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Abstract

ALK-positive anaplastic large-cell lymphoma (ALK+ALCL) is a rare type non-Hodgkin 

lymphoma of null/T cell original, preferentially occurs in children and young adults. 

Approximately 85% of ALK+ALCL patients carry the gene translocation t(2;5)(p23;q35), 

which results in the generation of the chimeric protein ― NPM-ALK, a key oncogenic 

driver of this disease. NPM-ALK interacts and activates a wide range of molecules, 

including STAT3, ERK1/2, and PI3K, thus triggering the cell proliferation and 

anti-apoptotic effects. In this thesis, I further explored the molecular mechanisms of the 

pathobiology of ALK+ALCL from different perspectives, and hypothesized that the 

pathobiology of ALK+ALCL, such as tumorigenecity, chemoresistance and cancer 

stemness, can be attributed to novel NPM-ALK―regulated biochemical defects as well 

as signaling pathways that are not directly linked to NPM-ALK. 

 

STAT1 is generally considered as a tumor suppressor and reported to antagonize 

STAT3 transcriptional activity in some cell models. However, the biological function of 

STAT1 has not been studied in ALK+ALCL. This study firstly reported that STAT1 

expression is decreased in ALK+ALCL cell lines and patient samples; and NPM-ALK is 

directly responsible for the downregulation of STAT1, as it promotes STAT1 

phosphorylation at Y701 and, thereby, downregulates STAT1 in a STAT3-dependent 

proteasome pathway. Furthermore, results showed that STAT1, if overexpressed to a 
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relatively high level, functions as a potent tumor suppressor in ALK+ALCL by 

attenuating STAT3 transcriptional activity and inducing the expression of IFNγ which 

further activates the STAT1 signaling. 

The Lai lab previously unearthed two distinct cell populations in ALK+ALCL cell lines 

that are differentially responding to a Sox2 reporter, with cells responsive to the reporter 

(RR) being more tumorigenic and chemoresistant than cells unresponsive to the 

reporter (RU). Although Sox2 is implicated in the RU/RR dichotomy, the expression level 

of Sox2 is not different between RU and RR cells, suggesting the involvement of other 

factor(s). This study reported that MYC is one of the key factors in the RU/RR dichotomy, 

as it is highly expressed in RR cells as compared to RU cells. The high level of MYC was 

firstly reported to promote Sox2 DNA binding and its transcriptional activity in RR cells. 

More evidence suggested that it is the highly active Wnt/β-catenin pathway in RR cells 

that confers to the high expression of MYC. The transcriptionally active Sox2 in RR cells 

in return upregulates the Wnt/β-catenin pathway, which thereafter promotes the 

expression of MYC, thus forming a positive forward loop. In conclusion, the positive 

forward loop involving the Wnt/β-catenin/MYC/Sox2 axis defines a highly tumorigenic 

small cell population in ALK+ALCL. 

The molecular mechanisms underlining tumor plasticity, especially in hematological 

malignance, is not fully understood. This study reported that H2O2, a potent oxidative 
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stress inducer, can convert a fraction of RU cells derived from ALK+ALCL cells to RR 

cells (converted RR cells), supporting the existence of tumor plasticity in hematological 

malignancy. The converted RR cells have adopted the RR cells’ phenotypes ( including 

chemoresistance to doxorubicin, a widely used chemotherapeutic drug for ALK+ALCL 

patients, clonogenicity and sphere-forming ability) and biochemical features (the 

increased expression of Wnt/β-catenin/MYC and Sox2 downstream targets). Similar 

biological changes were observed in RR cells upon oxidative challenge. Furthermore, 

more evidence showed that the activated Wnt/β-catenin/MYC/Sox2 axis upon oxidative 

stress is required for the RU to RR cells conversion since pharmacological inhibition of 

β-catenin/MYC or siRNA knockdown of Sox2 significantly abrogated the conversion. In 

conclusion, this study has demonstrated a novel experimental model in which 

acquisition of tumorigenicity and cancer stem-like features can be induced by oxidative 

stress in ALK+ALCL, a hematologic malignancy, through the activation of 

Wnt/β-catenin/MYC/Sox2 axis. 

Overall, characterization of these molecular mechanisms underlying the tumorigenesis 

of ALK+ALCL has furthered the understanding of the pathobiology of this disease and 

also provided potential therapeutic targets for ALK+ALCL patients that are less 

responsive or resistance to conventional chemotherapy. 

 



 
 

v 
 

Preface 

This thesis represents collaborative work, led by Dr. Raymond Lai at the University of 

Alberta. The patient samples were obtained and diagnosed at Cross Cancer Institute, 

University of Alberta, Edmonton, Alberta, Canada, and the use of these patient samples 

for research has received research ethics approval at Feb 17th of 2016, by the Human 

Research Ethics Board at the University of Alberta (Study title: Study of biology of ALK 

in human ALK+ cancers, with approval number: Pro00062737). The animal studies in 

this thesis have also received ethical approval by the Animal Care and Use Committee 

(ACUC) at Dec 10th of 2015 (Study title: Mouse models for development of antitumor 

therapies, approval number: AUP00000782). 

Chapter 2 of this thesis has been published as: 

Wu C, Molavi O, Zhang H, Gupta N, Alshareef A, Bone K, Gopal K, Wu F, Lewis J, 

Douglas D, Kneteman N, and Lai R. STAT1 is phosphorylated and down-regulated by 

the oncogenic tyrosine kinase NPM-ALK in ALK-positive anaplastic large-cell lymphoma. 

Blood. 2015.126:336-345. I was first author of this paper. I prepared the first draft and 

revisions based on the suggestions and comments of the co-authors. I designed and 

performed most of the experiments described herein, except for the following: O.M. 

performed some studies, data shown in Figure 2.1A and Figure 2.4F-G; H.Z., N.G., A.A., 

and F.W. performed portions of the experiments and provided technical support and 

intellectual input. K.B. provided SupM2 and Karpas 299 cell lines that were stably 

transfected with Tet on system. N.G., K.G., J.L, D.D., and N.K. were responsible for the 

animal study design, conducting euthanization of the SCID mouse and data analysis. 

R.L. provided numerous comments and final review of the manuscript before it was 

submitted for publication. 
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Chapter 3 of this thesis has been published as: 

Wu C, Zhang H, Gupta N, Alshareef A, Wang Q, Huang Y, Lewis JT, Douglas DN, 

Kneteman NM, and Lai R. A positive feedback involving the Wnt/β-catenin/MYC/Sox2 

axis defines a highly tumorigenic cell subpopulation in ALK-positive anaplastic large-cell 

lymphoma. Journal of Hematology and Oncology, 2016.9(1):120. I was first author of 

this paper. I prepared the first draft and revisions based on the suggestions and 

comments of the co-authors. I designed and performed most of the experiments 

described herein, except for the following: N.G. performed the ChIP-qPCR experiment 

and data analysis, shown in Figure 3.4E; A.A. performed the Wnt signaling pathway 

PCR array and data analysis, shown in Figure 3.6; H.Z., Q.W. and Y.H. have contribution 

to the Figure 3.3C and Figure 3.11A. H.Z., N.G. and A.A. also provided significant 

intellectual input. J.L., D.D., and N.K. were responsible for the animal study design, 

conducting euthanization of the SCID mouse and data analysis. R.L. provided numerous 

comments and final review of the manuscript before it was submitted for publication. 

 

Chapter 4 of this thesis has been prepared for submission as: 

Wu C, Gupta N, Zhang H, Huang Y, and Lai R. Oxidative stress promotes the 

tumorigenicity in ALK-positive anaplastic large-cell lymphoma by activating the 

Wnt/β-catenin/MYC/Sox2 axis. In preparation. I was first author of this paper, I prepared 

the first draft and revisions based on the suggestions and comments of the co-authors. I 

designed and performed all the experiments in this study. N.G., H.Z., and Y.H. 

contributed to Figure 4.3A, provided technical assistance and intellectual input. R.L. 
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1.1 Introduction 

Anaplastic large-cell lymphoma (ALCL), first described by Stein and colleagues in 1985, 

is a rare type of peripheral null or T-cell non-Hodgkin lymphoma (NHL), consisting of 

approximately 2-3% of all lymphoid malignancies, ~3% of all adult NHLs, and ~10-20% 

of childhood lymphomas (1, 2). The subtype of this lymphoma cells strongly express an 

antigen named CD30, a member of the tumor necrosis factor receptor family (3, 4). 

CD30 was initially detected and recognized by antibody generated in Kiel, West 

Germany,  and therefore termed as Ki-1 (3). In the early 1990s, Morris et al found that a 

group of ALCL cases carry a recurrent chromosome translocation involving the 

anaplastic lymphoma kinase (ALK) gene on chromosome 2p23 and the nucleophosmin 

(NPM) gene on chromosome 5q35, and this chromosome translocation results in the 

generation of a fusion protein − NPM-ALK (5). In 2008, the World Health Organization 

(WHO) classified ALCL into 3 entities including primary cutaneous ALCL, ALK-negative 

ALCL (ALK-ALCL) and ALK-positive ALCL (ALK+ALCL) (6). Primary cutaneous ALCL 

preferentially presents in the skin; while ALK- and ALK+ ALCL usually present in 

systemic forms (7), therefore, they are also classified as systemic ALCL. Primary 

systemic ALCL preferentially occurs in childhood and young adults, and accounts for 

approximately 40% of pediatric patients with NHL (7). However, primary systemic ALCL 

only accounts for less than 5% of adult patients with NHL, with male predominance (7). 

Patients diagnosed with systemic ALCL are often found in an advanced stage of 

disease; specifically, involvements of lymph nodes and multiple extranodal sites are 

usually presented in these patients (1). 
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1.2 ALK-positive anaplastic large-cell lymphoma 

1.2.1 Morphology 

The WHO classification has described at least 5 histologic variants or patterns of 

ALK+ALCL cases, including common pattern, lymphohisocytic variant, the small-cell 

variant, Hodgkin-like, and a “composite” type containing more than one variant (6).  

The common pattern constitutes of ~70% of all ALK+ALCL cases (7), and it refers to 

that a small number of tumor cells typically infiltrate the lymphatic sinusoids and these 

tumor cells usually present a pattern of sheet-like in the lymph node (Figure 1.1) (6). In 

some cases, immunohistochemistry stainings, such as anti-ALK staining, are required 

to recognize the tumor cells, as a relatively small number of tumor cells are infiltrated in 

the lymph node (6). Approximately 10% of all ALK+ALCL cases are lymphohistiocytic 

variant in which the infiltrated reactive histiocytes can be easily observed (Figure 1.2A-

B) (8). Sometimes, the ALK+ALCL tumor cells are difficult to find because of 

erythrophagocytosis in situ (9). The small-cell variant consists of ~5-10% of all cases 

and it, namely, presents the smaller size of tumor cells, in which the perivascular 

clustering can be occasionally observed (Figure 1.2C-D) (10). A Hodgkin-like pattern, 

representing ~1-3% of all cases, resembles the nodular sclerosis variant of classical 

Hodgkin lymphoma with a polymorphous cellular background (Figure 1.2E-F) (11, 12). 

