT mutant does not. 

 Interleukin receptors are clustered at focal adhesions in substrate-attached cells or 

enriched in lipid rafts alongside integrins during integrin activation (Streuli and Akhtar, 2009; 

Yanagisawa et al., 2004). Indeed, PKC phosphorylation downstream of integrin activation 

facilitates STAT1 activation (Ivaska et al., 2003) while JAK2 promotes integrin activation 

through the hierarchical activation of Rho and Rap (Montresor et al., 2013; Montresor et al., 

2015). These crosstalk studies revealed an interwoven relationship between integrin activation 

and JAK/STAT signaling. Taken together with the demonstration that integrin activation 
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promotes the binding of CRT to the α-integrin GFFKR motif (Liu et al., 2016; Liu et al., 2013), I 

speculate that CRT may act as a bridge to link integrin receptor signaling with JAK-associated 

cytokine receptor signaling within focal adhesions or lipid rafts.  

 

6.6 Closing Perspectives 

The findings presented in this thesis indicate that the α-integrin GFFKR motif is 

sufficient to induce resistance against chemotherapeutics and that Ca
2+

 influx is involved in this 

process. CRT appears to be one of the key mediators of GFFKR motif-mediated drug resistance 

and Ca
2+

 influx. Furthermore, the α-integrin GFFKR motif appears to modify immunogenicity of 

T-ALL cells by regulating cell surface CRT presentation during immunogenic cell death.  

CRT is an L-type Ca
2+

 channel regulator and Ca
2+

 reservoir, and CRT associates with 

multiple α-integrins through their GFFKR motif (Coppolino et al., 1997; Kwon et al., 2000). 

CRT binding to wildtype α-integrin GFFKR motif requires integrin activation (Coppolino et al., 

1997; Kwon et al., 2000; Liu et al., 2016). My findings showed that loss of CRT leads to 

increased chemosensitivity in otherwise chemoresistant cell lines expressing the GFFKR motif. 

Similarly, loss of CRT leads to decreased Ca
2+

 influx and decreased Ca
2+

-dependent drug efflux. 

Taken together, I present Figure 6.1 as a summative model to depict the possible mechanisms of 

α-integrin GFFKR motif-mediated drug resistance: (1) the conformation change in integrin 

heterodimers during integrin activation allows CRT binding, leading to Ca
2+

 influx and 

subsequent drug efflux mediated by p-glycoproteins (Xia and Smith, 2012); and (2) through yet 

unknown mechanisms, the α-integrin GFFKR motif mediates phosphorylation and activation of 

Akt pro-survival signaling pathways.  
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However, the proposed model also raises additional questions. First, the investigations 

described in Chapters 3 and 5 did not explain how expression of the juxtamembrane GFFKR 

motif alone can lead to the specific phosphorylation of Akt at Thr308 in a manner independent of 

cell adhesion. It has been amply described that cell adhesion-mediated activation of the 

PI3K/Akt pathway requires integrin activation and formation of focal adhesion complexes; 

however this mechanism requires the participation of focal adhesion proteins and both the α- and 

β-integrin cytoplasmic tails (Chekenya et al., 2008; King et al., 1997; Legate et al., 2006; Xia et 

al., 2004; Zhang et al., 2010). It is also known that integrin-mediated cell adhesion triggers the 

influx of extracellular Ca
2+

 into cells (Waitkus-Edwards et al., 2002; Wu et al., 2001; Wu et al., 

1998). In neuroblastoma cells, the calcium/calmodulin-dependent protein kinase kinase 

(CAMKK) was found to directly phosphorylate Akt at Thr308 in a manner that bypasses PI3K to 

effect enhanced survival (Yano et al., 1998). It has also been shown that Ca
2+

 influx triggers Akt 

signaling in neuroblastoma cells, neurons, and osteoblasts (Danciu et al., 2003; Nicholson-Fish et 

al., 2016; Yano et al., 1998). As a known Ca
2+

 regulatory protein, it is possible that recruitment 

of CRT to the GFFKR motif of α-integrins following integrin activation is the key event 

promoting Ca
2+

 influx, following which rising intracellular Ca
2+

 levels facilitate the activation of 

Ca
2+

-dependent signaling that includes the phosphorylation and activation of Akt. Thus, 

formation of the GFFKR-CRT complex is proposed to be a key mediator of cell adhesion-

mediated activation of Akt requiring Ca
2+

 influx. Further elucidation of the exact mechanism by 

which Ca
2+

 influx triggers the activation of Akt will be necessary to further our understanding of 

integrin function and the role of cell adhesion in chemoresistance.  