However, not all cases of ALK+ALCL present only one of above patterns (13), in other 

words, multiple patterns are always observed in a single case. A “composite” type 

containing more than one variant can be seen in a small number of cases (13). Note 

that the histologic pattern may vary in sequential biopsies of ALK+ALCL tumors from 
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the same patient (14), indicating the existence of multiple histologic patterns in a single 

case. 

Nevertheless, the representative ALK+ALCL cells or hallmark cells can be identified in 

all patterns of cases (3). The hallmark cells are featured with irregular large size of cell, 

with “horse or kidney-shaped” nucleus and abundant cytoplasm, along with an evidently 

central Golgi apparatus (Figure 1.1C and 1.2B) (14) 

 

Figure 1.1 The common pattern of ALK+ALCL. A, B) The lymph node architecture is 

effaced by sheets of neoplastic lymphoid cell (A:H&E, X100; B:H&E, X400). C, D) Two 

high-power images taken at the same magnification from the same case demonstrate a 

wide spectrum of cytologic features and cell sizes, including characteristic hallmark 

cells (C:H&E, X1000) and very large, sometimes mutinucleat cells (D:H&E, X1000). 
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Reprinted with consent from “Xing X and Feldman AL. Anaplastic Large Cell 

Lymphoma: ALK Positive, ALK Negative, and Primary Cutaneous. Adv Anat Pathol. 

2015; 22(1):29-49.”  Licence number: 3976891276365. 

 

Figure 1.2 Variant morphologic patterns in ALK+ALCL. In the lymphohistiocytic 

pattern, the tumor cells mix with histiocytes and small lymphocytes (A: H&E, X400); 

hallmark cells can be seen (B: H&E, X1000). The small-cell pattern contains 

predominantly small-sized to medium-sized cells, often with pale cytoplasm (C: H&E, 

400), but hallmark cells also can be found, often adjacent to blood vessels (D: H&E, 

1000). The Hodgkin-like pattern shows the architectural features of the nodular 

sclerosis type of classical Hodgkin lymphoma (E: X40), although the neoplastic cells 

within the nodules typically resemble hallmark cells more than classic Reed-Sternberg 

cells (F: X1000). 
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Reprinted with consent from “Xing X and Feldman AL. Anaplastic Large Cell 

Lymphoma: ALK Positive, ALK Negative, and Primary Cutaneous. Adv Anat Pathol. 

2015; 22(1):29-49.” Licence number: 3976891276365. 

 

 

1.2.2 Immunophenotype 

Nearly all ALK+ALCL cases exhibit the positive staining of CD30 on the cell surface 

and within the Golgi area (Figure 1.3) (9, 10). CD30, as a member of the tumor 

necrosis factor (TNF) receptor superfamily, is generally expressed on activated 

lymphocyte cells (15). Most of ALK+ALCL cases also present the positive staining of 

epithelial membrane antigen (EMA, or Mucin 1) (16), which is a glycoprotein generally 

expressed on the surface of epithelia cells in the lungs, intestines, etc (17). Besides, 

the cytotoxic cell antigen T-cell restricted intracellular antigen 1 (TIA-1), granzyme B 

and perforin are also detectable in most of ALK+ALCL cases (18-21). 

As a type of T-cell lymphoma, most of ALK+ALCL cells have gene rearrangement of T-

cell receptor (TCR) and the expressions of one or more T-cell/nature killer cells 

antigens (20, 22). For instance, CD2 and CD4 are widely expressed on ALK+ALCL 

cells, and CD8 is also detectable in some cases (20). However, ALK+ALCL cells are 

deficient in normal T-cell signaling pathways because of lack of or decreased 

expressions of T-cell antigens including the pan T-cell marker CD3 and the αβ T-cell 

receptor complex (22). An early study revealed that the expression of CD3 was lost in 

23 of 24 ALK+ALCL cases (22), and the expressions of CD5 and CD7 are always 

undetectable on ALK+ALCL cells (23). While some ALK+ALCL cells are diagnosed as 

“Null” cell type, as they lack T-cell phenotype (13). Due to the lack of both T-cell and B-
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cell surface markers, the “Null” cell type ALK+ALCL cells are thereby deficient in some 

specific T or B-cell signaling pathways (13).  

The most evident immunophenotype for ALK+ALCL is the expression of chimeric ALK 

proteins (Figure 1.3) (24). In general, the immunohistochemical stainings for both ALK 

and CD30 has been widely applied as a diagnostic tool in clinical for diagnosing 

ALK+ALCL cases (8). 

 

Figure 1.3 Immunohistochemical stainings of CD30 and ALK in ALCL. The ALCL 

cells show a broad spectrum of morphologic features, and virtually all cases display a 

variable proportion of “hallmark cells”. Positive immunohistochemical staining of CD30 

and ALK on an ALCL case are shown here. 

Modified with consent from “Tobbo F, et al. ALK signaling and target therapy in 

anaplastic large cell lymphoma. Front Oncol. 2012; 2(41).” Frontiers in Oncology is an 

Open-access journal, which permits non-commercial use, distribution, and reproduction 

in other forums, provided the original authors and source are credited. 

 

1.2.3 Survival analysis 

Overall, patients with ALK+ALCL have a favourable prognosis, except for the CD56-

positive cell variant (3). Patients with ALK+ALCL usually have a good response to 

conventional chemotherapy (7). Complete remission occurs in up to 90% of pediatric 
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patients upon conventional chemotherapy (8). The 3-year and 5-year disease-free 

survival for pediatric patients range from 60% to 85%, and the 5-year overall survival 

for young adult patients is ~85% with conventional chemotherapy (3). A recent clinical 

study has indicated that patients with ALK+ALCL have a significantly higher 5-year 

overall survival rate than ALK-ALCL patients (70% verse 49%) (3, 25). Of note, no 

significant difference is observed when comparing the 5-year survival rates between 

ALK+ALCL and ALK-ALCL patients of over 40 years old (2), this indicates that the 

younger ages of patients might help explain the favourable diagnosis of ALK+ALCL 

versus ALK-ALCL (3).  

 

1.2.4 Genotype 

1.2.4.1 ALK 

ALK is a receptor tyrosine kinase (RTK), belonging to the superfamily of insulin growth 

factor (IGF) receptor (26). ALK contains 3 domains including an extracellular domain 

(ECD) for ligand binding, a transmembrane domain (TM), and a cytoplasmic tyrosine 

kinase domain (CD) (Figure 1.4) (26).  

The ligands of ALK signaling in vertebrates remain poorly studied (27). In D 

melanogaster, Jelly belly (Jeb) protein has been shown as a ligand and activator of 

ALK (28). The small heparin-binding growth factors pleiotrophin (PTN) and midkine (MK) 

have been found to activate the ALK downstream targets by physically binding the 

extracellular domain of ALK in some cell models (29, 30). However, PTN or MK, as 

ligand and activator of ALK, is controversial due to lack of reproducibility (31, 32). More 
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recently, Murray et al reported that heparin specifically binds to ALK and induces ALK 

dimerization and activation in the neuroblastoma cell line ‒ NB1 independent of PTN or 

MK (33). Two independent research groups have recently identified that augmentor-α 

(also known as FAM150B) specifically binds to the extracellular domain of ALK and 

robustly stimulates ALK signaling (34, 35). However, the two groups had conflicting 

conclusion on augmentor-β (also named FAM150A) being as a potent ALK ligand. 

Guan et al reported that augmentor-β activates ALK signaling as potently as 

augmentor-α (34), but Andrey et al suggested that augmentor-β only weakly binds to 

and activates ALK (35). 

The expression of ALK is typically restricted to the cells of neural system, such as the 

thalamus, mid-brain, olfactory bulb and ganglia, thus it is considered that ALK may play 

key roles in the development of neural system (36). ALK gene-double knockout mice 

exhibit abnormal behaviours (37), thus supporting the idea that ALK is involved in the 

development of mammalian brain system, despite its exact physiological roles being 

unidentified (37). Intriguingly, the aberrant expression of ALK has been detected in 

certain types of cancer, such as neuroblastoma (38) and glioblastoma (39), which are 

both of neural origin. Further studies have demonstrated that the aberrant ALK 

expression, either by gene amplification or mutation, is implicated in the pathogenesis 

of these types of cancer (40, 41). Nevertheless, the oncogenic role of ALK remains 

poorly understood, since the majority of studies on the oncogenic role of ALK has been 

performed in ALK+ALCL cells in which ALK mostly exists as a NPM-ALK fusion protein 

(26). 
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Figure 1.4 The functional domains of ALK, NPM, and NPM-ALK. Anaplastic 

lymphoma kinase (ALK) kinase contains three domains, including extracellular domain 

(ECD), transmembrane domain (TM), and cytoplasmic domain (CD) where the tyrosine 

kinase domain is localized. As for nucleophosmin (NPM), it consists of oligomerization 

domain, histone binding domain, and DNA/RNA binding domain. The chromosomal 

translocation involving ALK and NPM leads to the fusion kinase NPM-ALK which is 

comprised of oligomerization domain from NPM and tyrosine kinase domain derived 

from ALK. The oligomerization domain of NPM-ALK confers its ability to form 

dimerization. 

 

1.2.4.2 NPM 

Nucleophosmin (NPM, also known as nucleolar phosphoprotein B23) is ubiquitously 

expressed in human cells (42). NPM protein consists of 3 functional domains including 

oligomerization domain, histone-binding domain, and DNA/RNA binding domain 

(Figure 1.4) (42). NPM usually functions as a shuttle transferring cytoplasmic proteins 

to the nucleolus via the oligomerization domain and the nuclear localization signal in 
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DNA/RNA binding domain (43). Intriguingly, studies have indicated that NPM is 

involved in genomic stability and DNA repair in cancer cells (42-45). The NPM gene is 

found aberrantly expressed including overexpression, mutation, and chromosome 

translocation, in various types of cancer (42). For instance, chromosomal translocations 

involving NPM have been detected in non-Hodgkin T-cell lymphoma (46), acute 

myelogenous leukemia (47), and acute promyelocytic leukemia (48). The aberrant NPM 

expression has been shown to exert oncogenic functions in tumor cells (42, 43). 

 

1.2.4.3 NPM-ALK 

Approximate 80% of ALK+ALCL cases harbor the chromosome translocation involving 

t(2;5)(p23;q35), which results in the generation of the fusion tyrosine kinase − NPM-

ALK (3). The chimeric protein NPM-ALK fuses the oligomerization domain of NPM to 

the entire cytoplasmic domain of the ALK (Figure 1.4) (49). As a result of this 

chromosomal translocation, ALK gene expression is driven by the ubiquitous NPM 

promoter, thus it is constitutively expressed in ALK+ALCL (49, 50). The NPM-ALK 

protein oligomerizes with other NPM-ALK proteins or NPM proteins via the NPM 

oligomerization domain to form homodimers or heterodimers, respectively (51). NPM-

ALK homodimers are usually localized in the cytoplasm because the truncated NPM 

lacks nuclear localization signal; while NPM-ALK/NPM heterodimers can be found in 

both cytoplasm and nucleus, as wild-type NPM contains nuclear localization signal (52). 