The second question arising from my studies is whether endogenous wildtype CRT is 

involved in the regulation of STAT protein activity and if so, whether there is enough 
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endogenous wildtype CRT in the cytosolic compartment to couple to JAK/STAT signaling. I 

demonstrated that cytokine-stimulated CRT-deficient cells exhibit reduced phosphorylation of 

STAT3 and STAT5 proteins compared to wildtype cells. This supports there being enough 

endogenous wildtype CRT to couple to JAK/STAT signaling. Furthermore, if indeed 

endogenous wildtype CRT facilitates the phosphorylation of STAT proteins, how does this relate 

to the GFFKR motif-mediated chemoresistance pathway involving CRT? Since STATs regulate 

a plethora of transcriptional events, it is possible that the sustained signaling may lead to 

upregulation of proteins that more directly account for chemoresistance, such as p-glycoproteins 

and other apoptotic regulatory proteins. Answering this question may further our understanding 

of cytosolic CRT as an oncogenic protein in hematological malignancies. Reported studies on the 

MPN-associated mutant CRT indicated that its ability to activate STAT is mediated specifically 

by its binding to the extracellular domain of N-glycosylated MPL through the glycan binding site 

in a manner requiring the electrostatic positive charge encoded by the mutated CRT C-domain 

(Chachoua et al., 2016; Elf et al., 2016). This mutant CRT-specific mechanism likely does not 

apply to our understanding of how endogenous wildtype CRT couples the phosphorylation and 

activation of STAT proteins via multiple cytokine receptors.   

The proposed mechanism so far has centered on CRT being a positive signaling mediator 

of drug resistance and cell survival through its interaction with the GFFKR motif of α-integrins. 

However, the possibility remains that the GFFKR-bearing Tacδ and α4δ cell lines achieved 

adhesion-independent chemoresistance through its interaction and sequestration of inhibitors of 

integrin activation such as sharpin and MDGI; this may translate to increased ratio of activated 

integrins resulting in increased integrin signaling. In support of this possibility, I have found that 

the CRT-deficient Tacδ cells (Tacδ/CRT
-/-

) did not reduce or modulate the constitutive high 
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levels of phospho(T308)-Akt observed in Tacδ cells, suggesting that CRT does not mediate 

GFFKR motif-mediated Akt activation (data not shown). The integrin GFFKR motif-mediated 

effects on calcium influx may also be interpreted by a similar mechanism. Loss of CRT removes 

its role as a GFFKR-binding competitive inhibitor of the integrin inactivators such as sharpin and 

MDGI, thus the loss of CRT may be interpreted as having detrimental outcomes on integrin-

mediated cell adhesion and adhesion-mediated calcium influx (Coppolino et al., 1997; Leung-

Hagesteijn et al., 1994). Similarly, the increased calcium influx observed in Tacδ cells may be 

due to the sequestration of integrin inactivators resulting in increased integrin activation and 

subsequent calcium influx. This alternative proposal may prove interesting as a follow-up project 

for this thesis. 

My findings described in Chapter 4 showed that the α-integrin GFFKR motif and integrin 

activation play a role in decreasing surface CRT presentation. Figure 6.2 is a summative model 

depicting the function of α-integrin in modifying immunogenicity: (1) in healthy cells, CRT is 

primarily enriched within the lumen of the ER; (2) Treatment of the cells with an ICD-inducer 

promotes the release of CRT from the ER into the cytosolic compartment; in the absence of 

activated integrins, the increasing cytosolic pool of CRT is readily translocated to the cell surface 

where it acts as a signal to promote engulfment by professional phagocytes; (3) Cell adhesion 

promotes the activation of integrins, and the resulting conformational change in the heterodimers 

exposes the GFFKR juxtamembrane motif on α-integrin and enables its binding to cytosolic 

CRT. Greater levels of integrin activation lead to greater sequestration of CRT within the 

cytosolic compartment and decrease the available CRT presented at the outer plasma membrane 

leaflet or cell surface.  
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This work did not address the exact mechanism of how CRT translocates to the cell 

surface. As mentioned before, many hypotheses with supporting evidence have been proposed on 

how CRT can leave the ER and present on the cell surface (Corbett et al., 2000; Denning et al., 

1997; Holaska et al., 2001; Kepp et al., 2010; Païdassi et al., 2011; Panaretakis et al., 2009; Sauk 

et al., 1998; Tarr et al., 2010b; Wiest et al., 1997; Wilson et al., 1993). However, none of these 

hypotheses can provide undisputable evidence of the transit mode of CRT. Evidence suggests 

that CRT co-translocates with another ER resident protein, ERp57, to the cell surface and that 

the deletion of either protein leads to translocation failure (Obeid, 2008; Panaretakis et al., 2008). 