Taken together, NPM-ALK can be detected in ALK+ALCL cells in both cytoplasm and 

nucleus by using anti-ALK antibody in immunohistochemistry assay (52).  
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The dimerization of NPM-ALK results in the autophosphorylation and constitutive 

activation of ALK kinase in the absence of ligands, and subsequently, NPM-ALK exerts 

as a potent oncogenic tyrosine kinase by interacting and activating a wide range of 

proteins or signaling pathways, such as Janus activated kinase/signal transducer and 

activator of transcription (JAK/STAT) (53), phosphatidylinositol 3 kinase (PI3K)/AKT 

(54), RAS/ERK kinase (MEK)/extracellular signal-related kinase (ERK) (51, 55, 56), all 

of which are related with important biological processes such as cell proliferation, 

survival, invasiveness, etc (51, 55, 56). The oncogenic role of NPM-ALK in vitro and in 

vivo has been well documented in a number of studies using cell lines and transgenic 

mouse models (50).  

 

1.2.4.4 Other ALK fusion proteins 

Other than NPM-ALK fusion protein, numerous other ALK fusion proteins have been 

detected in ALK+ALCL (Table 1) (57). All these ALK fusion proteins, including NPM-

ALK, share common characteristics, as demonstrated below: 1) The ALK partner gene 

drives ALK gene expression (3, 26, 52). 2) The ALK partner protein contains 

oligomerization domain through which ALK fusion protein dimerizes with each other (3, 

26, 52). 3) The ALK fusion proteins can be automatically phosphorylated and 

constitutively activated by themselves (3, 26, 52). 4) The ALK partner protein 

determines the subcellular localization of the ALK fusion protein (3, 26, 52). In the case 

of NPM-ALK, as mentioned above, it can be detected in both cytoplasm and nucleus 

(55). To be specific, it is the NPM-ALK/NPM heterodimers that are localized in 

cytoplasm and nucleus (52). As for most of other types of ALK fusion proteins, they are 
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only detectable in cytoplasm (26, 57). This differential subcellular localization of NPM-

ALK and other ALK fusion proteins can be ascribed to the wild-type NPM which 

contains nuclear localization signals to assist in shuttling the NPM-ALK/NPM 

heterodimers to the nucleus (8, 57). However, other truncated ALK partner proteins 

lack of this nuclear localization signal; therefore, these ALK fusion proteins cannot 

migrate to the nucleus (8, 57). For instance, as TPM4 lacks nuclear localization signal, 

TPM4-ALK homodimers and TPM4/TPM4-ALK heterodimers are both localized in 

cytoplasm (Table 1) (57).  

Notably, chromosomal translocations involving ALK are detected not only in ALK+ALCL 

but also in other types of malignancies, such as non-small-cell lung cancer (NSCLC) 

(58) and colorectal cancer (CRC) (59) (Table 1.1). 
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Table 1.1 Chromosomal translocations involving ALK in ALK+ALCL and other 

malignancies. 

 

Reprinted with consent from “Tobbo F, et al. ALK signaling and target therapy in 

anaplastic large cell lymphoma. Front Oncol. 2012; 2(41).” Frontiers in Oncology is an 

open-access journal, which permits non-commercial use, distribution, and reproduction 

in other forums, provided the original authors and source are credited. 
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1.2.5 NPM-ALKꟷmediated transformation  

ALK+ALCL cells are highly ALK-addicted (56). Since ~85% of ALK+ALCL cases 

express NPM-ALK chimeric kinase, NPM-ALK is the most well studied ALK fusion 

kinase in ALK+ALCL (3). The oncogenic potential of NPM-ALK fusion kinase has been 

well established both in vitro and in vivo (50). The transformative ability of NPM-ALK 

was first validated in mice transplanted with NPM-ALK−transduced bone marrow 

progenitors (60). In a recent study, Zhang et al showed that NPM-ALK is able to 

transform human CD4+ T lymphocytes, and the transformed T cells were 

morphologically and immunophenotypically similar to patient-derived ALK+ALCL cells 

(61). These transformed T cells implanted into immunodeficient mice developed tumors 

that are indistinguishable from human ALK+ALCL tumors (61). However, it is still 

controversial in terms of the cell lineage of NPM-ALK−induced hematopoietic 

lymphoma in NPM-ALK transgenic mice (50). Some studies have revealed that NPM-

ALK transgenic mice develop T-cell lymphoma (60-63); while evidence from other 

studies have supported that NPM-ALK transgenic mice develop B-cell lineage 

lymphoma (60, 64-66), even when NPM-ALK expression was driven by a T-cell specific 

promoter (63, 65). Of note, Malcolm et al recently reported that CD4-driven NPM-ALK 

transgenic mice with RAG2-/- develops peripheral T cell lymphoma where the 

malignance arises in early thymic precursors, and more importantly, these murine 

tumors histologically resemble human ALK+ALCL (67). In this study, the authors also 

reported that NPM-ALK signaling mimics T-cell receptor (TCR) β signaling and induces 

the maturation of thymic T cell lymphomas (67). This study has provided a novel insight 
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on how NPM-ALK initiates peripheral T cell lymphoma in a mouse transgenic model 

that histologically resembles human ALK+ALCL.  

Given that NPM-ALK transgenic mice do not develop classic ALK+ALCL tumors, it is 

reasonable to speculate that other factors, in addition to NPM-ALK, are required to fully 

drive ALK+ALCL pathogenesis (50). This notion has also been supported by the 

observation that a relatively high frequency of NPM-ALK transcripts can be detected in 

non-malignant cells (68).  

 

1.2.6 NPM-ALKꟷinteracting substrates and activated oncogenic signaling pathways 

A few studies have revealed a number of substrates of NPM-ALK by mass 

spectrometry-based proteomic approach. An  study published in 2004 suggested that a 

total of 46 proteins were identified as substrates of NPM-ALK by co-

immunoprecipitation with anti-ALK antibody, followed by electrospray ionization and 

tandem mass spectrometry, and these proteins include Jak2, Jak3, Stat3, PI3K, some 

adaptor molecules (such as Rho-GTPase activating protein), heat shock proteins (such 

as Hsp60 precursor), and phosphatases (protein phosphatase 2 subunit) (69).  Voena 

et al used tandem mass spectrometry and found that NPM-ALK directly interacts and 

phosphorylates Shp2, also named protein-tyrosine phosphatase 2C (PTP-2C), in the 

tyrosine residues Y542 and Y580, thus promoting ALK+ALCL cell proliferation (70). 

More importantly, the authors unearthed that only the active form of NPM-ALK, but not 

the kinase dead NPM-ALKK210R, is able to bind and activate Shp2 (70). In parallel with 

this study, another group reported that NPM-ALK interacts and phosphorylates 
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proteinassociated splicing factor (PSF) at Tyr293, resulting in its subcellular 

delocalization and dysfunction (71). In addition, the interaction between NPM-ALK and 

PSF depends on the active ALK kinase domain, as PSF does not bind kinase-dead 

NPM-ALK (71). More recent studies using advanced tandem mass spectrometry have 

revealed novel substrates of NPM-ALK, such as DNA mismatch repair protein MSH2 

(72), and Wiskott-Aldrich syndrome protein (WASp), thus contributing to the 

tumorigenesis of ALK+ALCL cells (73).    

In general, NPM-ALK, along with other ALK fusion kinases, exerts its oncogenic roles 

mainly by directly or indirectly interacting and activating a number of molecules involved 

in multiple oncogenic signaling pathways (56), including JAK/STATs (53), PI3K/AKT 

(54), RAS/MEK/ERK (74), and phospholipase C-γ (PLC-γ) (75) (Figure 1.5). 
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Figure 1.5 Representative signaling pathways activated by NPM-ALK. In ALK+ 

anaplastic large-cell lymphoma (ALK+ALCL), NPM-ALK interacts and activates many 

essential adaptors involved in multiple signaling pathways, including JAK/STATs, PI3K, 

RAS/MEK/ERK and PLC-γ. Four representative signaling pathways are shown here.  

NPM-ALK: Nucleophosphomin−anaplastic lymphoma kinase; STATs: Signal transducer 

and activator of transcription; PI3K: phosphatidylinositol 3 kinase; MAPK: Mitogen-

activated protein kinase; ERK: extracellular signal-related kinase; PLC-γ: 

phospholipase C γ. JAK3: Janus kinase 3; Bcl2: B-cell lymphoma 2; Mcl1: Myeloid cell 

lymphoma 1; BAD: Bcl-2-associated death promoter; mTOR: mammalian target of 

rapamycin; FOXO3a: Forkhead box protein O 3a; DAG: diacylglycerol; PKC: protein 

kinase C. 

 

1.2.6.1 JAK/STATs 

A) JAKs and STAT3 in ALK+ALCL 

The JAK/STAT pathway is one of the most studied pathways that are activated by 

NPM-ALK in ALK+ALCL (55). NPM-ALK fusion tyrosine kinase interacts and 

phosphorylates STAT3 at tyrosine 705 (pSTAT3Y705) (76), a critical residue for STAT3 

activation and dimerization (77). Then the phosphorylated STAT3 forms homo or 

heterodimers with phosphorylated STAT3 or other family members of STATs, followed 

by translocation to the nucleus to execute as a transcription factor regulating a wide 

range of genes involved in cell proliferation, survival, and anti-apoptosis, such as MYC, 

CCNDs, BCL2, and Survivin (78). Indeed, high level of pSTAT3Y705 and the nuclear 

localized pSTAT3Y705 are always detected in ALK+ALCL primary tumor cells and cell 

lines (76, 79). Multiple factors contribute to the constitutive activation of STAT3 in 

ALK+ALCL (56). For instance, Han et al reported that JAK3, which can be activated by 

cellular cytokines such as interleukin 2 (IL2), IL4, IL9, IL13, IL15, and IL21 (80-85), 
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phosphorylates STAT3 at tyrosine 705 in ALK+ALCL (86). In keeping with this, two 

other studies have demonstrated that ALK+ALCL cells express IL9 and IL21, both of 

which are JAK3 activators (82, 85), to activate the JAK3/STAT3 axis (84, 87). In 

addition, JAK3 is directly phosphorylated and activated by NPM-ALK in ALK+ALCL (26). 

The significance of JAK3 for STAT3 activity is underscored by the finding that 

pharmaceutical inhibitor or siRNA knockdown of JAK3 downregulates the pSTAT3Y705 

level in ALK+ALCL (86, 88). Amin et al used co-immunoprecipitation assay and found 

that NPM-ALK, STAT3 and JAK3 physically interact with each other in ALK+ALCL cells, 

indirectly suggesting the close interaction between them (88). Further studies have 

demonstrated that the level of active JAK3 strongly correlates with the level of NPM-

ALK and pSTAT3Y705 in ALK+ALCL primary tumors (86). Intriguingly, one study 

reported that NPM-ALK induces the expression of IL22 and its receptor IL22R in 

ALK+ALCL, thus forming an autocrine stimulatory loop for JAK3/STAT3 activation (89).  

STAT3 is a well-known potent oncogenic protein (90). Aberrant expression or activation 

of STAT3 has been widely observed in solid human tumors and haematological 

malignancies, including ALK+ALCL (91-95). STAT3 is known to be a key mediator of 

the NPM-ALKꟷinduced transformation in ALK+ALCL (91). Inhibition of STAT3 activity 

by STAT3 dominant negative construct (96) or pharmaceutical reagent (97) induces 

significant cell-cycle arrest and cell apoptosis in ALK+ALCL cell lines. One study 

showed that siRNA knockdown of STAT3 in SupM2 cells, an ALK+ALCL cell line, 

modulates the expression of around 1500 genes, with approximately 900 of them 

downregulated (98). In addition, STAT3 transcriptionally induces the expression of DNA 

methyltransferases 1 (DNMT1) which thereafter physically interacts with STAT3 and 
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histone deacetylase 1 (HDAC-1) and binds to the promoter of the tumor-suppressor 

gene ‒ Src homology region 2 domain-containing phosphatase-1 (SHP1), leading to 

the epigenetically silence of SHP1 (99, 100). SHP1 is known as a tyrosine phosphatase 

that physically interacts with NPM-ALK, JAK3 and STAT3 in ALK+ALCL, subsequently 

resulting in the dephosphorylation of both NPM-ALK and JAK3/STAT3 and degradation 

of NPM-ALK and JAK3 in a proteasomal pathway (101, 102). Similarly, STAT5A is also 

epigenetically silenced by STAT3−induced DNA methylation (103). As a member of the 

STAT family, STAT5A functions as a negative regulator of NPM-ALK expression in 

ALK+ALCL, evidenced by that restoration of STAT5A expression transcriptionally 

downregulates the expression of NPM-ALK and decreases the level of pSTAT3Y705 

(103). In contrast, STAT5B functions as an oncogenic protein to promote cell 

proliferation and growth upon NPM-ALK phosphorylation and activation (104). The 

relationship between NPM-ALK, JAKs, STAT3, STAT5A and STAT5B has been briefly 

illustrated in Figure 1.6. 
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Figure 1.6 NPM-ALK activates STATs signaling pathway in ALK+ALCL. Signal 

transducer and activator of transcription 3 (STAT3) can be directly activated by NPM-

ALK, or indirectly through Janus kinase 3 (JAK3). Besides, ALK+ALCL cells express 

interleukin 9 (IL9), IL21 and IL22, which are JAKs’ activator, to activate STAT3 as well. 

The activated STAT3 signaling potently promotes cell proliferation and growth by 

regulating a number of genes, such as Survivin, B-cell lymphoma 2 (BCL2) and BCL-XL. 

Src homology region 2 domain-containing phosphatase-1 (SHP1) and STAT5A are 

reported to be methylated and silenced in ALK+ALCL because of STAT3. If their 

expressions are restored, both SHP1 and STAT5A act as negative regulators of NPM-

ALK/STAT3 axis by transcriptionally downregulating the expression of NPM-ALK and 

decreasing the level of pSTAT3Y705. In addition, STAT5B, another family member of 

STATs, is also phosphorylated and activated by NPM-ALK, thus promoting cell growth 

and proliferation. 
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B) STAT1  

IFNs/STAT1 signaling 

STAT1 is the first-discovered member of STATs family (90). Induction of STAT1 

activation occurs through cytokines, growth factors, and hormones (105). STAT1 is 

well-known as the main mediator of both type I interferon (IFNα/β) and type II 

interferon (IFNγ) signaling pathway in immune responses, thus it is regarded as an 

important component in immune system (106, 107). Upon type I IFN binding with 

cellular receptor IFN alpha receptor (IFNAR1/2), the endogenous kinase JAK1 and 

tyrosine kinase 2 (TYK2) are recruited to the cytoplasmic domain of IFNAR1/2, 

followed by phosphorylation and activation; and the activated JAK1 and TYK2 

reversely phosphorylate IFNAR1/2 (105, 106). The phosphorylated IFNAR1/2 thus 

create docking sites for STAT1 and STAT2, another member of STATs family, and 

then the phosphorylated JAK1 and TYK2 that bound to the cytoplasmic domain of 

IFNAR1/2 phosphorylate STAT1 and STAT2, then the phosphorylated STAT1 and 

STAT2 form homodimers or heterodimers and subsequently migrate to the nucleus to 

regulate a number of IFN-related genes (Figure 1.7) (105, 106). Specifically, 

STAT1/STAT2 heterodimers or STAT1 homodimers bind to the IFN-stimulated 

response element (ISRE) promoter sequence or the IFN--activated-site (GAS) 

promoter sequences, respectively, to stimulate IFN-stimulated gene transcription (105, 

106). As for type II IFN signaling pathway, the binding of IFNγ and its receptor IFNγ 

receptor 1/2 (IFNGR1/2) phosphorylates and activates JAK1 and JAK2, following by 

the phosphorylation of IFNGR1/2 (105, 106). The phosphorylated IFNGR1/2 thus 

create docking sites for STAT1 which subsequently is phosphorylated by JAK1 and 
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JAK2, and consequently the phosphorylated STAT1 homodimerizes with itself and 

migrate to the nucleus to bind to GAS promoter sequence to function as transcription 

factors (Figure 1.7) (106). 

 

Figure 1.7 Signal transduction of the IFN/STATs. Binding of type I and type II IFNs 

to their respective receptors (IFNAR1/2 for type I and IFNGR1/2 for type II) leads to the 

activations of Janus kinases 1 (JAK1) and tyrosine kinase 2 (TYK2) for IFNAR1/2, and 

JAK1 and JAK2 for IFNGR1/2. The activated JAKs and TYK2 subsequently 

phosphorylate the respective receptors, which thereby create docking sites for signal 

transducer and activator of transcription 1 (STAT1) or STAT2. STAT1 and STAT2 are 

phosphorylated on tyrosine residues by JAKs and TYK2 once they bound to the 

docking sites of the IFNs receptors. Phosphorylated STATs form STAT1 homodimers 

and STAT1/STAT2 heterodimers which move to the nucleus to function as transcription 

factors. STAT1 homodimers bind to IFN--activated-site (GAS) promoter sequences and 
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STAT1/STAT2 heterodimers bind to the IFN-stimulated response element (ISRE) 

promoter sequence, respectively, to stimulate IFN-stimulated gene transcription. 

 

 

STAT1 is degraded in ubiquitin-dependent proteasome pathway 

Ubiquitin-dependent proteasome pathway is an important biological process that 

regulates the degradation of cellular proteins by ubiquitinating substrate proteins, 

followed by protein degradation in 26S multisubunit proteasome system (108). This 

biological process requires the involvement of a sequential of ubiquitin-related enzymes 

including ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and 

ubiquitin ligases (E3) (108). In brief, the E1 enzyme activates ubiquitin, which is 

subsequently transferred to ubiquitin-conjugating enzymes E2; then the ubiquitin is 

transferred to the substrate protein with the assist of specific E3 ligase (109). 

Consequently, the ubiquitin-tagged substrate protein is degraded in the 26S 

proteasome (109). Mounting studies have suggested that STAT1 is degraded in 

ubiquitin-dependent proteasome pathway (110-115). In a study published in 2008, the 

authors reported that ERK1/2 phosphorylates STAT1 at serine 727 and downregulates 

its expression in ubiquitin-dependent proteasome pathway in mouse embryonic 

fibroblasts model, in which the F-box E3 ligase βTRCP promotes STAT1 ubuiquitination 

(112). In a recent study, an E3 ligase smad ubiquitination regulation factor 1 (Smurf1) is 

reported to ubiquitinate and degrade STAT1 in human embryonic kidney 293 cells 

(113). More recently, one study revealed that pSTAT1Y701, the active form of STAT1, is 

the primary form of ubiquitinated STAT1 induced by IFNγ in 293T cells, and it is rapidly 

degraded in K48-linked ubiquitin-proteasome pathway (111). Moreover, the authors of 
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the study also demonstrated that the deubiquitinase USP2a interacts with pSTAT1Y701 

in the nucleus and abrogates the ubiquitination and degradation of pSTAT1Y701 (111). 

Surprisingly, Lawrence and Kornbluth recently reported that an E3 ubiquitin ligase ꟷ 

Natural Killer Lytic-Associated Molecule (NKLAM) ubiquitinates STAT1, but positively 

regulates STAT1 transcriptional activity and its DNA binding ability in mice macrophage 

cells (110). 

 

The biological function of STAT1 

STAT1 has been reported to be a tumor suppressor by transcriptionally regulating the 

expression of a host of pro-apoptotic and anti-proliferative genes, such as Interferon 

response factor -1 (IRF-1) (116), caspases (117), members of the death receptor family 

(118), BCL-XL and BCL-2 (119, 120). A number of studies have suggested that STAT1 

antagonizes the transcriptional activity of the oncogenic protein STAT3 in some models 

(90, 120-122). The tumor suppressor function of STAT1 is also indicated in an in vivo 

study showing STAT1-/- double knockout mice are more vulnerable to virus and 

bacterial infections and also prone to develop tumors upon exposure to cancer-inducing 

chemicals (123, 124). STAT1-deficient female mice also spontaneously develop 

mammary adenocarcinomas (125). In keeping with its tumor suppressor function, 

STAT1 expression is frequently absent or decreased in various types of cancer, 

including oral squamous cell carcinoma (126), melanoma (127, 128), cutaneous T-cell 

lymphoma (129), breast cancer (130) and esophagus squamous cancer (131, 132). 

How STAT1 is downregulated in cancer remains poorly understood. There is one 

relevant report, in which STAT1 gene promoter was found methylated in human head 
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and neck squamous cancer (133). Nevertheless, a few studies have concluded that 

STAT1 is a tumor promoter in some cancer models, such as breast cancer (134), T-cell 

acute lymphoblastic leukemia (135) and late-stage melanoma (136). These 

contradictory findings indicate the dilemma functions of STAT1 in cancer in a cellular 

context-dependent manner (90). 

 

1.2.6.2 PLC-γ  

PLC-γ is an enzyme that cleaves phospholipids (137). The activation of PLC-γ by cell 

receptor tyrosine kinases (RTKs) results in the hydrolysis of phosphatidylinositol (PIP2) 

into two secondary messages, inositol triphosphate (IP3) and diacylglycerol (DAG) 

(137). IP3 stimulates the release of Ca2+ from the endoplasmic reticulum, and DAG 

interacts and activates the serine/threonine protein kinase C (PKC) (137, 138). NPM-

ALK tyrosine residue 664 (Y664) directly interacts with PLC-γ and leads to the 

activation of PLC-γ (75). The significance of PLC-γ to the NPM-ALK−induced 

transformation is underscored by the finding that mutant NPM-ALKY664F cannot bind or 

activate PLC-γ and demonstrated attenuated transforming ability in Ba/F3 and Rat-1 

cells, which can be partially rescued by the overexpression of PLC-γ (75). 

 

1.2.6.3 PI3K/AKT  

NPM-ALK also activates the PI3K/AKT pathway in ALK+ALCL (54). Activation of the 

PI3K/AKT pathway promotes cell growth of ALK+ALCL cells (54, 139). Inhibition of 

PI3K/AKT pathway by either pharmacologic inhibitors, or dominant-negative PI3K, or 
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AKT mutants suppress cell growth or induce cell apoptosis in multiple types of cells 

transfected with NPM-ALK (54, 139). 