However, I found that ERp57 translocation to the cell surface does not require the presence of 

CRT in human T-ALL cells (Appendix Figure D.1). Such conflicting evidence, along with the 

possibility that CRT can translocate via different mechanisms in different cell types, adds to the 

difficulty in discerning the transit mode of CRT. Investigations into CRT’s mechanism of 

translocation may help in finding possible targets for drug action that increase the 

immunogenicity of the tumor cell. 

The discovery that the α-integrin GFFKR motif is sufficient to mediate chemoresistance 

is a major step forward in our understanding of the pro-tumor effects of cell adhesion and 

CAMDR. Targeted drug therapies that directly inhibit the interaction between the GFFKR motif 

and downstream signaling proteins may be a therapeutic avenue to explore in the effort to 

increase the efficacy of chemotherapy while decreasing unnecessary side effects resulting from 

cytotoxicity to healthy cells. For example, disrupting the CRT interaction with the GFFKR motif 

may be the key to reducing chemoresistance and MRD in cancer treatment, since full functional 

blockade of certain integrins involved in immune regulation (such as α4-integrin) carry inherent 

dangers such as immune suppression (Berger and Koralnik, 2005; Bloomgren et al., 2012; 
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Clifford et al., 2010). Notably, the research described in this thesis is the first to identify α4-

integrin as a CAMDR contributor in T-ALL and the first to characterize a functional role for 

integrins in determining the immunogenicity of the tumor cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Mechanism of α-integrin GFFKR motif-mediated drug resistance 

The model depicts possible mechanisms of α-integrin GFFKR motif-mediated drug resistance: 

(A) the inactive integrin heterodimer does not mediate drug resistance while (B) the active 

integrin heterodimer, (C) α4δ-integrin heterodimer, and (D) Tacδ mediate drug resistance that is 

associated with CRT binding to the GFFKR motif, Ca
2+

 influx, drug efflux and Akt activation. 
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Figure 6.2. The model depicting the function of α-integrin in modifying immunogenicity 

(A) In healthy cells, CRT (red dots and shading) is primarily enriched within the lumen of the 

ER. When cells are treated with an ICD-inducer, the resultant ER-stress promotes the release of 

ER-resident CRT into the cytosolic compartment. Two scenarios are depicted to represent the 

involvement of integrin function and the consequence on CRT localization. (B) In non-adherent 

cells without activated integrins, cytosolic CRT readily translocates and is presented on the cell 

surface. Surface CRT is a potent ‘eat me’ signal for targeting and engulfment by professional 

phagocytes. (C) In adherent cells with activated integrins, the physical separation of the α-β 

cytoplasmic domains exposes the GFFKR motif for ready binding to cytosolic CRT. This leads 

to sequestration of CRT within the cytosolic compartment and reduces the level of surface CRT 

presented.  
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Appendices 

 

Appendix A  CRISPR-Cas9 Mediated Calreticulin Knockout  

 

 

Figure A.1. CRISPR-Cas9 mediated mutation in Jurkat/hCRT1-2 

Alignment analysis of Jurkat/hCRT1-2 CALR genomic loci sequencing result shows 

heterozygous mutations. Copy 1: Single nucleotide insertion occurs at 68 bp from the start codon 

and -3 bp from the PAM recognition motif. The frame shift mutated variant encodes for a 

predicted 58 amino acid protein product due to a premature termination codon. Copy 2: In frame 

24 bp deletion occurs at 54 bp from the start codon.  
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Figure A.2. CRISPR-Cas9 mediated mutation in Jurkat/hCRT1-3 

Alignment analysis of Jurkat/hCRT1-3 CALR genomic loci sequencing result shows 

homozygous mutations. Copy 1 and Copy 2: Single nucleotide insertion occurs at 68 bp from the 

start codon and -3 bp from the PAM recognition motif. The frame shift mutated variant encodes 

for a predicted 58 amino acid protein product due to a premature termination codon. 

Jurkat/hCRT1-3 is referred to as CRT
-/-

 in the thesis. 
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Figure A.3. CRISPR-Cas9 mediated mutation in Jurkat/hCRT1-9 

Alignment analysis of Jurkat/hCRT1-9 CALR genomic loci sequencing result shows 

heterozygous mutations. Copy 1: Single nucleotide insertion occurs at 68 bp from the start codon 

and -3 bp from the PAM recognition motif. The frame shift mutated variant encodes for a 

predicted 58 amino acid protein product due to a premature termination codon. Copy 2: double 

nucleotide insertion occurs at 68 bp from the start codon and -3 bp from the PAM recognition 

motif. The frame shift mutated variant encodes for a predicted 97 amino acid protein product due 

to a premature termination codon. 
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Figure A.4. CRISPR-Cas9 mediated mutation in JB4-Tacδ/hCRT1-1 

Alignment analysis of JB4-Tacδ/hCRT1-1 CALR genomic loci sequencing result shows 

heterozygous mutations. Copy 1: Single nucleotide insertion occurs at 68 bp from the start codon 

and -3 bp from the PAM recognition motif. The frame shift mutated variant encodes for a 

predicted 58 amino acid protein product due to a premature termination codon. Copy 2: Single 

nucleotide deletion occurs at 67 bp from the start codon and -4 bp from the PAM recognition 

motif. The frame shift mutated variant encodes for a predicted 96 amino acid protein product due 

to a premature termination codon. 
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Figure A.5. CRISPR-Cas9 mediated mutation in JB4-Tacδ/hCRT1-5 

Alignment analysis of JB4-Tacδ/hCRT1-5 CALR genomic loci sequencing result shows 

heterozygous mutations. Copy 1: Single nucleotide deletion occurs at 67 bp from the start codon 

and -4 bp from the PAM recognition motif. The frame shift mutated variant encodes for a 

predicted 96 amino acid protein product due to a premature termination codon. Copy 2: double 

nucleotide insertion occurs at 66 bp from the start codon and -5 bp from the PAM recognition 

motif. The frame shift mutated variant encodes for a predicted 97 amino acid protein product due 

to a premature termination codon. 
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Figure A.6. CRISPR-Cas9 mediated mutation in JB4-Tacδ/hCRT1-6 

Alignment analysis of JB4-Tacδ/hCRT1-6 CALR genomic loci sequencing result shows 

homozygous mutations. Copy 1 and Copy 2: Single nucleotide deletion occurs at 67 bp from the 

start codon and -4 bp from the PAM recognition motif. The frame shift mutated variant encodes 

for a predicted 96 amino acid protein product due to a premature termination codon. JB4-

Tacδ/hCRT1-6 is referred to as Tacδ/CRT
-/-

 in the thesis. 
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Appendix B  Detection of ATP Secretion  

Hallmarks of ICD include CRT cell surface presentation, ATP secretion, and HMGB1 

release into the extracellular environment (Garg et al., 2010; Kroemer et al., 2013; Krysko, 2013; 

Krysko et al., 2012). Both ATP secretion and HMGB1 release are late apoptotic events while 

CRT cell surface presentation is an early apoptotic event. To determine if the time point chosen 

to detect CRT cell surface presentation (2 hr for oxaliplatin treatment and 4 hr for doxorubicin 

treatment) will also detect ATP secretion, I performed a luciferase-based ATP assay measuring 

the ATP released from cells treated with doxorubicin and oxaliplatin ( 

Table B.1). No ATP release was measurable under these conditions for WT or CRT
-/-

 

cells. As positive controls for ATP release, I treated the cells with lower dose ICD-inducer and 

for 24 hr. Both WT and CRT
-/-

 cells released comparable amounts of ATP that were not 

significantly different from one another. Thus, the absence of CRT had no detrimental effects on 

ATP release due to ICD-inducers.   

 

Cells Treatment Extracellular ATP  

(M, Mean ± S.D.) 

WT None, 4 hr 0.6 x 10
-14

 ± 0.3 x 10
-14

 

CRT
-/-

 None, 4 hr 1.3 x 10
-14

 ± 1.2 x 10
-14

 

WT 4μg/mL doxorubicin, 4hr 0.7 x 10
-14

 ± 0.5 x 10
-14

 

CRT
-/-

 4μg/mL doxorubicin, 4hr 0.7 x 10
-14

 ± 0.4 x 10
-14

 

WT 300μM oxaliplatin, 2hr 4.1 x 10
-14

 ± 4.0 x 10
-14

 

CRT
-/-

 300μM oxaliplatin, 2hr 1.5 x 10
-14

 ± 1.0 x 10
-14

 