PI3K contains two subunits including a catalytic subunit p110 and a regulatory subunit 

p85 (140, 141). NPM-ALK fusion kinase binds to p85 and phosphorylates PI3K, which 

subsequently phosphorylates and activates the serine/threonine kinase AKT (also 

known as protein kinase B) at threonine 308 (54, 56). However, the maximal activation 

of AKT requires additional phosphorylation at serine 473 (141). The fully activated AKT 

regulates diverse cellular processes, such as protein synthesis, cell anti-

apoptosis/survival, cell growth and proliferation, cell metabolism, and cell 

migration/invasion (141, 142). Specifically, activated AKT suppresses the pro-apoptotic 

protein Bcl2-associaed death promoter (BAD), and thus leads to the increase of anti-

apoptotic protein Bcl-XL (143). On the other hand, activated AKT promotes cell survival 

by increasing the activity of nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) and promoting the degradation of inhibitors of κB (IκB), which sequesters 

the nuclear translocation of NF-κB (144). The activated PI3K/AKTꟷpromoted cell 

growth of ALK+ALCL is also partially dependent on the activated Sonic Hedgehog 

(SHH) pathway, which is downstream of AKT signaling (145, 146). In addition, activated 

AKT suppresses cell apoptosis by inhibiting the activity of caspas 9 and decreasing the 

expression of FAS ligand (147, 148). NPM-ALK−induced activation of PI3K/AKT 

pathway phosphorylates Forkhead family of transcription factors 3a (FOXO3a) and 

prevents its nuclear translocation, consequently leading to the degradation of FOXO3a 

in a proteasome pathway (149-151). The degraded FOXO3a links to the 

downregulation of the negative regulator of cell cycle progression p27Kip1 and Bim 1, as 
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well as the upregulation of cyclin D2 (150, 151). A brief interaction between NPM-ALK 

and PI3K/AKT has been illustrated in Figure 1.8. 

 

Figure 1.8 NPM-ALK activates the PI3K/AKT pathway in ALK+ALCL. NPM-ALK 

phosphorylates and activates PI3K at p85 subunit, which subsequently activates the 

serine/threonine kinase AKT. The activated AKT phosphorylates Forkhead family of 

transcription factors 3a (FOXO3a) and promotes FOXO3a degradation in a proteasome 

pathway. Phosphorylation of the FOXO3a sequesters its nuclear translocaton to 

upregulate the negative regulator of cell cycle progression p27Kip1 and Bim1 and 

downregulate cyclin D2. Activated AKT also promotes the activity of nuclear factor-κB 

(NF- κB) by degradating inhibitor of κB (IκB) in a proteasomal pathway. IκB inhibits the 

activity of NF- κB by preventing the nucleus translocation of NF- κB.  The 

phosphorylated AKT also suppresses the activity of caspas 9 and the expression of Fas 

ligands (FAS-L), as well as the activity of Bcl 2-associaed death promoter (BAD) which 
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suppresses the expression of anti-apoptotic protein Bcl-XL. In addition, AKT signalling 

also promotes the expression of sonic hedgehog (SHH), which also contributes to the 

cell proliferation of ALK+ALCL.  

 

 

 

1.2.6.4 RAS/MEK/ERK 

The serine/threonine kinase ERK1/2−mediated pathway is known to promote cell 

growth, survival, differentiation, and migration (152). ERK1/2 can be activated by many 

growth factors and some kinases through the activation of the Ras GTPase following by 

the phosphorylation and activation of Raf1 (153). While the NPM-ALK‒induced 

activation of MEK/ERK appears to be independent of Raf-1, as inhibition of Raf-1 with 

pharmacological inhibitors or siRNA knockdown of Raf-1 have no effects on ERK1/2 

phosphorylation induced by NPM-ALK (154). The activated RAS/MEK/ERK pathway 

can be found in both ALK+ALCL cell lines and primary tumor samples (154). Inhibition 

of ERK1/2 by MEK1/2 inhibitor U0126 or siRNA knockdown of ERK1 suppresses cell 

growth and induces cell apoptosis in ALK+ALCL cell lines, supporting the role of the 

ERK1/2 pathway in promoting the cell growth of ALK+ALCL cells (154). NPM-

ALKꟷmediated activation of ERK1/2 activates E26 transformation-specific-1 (ETS-1) in 

ALK+ALCL (155). Interestingly, the transcriptional active ETS-1 enhances the gene 

promoter activation of JunB, which is reported to promote CD30 expression; and the 

upregulated expression of CD30 in turn activates ERK1/2 in ALK+ALCL, thus creating a 

positive forward loop in ALK+ALCL (155, 156). 
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1.2.6.5 mTOR  

In ALK+ALCL, the serine/threonine kinase mTOR is also activated by NPM-ALK 

mediated by PI3K/AKT and RAS/MEK/ERK (155, 157). The biological significance of 

mTOR is underlined by the fact that inhibition of mTOR by pharmaceutical inhibitor 

rapamycin induced significant cell apoptosis in ALK+ALCL cell lines (158). mTOR 

regulates a number of genes associated with protein translation, cell proliferation, and 

survival (159, 160). For instance, mTOR phosphorylates and activates p70S6K (also 

known as ribosomal protein S6 kinase beta-1), which thereafter phosphorylates and 

activates ribosomal protein S6 (RPS6) to regulate protein synthesis and enhance cell 

growth (161). 

 

1.2.7 Therapeutic strategy for ALK+ALCL patients 

As indicated above, ALK+ALCL generally have a better prognosis in comparison to 

ALK-ALCL (7). Cyclophosphamide, hydroxydaunorubicin (doxorubicin), oncovin 

(vincristine), and prednisone (CHOP)ꟷbased therapeutic regimen is the standard 

treatment for aggressive lymphomas, including ALK+ALCL (1). Brentuximab vedotin 

has also showed encouraging clinical outcomes when it was applied to treat CD30+ 

peripheral T-cell lymphomas (including ALK+ALCL), either as a follow-up treatment with 

CHOP or a combination with CHP (due to the overlapped neurotoxicity between 

vincristine and Brentuximab vedotin) as the front-line treatment (1, 162).  CHOP-based 

standard treatment induces complete remission in most of ALK+ALCL patients, but up 

to 40% of patients still develop tumor relapses and chemoresistance (55). Patients with 
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relapsed or refractory disease usually benefit from high-dose of chemotherapy or 

autologous stem cell transplantation (8). 

Although stem cell transplantation is an effective therapeutic regimen for relapsed 

ALK+ALCL patients, novel therapy based on the pathobiology of ALK+ALCL is 

warranted (55). As ALK+ALCL cells are very much NPM-ALK addicted, this chimeric 

protein has become an obvious and easy therapeutic target for this disease, supported 

by a number of in vitro and in vivo studies (50, 163-165). As the discovery of full length, 

translocated, or mutated ALK contributing to the tumorigenesis of neuroblastoma or 

non-small-cell lung cancer, a number of small molecular inhibitors targeting ALK have 

been developed (166-168). For instance, crizotinib is a small molecule inhibitor 

developed for targeting ALK, c-Met/Hepatocyte growth factor receptor (HGFR) and c-

ros oncogene 1 (ROS1), and it specifically binds within the ATP-binding pocket of 

target kinases (168). In 2011, the U.S. Food and Drug Administration (FDA) approved 

crizotinib (PF-02341066; Trade name: Xalkori, Pfizer) for the treatment of late-stage 

ALK-positive non-small-cell lung cancers (169). Currently, crizotinib is also undergoing 

clinical trials for treating patients with ALK+ALCL and neuroblastoma (170, 171). 

Results from a small number of clinical trials have shown the effectiveness of crizitinib 

in pediatric ALK+ALCL patients and the relapsed/refractory patients (170). Despite the 

success of crizotinib, crizotinib-resistance still could happen in ALK+ALCL patients and 

other ALK-positive malignancies (172, 173). The novel therapeutic strategies 

overcoming the potential crizotinib-resistance to this type of malignancy generally 

involve targeting NPM-ALK downstream molecules in combination with ALK inhibitors 

(1, 8, 174). 
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1.3 Wnt/β-catenin 

1.3.1   Wnt/β-catenin signaling 

One of the most extensively studied and important cellular signaling pathways in cancer 

is the Wnt/β-catenin pathway, also known as the Wnt canonical pathway (175). The 

Wnt/β-catenin pathway is highly conserved among different species (175). Wnt ligand 

family has 19 members in Homo sapiens, while only portions of them, such as Wnt1, 

Wnt2B, Wnt3 and Wnt5, can activate Wnt/β-catenin pathway (175). In the absence of 

Wnt ligands, β-catenin remains in a cytoplasmic destruction complex containing 

adenomatous polyposis coli (APC), Axin, casein kinase 1α (CK1α), and glycogen 

synthase kinase-3β (GSK3β), and then β-catenin is phosphorylated by CK1α and 

GSK3β, following by degradation in ubiquitin-dependent proteasome pathway (176, 177) 

(Figure 1.10). In the presence of canonical Wnt ligands, the interaction between Wnt 

ligands with their cell-surface receptor complex consisting of LRP5/6 and Frizzled (FZD) 

breaks the destruction box by phosphorylating the cytoplasmic protein disheveled (Dvl) 

and GSK3β (176, 177). The phosphorylated GSK3β leaves β-catenin in the destruction 

box dephosphorylated, resulting in β-catenin stabilization and accumulation in 

cytoplasm, following by its translocation into nucleus as a transcription factor (176, 177). 

The nuclear β-catenin enhances the activity of the transcription factor T-cell factor 

(TCF)/lymphoid enhancer factor (LEF) and stimulates the expression of their 

downstream targets (e.g.CCND1, MYC and TWIST) that are involved in some critical 

biological processes such as cell growth, proliferation, migration, metastasis, etc (176, 

177) (Figure 1.9). The Wnt/β-catenin pathway is known to be critical for homeostatic 

maintenance of tissues and organs, and thus its activity is stringently regulated during 
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normal development (178). Deregulation of the Wnt/β-catenin pathway is implicated in 

various diseases, including cancers (178). 

 

Figure 1.9 Overview of the Wnt/β-catenin pathway. In the absence of Wnt ligands, 

β-catenin remains in the destruction complex containing adenomatous polyposis coli 

(APC), Axin, casein kinase 1α (CK1α), and glycogen synthase kinase-3β (GSK3β), 

where it is phosphorylated by CK1α and GSK3β, following by degradation in ubiquitin-

dependent proteasome pathway (Left panel). In the presence of Wnt ligands, the 

interaction between Wnt ligands with their cell-surface receptor complex consisting of 

LRP5/6 and Frizzled (FZD) interrupt the destruction box by phosphorylating disheveled 

(Dvl) and GSK3β, and inhibiting GSK3βꟷmediated phosphorylation of β-catenin. The 

dephosphorylation of β-catenin leads to its stabilization and accumulation and 

translocation into nucleus where it exerts as a transcription factor. The nuclear β-

catenin cooperates with the transcription factor T-cell factor (TCF)/lymphoid enhancer 

factor (LEF) to promote the expression of their downstream targets, including CCND1 

and MYC (Right panel). 
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1.3.2   Wnt/β-catenin in cancer and ALK+ALCL 

Upregulated Wnt/β-catenin activity has been widely observed in human cancers (177). 

For example, β-catenin is deregulated in 21% of cases of primary cutaneous B-cell 

lymphomas and 42% of cases of cutaneous T-cell lymphoma (179). The constitutive 

activation of the Wnt/β-catenin pathway is also reported in mantle cell lymphoma and 

ALK+ALCL (180-182). Lai lab previously described that β-catenin is constitutively active 

in ALK+ALCL cells, and knockdown of this pathway by β-catenin siRNA transfection 

results in significant cell death in ALK+ALCL cell lines (182). Strikingly, Lai group also 

found that siRNA knockdown of β-catenin dramatically decreases the levels of 

pSTAT3Y705 and STAT3, representing yet another mechanism by which STAT3 in 

ALK+ALCL (182). Of note, unlike the relationship between Break Point Cluster-Abelson 

(BCR-ABL) tyrosine kinase and β-catenin in chronic myeloid leukemia (CML), NPM-

ALK does not regulate the protein level, nuclear localization or tyrosine phosphorylation 

of β-catenin but the transcriptional activity of Wnt/β-catenin in ALK+ALCL (182, 183). In 

normal cells, β-catenin is phosphorylated at multiple serine/threonine residues by 

GSK3β and therefore downregulated in ubiquitin-proteasome pathway (175). One 

recent report suggested that NPM-ALK phosphorylates GSK3β on Serine 9 through the 

PI3K/AKT pathway (184). Considering the negative role of active GSK3β on the protein 

level of β-catenin, this report correlates well with the findings of constitutively active β-

catenin in ALK+ALCL cells (168, 170). 
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1.4 Cancer stem cells (CSCs) 

The CSCs are a small fraction of cells within tumor bulks that have the ability to initiate 

the whole tumor bulks and are also capable to self-renew to maintain the small 

population (185). This small cell population is also called tumor-initiating cells (TICs) or 

tumor stem cells (TSCs) (186). Like normal stem cells, CSCs are not only capable to 

self-renew to maintain the CSCs population, but also able to differentiate into non-

CSCs, resulting in the heterogeneity of tumor cells (186, 187). It is widely accepted that 

CSCs are responsible for chemoresistance and tumor relapses in cancer patients, as it 

is believed that conventional chemotherapy only eliminates the major population of 

tumor cells but leave CSCs untouched (188).  

 

1.4.1 Identification and Isolation of CSCs  

CSCs population was firstly described in human acute myeloid leukemia (AML) in 1997 

(189). Since then, the CSCs have been identified in various types of cancers including 

breast cancer, colon cancer, prostate, esophagus squamous cancer, lung cancer (185). 

Up to date, multiple assays and approaches have been developed to identify the CSCs 

population, such as side population assay (using Hoechst 33343 dye efflux assay), 

specific cell surface markers detection, tumorsphere formation assay and serial 

transplantation assay (188).  

The side population assay is a flow cytometric approach based on the dye efflux 

properties of ATP-binding cassette (ABC) transporters (190). This assay has been 

performed in multiple studies to identify the CSC population derived from a number of 
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cancers including ovarian cancer (191, 192), breast cancer (193, 194), head and neck 

cancer (195), renal cell carcinoma (196), as well as ALK+ALCL (197). Nevertheless, 

there are two major limitations of this assay (198). Firstly, the side population cells 

contain both CSCs and non-CSCs, and they do not represent all CSCs (198). Secondly, 

Hoechst 33342, used in this assay for isolating side population cells, cannot be applied 

to many types of cells because of its cellular toxicity (198). Furthermore, the side 

population assay has also received many criticisms because of its relatively high 

technical challenges, poor consistency and low reproducibility (190). As for specific cell 

surface markers’ staining, it has also been widely deployed to identify the CSC 

population. For instance, CD44High/CD24Low and Aldehyde dehydrogenaseHigh (ALDHhigh) 

have been considered as stem cell markers for both breast cancer and esophagus 

squamous cells (199-203). The CD133 has also been reported to be a CSCs marker for 

both colon cancer and brain cancer (204, 205). Like side population cells, stem cell 

markers positive cells do not represent all the CSCs, which also include non-CSCs. As 

for tumorsphere formation assay, it is a valuable tool to identify CSCs in vitro, as cells 

with high ability of self-renewal and differentiation are expected to grow into colonies in 

serum-free medium or in soft agar/methylcellulose medium (188). However, this in vitro 

assay has many limitations. For instance, this assay only measures ex vivo cell 

proliferation but not tumor propagating ability in vivo (188). Therefore, in vivo study is 

always required to confirm the results of this in vitro assay (188). Last but not the least, 

serial transplantation assay is regarded as the gold standard assay to identify CSCs 

because this assay fulfills two criteria of CSCs including the ability to self-renew and 

initiate the tumor bulks (188). This assay has been widely used in a number of studies 

of identifying CSCs (185, 186, 188, 197, 206). Briefly, in this assay, tumor cells are 
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transplanted into the immunodeficient mice, then the xenograft tumors formed by the 

tumor cells are isolated, diluted and implanted into the new immunodeficient mice, if 

applicable, the newly formed xenograft tumors are again isolated, diluted and implanted 

into new immunodeficient mice to test the tumor cells’ self-renewal and tumor-initiating 

ability. 

 

1.4.2 Molecular features of CSCs 

Mounting studies have suggested that CSCs carry elevated expression of some 

embryonic stem cells markers (e.g. MYC, Sox2, and Nanog) in comparison to tumor 

bulk cells (186). Two recent reports have showed that the tomaxifen-resistant triple-

negative and estrogen receptor-positive (ER+) breast cancer cell lines have enriched 

breast CSCs which are characterized by elevated expression of Nanog, Oct3/4, and 

Sox2, as compared to their major cell populations (207, 208). MYC is also found highly 

expressed in glioma stem cells and CD34+ AML cells (considered as leukemia stem 

cells), as compared to their non-stem cells counterparts (209, 210). Importantly, the 

high level of MYC expression is critical for maintaining the CSC population, as inhibition 

of MYC in glioma stem cells and leukemia stem cells significantly decreases the CSC 

populations (209, 210). In addition to these embryonic stem cell markers, CSCs also 

overexpress ABC transporters, a cell surface protein family responsible for drug 

transportations. Among the family of ABC transporters, ABCG2 is the one that has 

been widely studied, and it is also the one that mainly confers to the side population cell 

phenotype by pumping out Hoechst 33342 dye efflux (198). Enriched expression of 

ABCG2 has been reported in a number of CSCs from various types of cancer, such as 
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lung cancer (211), hepatocellular carcinoma (212), retinoblastoma (213), and 

ALK+ALCL (197). Of note, ABCG2 may even serve as a potential biomarker for CSCs 

in some types of tumors (198). 

 

1.4.3 Signaling pathways in CSCs 

Accumulated evidence have demonstrated that certain signaling pathways (e.g. Notch, 

SHH, Wnt/β-catenin and fibroblast growth factor-2), that are known to regulate the 

differentiation and self-renewal of normal embryonic stem cells (214), are specially 

more active in CSCs (186). These embryonic signaling pathways contribute to the self-

renewal and tumor-initiating ability in CSCs (185, 186, 215). For instance, Jang et al 

reported that breast CSCs have enhanced Wnt/β-catenin activity, and inhibition of 

Wnt/β-catenin signaling suppresses breast cancer cells growth, tumorigenicity, 

metastasis and the expression of CSCs-related genes (216). The Wnt/β-catenin 

signaling is also found more active in leukemia-initiating cells (217, 218), and depletion 

of β-catenin results in impaired leukemogenesis in a BCR-ABL−induced CML mouse 

model (219, 220). Lai lab also recently reported that the PI3K/AKT/MYC pathway is 

elevated in cancer stem-like cells of esophagus squamous cancer cell lines, 

pharmacological inhibition of PI3K/AKT/MYC dramatically attenuates the cancer 

stemness features including chemoresistance and tumor formation ability (221). In a 

recent study, Justilien et al showed that the SHH pathway is elevated by 

phosphorylated Sox2 at threonine 118 in lung cancer stem-like cells, and the SHH 

pathway is essential for maintaining the CSC phenotype, as inhibition of this pathway 

diminishes the CSC phenotype (222). 
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1.4.4 CSCs in ALK+ALCL 

NHL is a heterogeneous malignance compromising more than 40 different entities 

classified by various parameters including morphology and immunophenotype (223). 

Most of NHLs are believed to originate from mature peripheral lymphocytes, such as 

many B-cell NHLs arise from germinal center cells (223, 224). However, evidence 

shows that T-cell lymphoblastic lymphoma cells originate from immature precursor 

lymphocytes in the thymus (223). Three recent studies have unearthed that ALK+ALCL 

tumor cells may originate from early thymic progenitor cells (67, 197, 225). Moti et al 

has reported that ALK+ anaplastic large-cell lymphoma-propagating cells isolated by 

side population assay share gene expression signatures with early thymic progenitors, 

indicating these tumor-propagating cells being of a primitive origin (197). The same 

research group further reported that the murine peripheral T cell lymphoma in CD4-

driven NPM-ALK transgenic mouse arises in early thymocytes (67).  In addition, 

Hassler et al recently compared the DNA methylation patterns of ALK+ALCL cells with 

T cells of different differentiation stages and found that the DNA methylation patterns of 

ALK+ALCL highly resemble progenitor thymic T cells, suggesting that ALK+ALCL 

occurs in progenitor thymic T cells rather than mature T cells (225). Notably, there is a 

single study to date that has unearthed the biology of CSCs in ALK+ALCL (197). In this 

report, Moti et al declared that they were able to use side population technique to find 

CSCs in ALK+ALCL cell lines and patient samples, and these CSCs not only give rise 

to the bulk population but also maintain the growth of entire cell population (197). 

Biochemically, ALK+ALCL CSCs are featured with relatively high expression of some 

embryonic stem cell or CSC markers including Sox2, Oct4, Klf4, and ABCG2, as 
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compared to the main cell population (197). Of note, these CSC cells also harbor 

elevated expression of NPM-ALK, and these CSCs cells show sensitivity to crizotinib 

due to the high level of NPM-ALK in this subset of cells, indicating that NPM-ALK may 

be a promising therapeutic target in these CSCs (197). 

 

1.5   Inducible pluripotent stem cells (iPS) factors  

The iPS factors are those transcription factors being crucial for maintaining and 

promoting cell pluripotency (226). The biological significance of these factors including 

Oct4, MYC, Sox2, and Klf4 is highlighted by their ability to reprogramming fully 

differentiated somatic cells to iPS cells in certain conditions (227, 228). The 

expressions of these iPS factors usually are restricted to embryonic stem cells and 

some somatic stem cells (228). However, recent studies have reported that these iPS 

factors also have been detected in various types of cancer cells (229). Emerging 

evidence has suggested that these iPS factors contribute to the tumor cell growth and 

progression (230). For example, Klf4 is shown aberrantly expressed in pancreatic 

cancer cell lines and primary tumor samples (231), and it promotes cell-cycle 

progression by downregulating cell-cycle inhibitors p27Kip1 and p21CIP1 (231). For 

another instance, Sox2 and MYC are both aberrantly expressed in breast cancer cell 

lines and patients samples (232, 233), and the two proteins orchestrate to promote the 

tumorigenesis and cancer stemness of breast cancer cells (207, 232). Of the four iPS 

factors, Sox2 and MYC will be focused and discussed in my thesis.  
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1.5.1 Sox2  

The Sox (Sex determining region Y-Box) family members are a group of transcription 

factors containing a highly conserved DNA binding domain, namely, High Mobility 

Group DNA binding domain (HMG box domain) (234). The Sox family proteins are 

known to be involved in the regulation of embryonic development and determination of 

cell fate (234, 235). Sox2, as one of the Sox family members, is one of the four master 

iPS factors involved in reprogramming fibroblasts to iPS cells (227). In embryonic stem 

cells, Sox2 orchestrates with other factors, particularly Oct3/4, to maintain the cell 

pluripotency and self-renewal ability (236). Further studies have shown that Sox2 

transcriptionally regulated genes often share a common DNA element Sox2-Oct cis-

regulatory element where Sox2 and Oct3/4 can both bind synergistically, indicating 

these two factors cooperatively regulating target genes(236).  