   

WT None, 24 hr 2.2 x 10
-10

 ± 0.7 x 10
-10

 

CRT
-/-

 None, 24 hr 3.5 x 10
-10

 ± 1.5 x 10
-10

 

WT 0.2μg/mL doxorubicin, 24hr 69.3 x 10
-10

 ± 22.5 x 10
-10

 

CRT
-/-

 0.2μg/mL doxorubicin, 24hr 67.2 x 10
-10

 ± 15.7 x 10
-10

 

WT 1.5μM oxaliplatin, 24hr 41.7 x 10
-10

 ± 21.7 x 10
-10

 

CRT
-/-

 1.5μM oxaliplatin, 24hr 35.1 x 10
-10

 ± 14.7 x 10
-10

 

 

Table B.1. Extracellular ATP secretion 

Extracellular ATP release mediated by doxorubicin treatment was measured for WT and CRT
-/-

 

cells according to manufacturer’s instructions (Promega ELITEN). No significant ATP release 

was measured for cells treated with 4 μg/mL doxorubicin for 4hr, or 300μM oxaliplatin for 2hr. 

As positive controls for ATP release, cells were treated with 0.2μg/mL doxorubicin, or 1.5μM 

oxaliplatin for 24hr. Values are mean ± S.D.; n=3. 
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Appendix C  Expression of MHC Class I Molecule 

CRT is a pleiotropic protein involved in the protein loading complex of the Major 

histocompatibility complex class I (MHC class I) proteins exposed on the cell surface (Colangelo 

et al., 2016). As such, knocking out CRT in T-ALL cells may adversely affect the proper 

presentation of the antigens on the surface. To determine if CRT knockout affects the 

presentation of MHC Class I molecule, I measured the surface MHC Class I level of WT, CRT
-/-

, 

ssGFP-CRT and GFP-CRT cells using antibody detection and flow cytometry analysis (Figure 

C.1). We found that surface expression levels of MHC class I, as detected by flow cytometry of 

live cells, were not different when comparing WT, CRT
-/-

, or CRT
-/-

 cells expressing ssGFP-CRT 

or GFP-CRT. 

 

 

 

Figure C.1. CRT knockout does not affect surface expression of MHC Class I 

The representative half-offset histogram overlay of MHC class I expression on live WT, CRT
-/-

, 

and CRT
-/-

 cells expressing ssGFP-CRT or GFP-CRT. Flow cytometry was used to measure 

surface MHC class I labeled with the α-MHC class I antibody. Plotted data is representative of 3 

independently conducted replicates. 
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Appendix D  Expression of ERp57 

It has been reported that ERp57 interacts with CRT and co-translocates to the membrane 

in mouse cells (Obeid, 2008; Panaretakis et al., 2008). This co-translocation was found to be 

dependent on the expression of both ERp57 and CRT in mouse embryonic fibroblasts as the 

deletion of either one will result in failure of either protein to translocate to the cell surface 

(Obeid, 2008; Panaretakis et al., 2008). To determine if CRT knockout in human T-ALL affects 

the translocation of ERp57 to the cell surface, WT, CRT
-/-

, ssGFP-CRT and GFP-CRT cells were 

treated with doxorubicin and cell surface ERp57 measured using antibody detection and flow 

cytometry analysis (Figure D.1). I showed robust increases in doxorubicin-treated surface ERp57 

as detected by flow cytometry. I also found that ICD-induced surface ERp57 was just as robust 

in CRT
-/-

 lymphoblasts. This result is different from what was demonstrated in murine models, 

where surface CRT and ERp57 exposure was found to be co-dependent on one another. 

Furthermore, expression of the cytosolic GFP-CRT, or the ER ssGFP-CRT, did not alter the 

surface exposure of ERp57, with or without ICD-inducers. Thus, our results indicate that ERp57 

does not interact with the mutant CRT in a way that would affect its surface presentation in 

human T-lymphoblasts. 

 

Figure D.1. CRT knockout does not affect surface translocation of ERp57 in T-ALL cells 

WT, CRT
-/-

, and CRT
-/-

 cells expressing ssGFP-CRT or GFP-CRT were treated with or without 4 

μg/mL of doxorubicin (Doxo) for 4 hours. Flow cytometry was used to measure the geometric 

mean fluorescence intensity (gMFI) of surface ERp57 labeled with the α-ERp57 antibody. As 

plotted is mean ± S.D.; n=3; *p<0.02. 