 

1.5.1.1 Sox2 in cancer 

Although Sox2 expression is strictly existed in embryonic stem cells and some somatic 

stem cells, it is aberrantly expressed in various types of tumors, including breast cancer 

(232, 237), colon cancer (237), small-cell-lung cancer (238), and ALK+ALCL (239). The 

biological significance of Sox2 in cancer has been underlined by the fact that Sox2 

regulates tumor metastasis (240), migration (241), and CSC populations in various 

cancer models (207, 232). Sox2 expression in some cancers is correlated with cancer 

stemness properties, such as chemoresistance (207), tumor initiation (242) and self-

renewal ability (242). Indeed, as mentioned above, Sox2 expression is found enriched 
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in CSCs derived from multiple types of cancer cells, and knockdown of Sox2 using 

siRNA results in sensitization of cells to chemotherapy and the decreased CSCs 

population (242-244).  

Sox2 has been shown to facilitate the G1/S transition and upregulate the cyclin D1 

expression in breast cancer cells (245). In addition, Sox2 is reported to co-operate with 

β-catenin to promote Sox2 downstream targets expression, thus promoting cell 

proliferation and tumorigenesis (245). Besides, Sox2 is found to promote the 

expression of pluripotency-promoting signaling pathways or stem cell markers or 

proteins, such as Wnt/β-catenin, Notch, AKT/mTOR, and Hedgehog, as well as CD44, 

ALDH1 and MYC in some cancer cell models (222, 241, 246-249). Intriguingly, there is 

one study showing that Sox2 upregulates the Wnt/β-catenin pathway, which in turn 

upregulates Sox2 expression, thus forming a positive forward loop in breast cancer 

cells (207). Moreover, Sox2 is also reported to promote cell migration and invasion by 

promoting the epithelia-mesenchymal transition (EMT) through upregulating Slug 

expression and the Wnt/β-catenin pathway (250, 251). Our current understanding of 

Sox2 biological function in cancer is mostly based on the studies performed in solid 

tumor models, while the biological role of Sox2 in haematological malignance remains 

elusive (252). Lai lab previously determined that Sox2 is aberrantly expressed in 

ALK+ALCL, in which NPM-ALK/STAT3 axis is the main driver of Sox2 expression (239). 

Interestingly, Lai lab also revealed that Sox2 transcriptional activity is heterogeneous in 

ALK+ALCL cell lines (239); this phenomenon is not restricted to ALK+ALCL cells, as it 

is also observed in ER+ breast cancer cells (253).  
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1.5.1.2 Post-translational modifications of Sox2  

The post-translational modifications of Sox2 and their regulations are poorly understood 

either in embryonic stem cells or cancer cells (235). Most of the studies on the Sox2 

post-translational regulation are performed in mouse embryonic stem cells (mESCs) 

(254). In mESCs, AKT1 is reported to phosphorylate Sox2 at threonine 118 (T118) and 

stabilize it, and thereafter promote its transcriptional activity (255).  The biological 

significance of phosphorylation of Sox2 at T118 is underscored by that mouse 

embryonic fibroblasts (MEFs) with phosphorylated Sox2 T118 enabling more efficient 

induction of iPS cells (255). In concert with this report, Fang et al reported the same 

findings in another study (256). Interestingly, Fang et al also reported that Sox2 protein 

and its transcriptional activity are regulated by a balanced methylation and 

phosphorylation switch in ESCs (256). Specifically, the authors suggested that Set7 

monomethylates Sox2 at lysine 119 (K119), resulting in the decreased Sox2 

transcriptional activity and degradation of Sox2 in ubiquitin-dependent proteasome 

pathway; on the other hand, AKT1 phosphorylates Sox2 at theonine118 (T118) and 

stabilizes Sox2 protein by antagonizing K119me by Set7 (256). Furthermore, the 

increased Set7 expression correlates with decreased Sox2 expression and appropriate 

differentiation in their cultured embryoid bodies (EBs), which are in parallel with early 

embryonic developments (256). In addition, Ouyang et al reported that cyclin-

dependent kinase 2 (Cdk2) physically interacts and phosphorylates Sox2 at two other 

phosphorylation sites, Ser 39 and Ser 253, both of which are required for establishing 

the pluripotent state but not for maintenance of ESC. Notably, a recent study has 

demonstrated that Sox2 transcriptional activity can be positively regulated by O-GlcNAc 
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(257). In this study, Sox2 is found to be O-GluNAclated during reprogramming in 

mESCs, and Sox2 loses O-GlcNAcylation at Ser 248 upon induction of differentiation in 

mESCs (257). In the same study, authors also provided evidence that MEFs with an O-

GlcNAc-deficient Sox2 (S248A) show increased somatic cell reprogramming efficiency 

(257).  

However, post-translational regulation of Sox2 in human cancer remains poorly studied. 

Only two studies of Sox2 phosphorylation in cancer have been reported to date (222, 

258). In one literature, the authors have demonstrated that protein kinase Cι (PKCι) 

phosphorylates Sox2 at T118, which then promotes the SHH signaling pathway by 

upregulating the SHH ligands, thus maintaining a cancer stem-like phenotype in lung 

squamous carcinoma cancer stem-like cell (222). In the other study, Sox2 is 

phosphorylated by aurora kinase A, which is a crucial process for maintaining the stem 

cell-like cell population in ovarian teratocarcinoma cell line PA-1 (258). Overall, our 

understanding of post-translational regulation of Sox2 in cancer is very limited. 

 

1.5.2 MYC in cancer  

MYC family of protein comprises three members, c-MYC (also known as MYC), L-MYC, 

and N-MYC, and they all share the basic helix-loop-helix (bHLH) domain (259). The 

biological role of L-MYC is poorly understood (260). As for N-MYC, its expression is 

tissue specific and can be found in some mouse tissues of an early stage of 

development, such as kidney and forebrain (261). The overexpression of N-MYC is 

observed in some cancer, such as neuroblastoma and human small-cell lung cancer 
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(262, 263), and the high expression of N-MYC in cancer is correlated with worse clinical 

outcome (262-264). MYC, as a proto-oncogene, is generally expressed in a broad 

spectrum of tissues in both newborn and adult mice (259). As a transcription factor, 

MYC usually heterodimerizes with MYC-associated factor X (Max) and regulates their 

downstream targets (259). Like Sox2, MYC is also one of the four iPS factors which are 

indispensable for reprogramming and induction of iPSs (228). The biological 

significance of MYC has been highlighted by the fact that ~15% of human genes are 

the downstream targets of MYC (265). 

It is necessary to stress that the expression of MYC is generally low in adult tissues 

(259). Due to the critical biological functions of MYC, the expression of MYC in normal 

circumstances is stringently regulated (266). In general, the half-life of MYC in normal 

cells is approximately 20 to 30 minutes (267). Deregulation of MYC expression lead to 

various disorders, including cancer (268). The overexpression of MYC is indeed 

observed in a wide range of (~70%) human cancers (268). As indicated above, the 

relatively high level of MYC is observed in CSCs derived from multiple types of cancer 

cells, in comparison with bulk tumor cells (209, 221, 266, 269).  

Mounting studies have indicated that the overexpressed MYC in cancer cells plays 

pivotal roles in various biological processes, including cell cycle, cell growth, apoptosis, 

energy metabolism, chromatin modification, angiogenesis, genome stability, etc (Figure 

1.10) (268-270). For instance, Perna et al used chromatin immunoprecipitation (ChIP)-

Seq and mRNA profiling in mouse fibroblasts cells with MYC overexpression and 

identified close to 300 MYC-dependent serum responses genes that are involved in a 

variety of biological processes including nucleotide biosynthesis, ribosome biogenesis, 
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DNA replication and RNA processing (271). Another interesting study published 

recently has shown that MYC induces the expression of PD-L1 and CD47, two immune 

checkpoint proteins on the tumor cell surface, thereby assisting tumor cells evading 

immune surveillance (272). A number of studies have concluded that inhibition of MYC 

can lead to tumor regression and cell differentiation through both tumor cell-intrinsic 

and host-dependent manner (273). 

It has been revealed that multiple factors account for the upregulated expression of 

MYC in cancer cells (268). For example, chromosomal translocations involving MYC 

and BCL2 or immunoglobulin heavy chain locus Ig H have been detected in diffuse 

large B-cell lymphoma and Burkitt’s lymphoma (274-276). MYC gene amplification has 

been frequently found in many human malignancies including breast cancer, lung 

cancer, and ovarian cancer (233, 277-279). In addition, a number of oncogenic 

signaling pathways contribute to the upregulation of MYC mRNA or stabilization of 

MYC protein, such as JAK/STAT (280), Wnt/β-catenin (281), Notch (282), MEK/ERK 

(283), and PI3K/AKT (284). For example, ERK1/2 kinase is frequently activated in 

human cancer (285, 286), and it is reported that ERK phosphorylates MYC at serine 62 

(p-MYCS62), which is an active form of MYC (287, 288). The p-MYCS62 is subsequently 

phosphorylated at another residue threonine 58 (T58) by GSK3β, which results in the 

binding of p-MYCS62/S58 with the ubiquitin ligase Fbw7-SCF, followed by the degradation 

of MYC protein in proteasome pathway (Figure 1.11) (289, 290). The ratio of MYC 

phosphorylation at S62 and T58 determinates the protein level and transcriptional 

activity of MYC in cancer (283, 288) . 
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Figure 1.10 The biological processes regulated by MYC in cancer cells. 

The main cellular processes regulated by MYC/MAX includes but not limits to cell 

apoptosis, cell proliferation, metabolism, angiogenesis, genomic instability, immune 

suppression, and cell transformation. 
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Figure 1.11 Phosphorylation and stabilization of MYC by ERK and GSK3β. 

Extracellular signal-regulated kinase (ERK) phosphorylates MYC at Serine 62 (p-

MYCS62) and stabilizes MYC protein, which then heterodimerizes with MYC-associated 

factor X (MAX) and acts as transcription factor. The p-MYCS62 can also be further 

phosphorylated by glycogen synthase kinase 3β (GSK3β) at Threonine 58 (p-

MYCS62/T58). Upon binding of p-MYCS62/T58 with the ubiquitin ligase Fbw7-SCF, MYC 

protein is subsequently ubiquitinated and degraded in proteasome pathway. 

This figure has been modified from “Chang F, et al. Signaling transduction mediated by 

the Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription factors: 

potential targeting for therapeutic interventions. Leukemia. 2013(7):1263-1293.” 

 

1.6 Reactive oxygen species (ROS) in cancer 

Reactive species, mainly consisting of ROS, are by-products generated by cell 

respiration and metabolism that mostly happen in the mitochondria (291, 292). 
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Oxidative stress simply refers to the accumulation of ROS due to the imbalance 

between the generation and elimination of ROS (291). ROS include singlet oxygen 

(1O2), hydroxyl radical (-OH), hydrogen peroxide (H2O2), superoxide anion (O2
-) and 

ozone (O3) (293). The intracellular ROS level is stringently regulated in normal cells, as 

different levels of ROS induces different cellular responses (294). Specifically, low to 

medium level of ROS activates a number of stress-related signaling pathways (e.g. 

PI3K/AKT and MAPK/ERK) to promote cell survival, proliferation, and differentiation 

(295), while high level or excessive ROS are toxic to normal cells by damaging DNA, 

proteins, and other molecules (291). 

However, cancer cells generally harbor a relatively high level of ROS mainly as a result 

of the aberrant oncogenic signals that modulate the cellular metabolism (291). For 

example, the oncogenic pathways induced by MYC and RAS are the most well-known 

signaling pathways that regulate the cell metabolism (296, 297). Some other factors 

have also been involved in the contribution to the high level of ROS in cancer, such as 

hypoxia stress, metabolic defects, and endoplasmic reticulum (ER) stress (Figure 1.12) 

(292). Correlating well with the high level of ROS, cancer cells also constitute a 

relatively high level of ROS scavengers, such as nuclear factor erythroid 2-related 

factor 2 (Nrf2), NADPH, glutathione (GSH) and tumor suppressors (including FOXO 

and TP53) (Figure 1.12) (291). Interestingly, the ROS level has been shown to be 

relatively low in CSCs, as compared to the whole population of tumor cells, with the 

detailed mechanisms being unknown (298). A recent literature has indicated that the 

low ROS level in breast CSCs is associated with the elevated expression of ROS-

scavenging systems in CSCs, such as GSH (299). 
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ROS of low to medium level in cancer cells has been reported to promote tumor cells 

growth, proliferation and metastasis (292). Mahalingaiah et al reported that ER+ breast 

cancer cell line MCF-7 cultured with chronic low doses of H2O2 has exhibited enhanced 

tumorigenicity and chemoresistance, with upregulated gene expressions that are 

related with pro-metastasis, such as vascular endothelia growth factor (VEGF) and 

CD44 (300). It has been reported that low to medium level of ROS promotes 

tumorigenesis by interacting and activating a number of oncogenic proteins or signaling 

pathways in cancer cells, including MAPK/ERK, Wnt/β-catenin, PI3K/AKT, STAT3 (294), 

all of which are related to tumor cell growth and proliferation (152, 291, 292, 294, 301, 

302). One study revealed that ROS maintains the phosphorylation and oncogenic 

activity of NPM-ALK kinase in ALK+ALCL cells, and pharmacological inhibition of ROS 

generation downregulates the expression level of phosphorylated NPM-ALK, as well as 

pSTAT3Y705, pERK1/2T202/Y204 and pAKTS473, all of which are downstream targets of 

NPM-ALK (303). 
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Figure 1.12 Determination of cellular redox status by a balance between levels of 

ROS inducers and ROS scavengers. The production of reactive oxygen species 

(ROS) can be induced by hypoxia, metabolic defects, endoplasmic reticulum (ER) 

stress and oncogenes. Conversely, ROS are eliminated by the activation of the 

transcription factor nuclear factor erythroid 2-related factor 2 (NRF2), the production of 

glutathione and nicotinamide adenine dinucleotide phosphate (NADPH), the activity of 

tumour suppressors (such as breast cancer susceptibility 1 (BRCA1), p53, 

phosphatase and tensin homolog (PTEN) and ataxia telangiectasia mutated (ATM) and 

the action of dietary antioxidants.  

Reprinted with permission from “Gorrini C, et al. Modulation of oxidative stress as an 

anticancer strategy. Nat Rev Drug Discov. 2013. 12(12):931-947.” Copyright©2013 

Nature Publishing Group. License number: 3976920022852 
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1.7 Thesis overview 

1.7.1 Rationale 

ALK+ALCL is an aggressive null/T-cell lymphoma most of which carries the oncogenic 

fusion tyrosine kinase NPM-ALK (8). It is well-known that NPM-ALK is the key 

oncogenic driver of this malignance by interacting and activating a number of molecular 

adaptors involved in multiple oncogenic signaling pathways, such as JAK/STATs and 

PI3K/AKT(55). Of these signaling pathways, NPM-ALK/STAT3 pathway is the one of 

the most important pathways (91). It  is reported that NPM-ALK/STAT3 not only 

promotes the genes expression related with anti-apoptosis and cell proliferation but 

also suppresses the expression of tumor suppressors or negative regulators of NPM-

ALK or STAT3 activity, such as Shp1 and STAT5A (45). In general, despite the fact that 

ALK+ALCL is a favourable and curable disease and the pathobiology of ALK+ALCL 

has been widely studied in the past 20 years (1), there is still a large portion (up to 

~40%) of patients that develop either chemoresistance or tumor relapses after first-line 

chemotherapy and these relapsed tumors always present in a more aggressive form 

(55). Therefore, further understandings of the pathobiology of ALK+ALCL are still 

warranted for designing novel therapeutic strategies. The scope of this thesis is to 

further understand the oncogenic tyrosine kinase NPM-ALK and the pathobiology of 

ALK+ALCL, and to focus on the tumor suppressor STAT1 and a highly tumorigenic cell 

subpopulation derived from ALK+ALCL cells. In general, I will test the hypothesize that 

the pathobiology of ALK+ALCL, such as tumorigenecity, chemoresistance and cancer 

stemness, can be attributed to novel NPM-ALKꟷregulated biochemical defects as well 

as signaling pathways that are not directly linked to NPM-ALK. 
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STAT1, a member of STATs family, is generally considered as a tumor suppressor in 

various types of cancer (90). The decreased STAT1 expression has been observed in a 

wide range of cancer (304). STAT1 is reported to suppress STAT3 transcriptional 

activity in some cell models, and vice versa (90). Based on the facts that STAT3 is 

constitutively active in ALK+ALCL and the reciprocal repression between STAT1 and 

STAT3 activity in some cancer models(90, 91), I hypothesize that STAT1 signaling is 

deficient in ALK+ALC; if this is the case, STAT1 functions as a tumor suppressor and 

suppresses STAT3 activity in ALK+ALCL if it is overexpressed to a relatively high level.  

Sox2 is one of the four iPS factors, and its biological significance in cancer cells has 

been documented in a recent review (252). The Lai lab previous revealed two 

phenotypically distinct cell population in ALK+ALCL cell lines based on their differential 

response to a Sox2 reproterꟷSRR2 (239). Cells responsive to SRR2 (RR) are more 

tumorigenic and chemoresistant than cells unresponsive to the reporter (RU) (239). 

Nevertheless, the expression level of Sox2 in RU and RR cells is almost identical, 

indicating other factors being involved in this context (239). MYC is another iPS factor, 

which is also aberrantly expressed in ALK+ALCL (305). The reciprocal regulation of 

MYC and Sox2 expression has been identified in breast cancer model (243). More 

importantly, the preliminary unpublished data indicated that MYC is a putative factor 

binding SRR2 reporter. In brief, here I hypothesize that MYC is one of the key factors 

regulating the RU/RR dichotomy, and potentially regulates Sox2 transcriptional activity.  

Oxidative stress has been shown to induce the conversion of RU cells to RR cells 

derived from ER+ breast cancer cells and esophagus squamous cancer cells, 

presenting a biological process of tumor plasticity (221, 306). However, tumor plasticity 
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is poorly understood and studied in haematological malignancies, including ALK+ALCL. 

Using RU/RR cells model derived from ALK+ALCL, I hypothesize that RU cells can be 

induced to convert to RR cells by oxidative stress. 

 

1.7.2 Objectives 

In Chapter 2, my objective is to evaluate the expression level of STAT1 in ALK+ALCL 

cell lines and patient samples. If STAT1 is indeed downregulated in this type of 

malignancy, then mechanisms behind this will be investigated. Next, two questions will 

be explored, including whether STAT1 signaling pathway is functionally intact and 

whether STAT1 is a potent tumor suppressor if its expression is restored in ALK+ALCL 

cells. Lastly, my objective involves the study of whether STAT1 indeed suppresses 

STAT3 transcriptional activity in ALK+ALCL. 

In Chapter 3, my main objective is to delineate the key regulator(s) involved in RU/RR 

dichotomy and the biochemical features of RR cells. In addition, the regulation between 

this key regulator(s) and Sox2 will be investigated; furthermore, how this regulator(s) is 

differentially expressed or regulated between RU and RR cells will be explored as well. 

Lastly, whether the RR cells, according to the distinctive biochemical features of RR 

cells, are existed in ALK+ALCL patient samples will be evaluated. 

In Chapter 4, my objective is study “tumor plasticity” using RU/RR model derived from 

ALK+ALCL. The question for me is whether RU can be induced to convert to RR cells 

upon oxidative stress. If oxidative challenge can convert RU cells to RR cells, whether 

these converted RR cells share similar biological and biochemical features with native 
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RR cells will be also determined. Furthermore, the molecular mechanisms underlining 

this phenomenon will be investigated. 
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CHAPTER 2 

 

STAT1 is phosphorylated and downregulated by the oncogenic tyrosine kinase 

NPM-ALK in ALK-positive anaplastic large-cell lymphoma1 

 

1This chapter has been modified from a previous publication: 
Wu C, Molavi O, Zhang H, Gupta N, Alshareef A, Bone K.M, Gopal K, Wu F, Lewis J.T, 

Douglas D.N, Kneteman N.M, and Lai R. STAT1 is phosphorylated and downregulated 

by the oncogenic tyrosine kinase NPM-ALK in ALK-positive anaplastic large-cell 

lymphoma. Blood. 2015; 126(3):336-345. The content of this publication has been 

included in this thesis with permission from the publisher (License number: 

3981420253343). 

 
I prepared the first draft and revisions based on the suggestions and comments of the 

co-authors. I designed and performed most of the experiments described herein, 

except for the following: O.M. performed some studies, data shown in Figure 2.1A and 

Figure 2.4F-G; H.Z., N.G., A.A., and F.W. performed portions of the experiments and 

provided technical support and intellectual input. K.B. provided the SupM2 and Karpas 

299 cell lines stably transfected with Tet on system. N.G., K.G., J.L., D. D., and N.K. 

were responsible for the animal study design, conducting euthanization of the SCID 

mouse and data analysis. R.L. provided numerous comments and final review of the 

manuscript before it was submitted for publication. 
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2.1 Introduction 

Signal transducer and activator of transcription 1 (STAT1), a member of the STAT 

family of transcription factors, is a major mediator of γ-interferon (IFNү) signaling (1). 

Subjection of IFNү leads to phosphorylation of STAT1 at tyrosine 701, which is known 

as an active form of STAT1, and phosphorylated STAT1 at tyrosine 701 subsequently 

form STAT1 homo/heterodimers with other STAT family members, followed by 

migration into nucleus to execute their transcriptional functions  (2). STAT1 is also 

reported to carry tumor suppressor functions (1-3). In comparison, STAT3, another 

STAT family member, is oncogenic when inappropriately activated (4, 5). Correlating 

with their opposing roles, STAT1 and STAT3 are known to have functional interactions. 

For instance, STAT1 and STAT3 can form heterodimers (4, 6-8), and the expression of 

gene targets regulated by STAT1 and STAT3 is dependent on the relative proportions 

of STAT1 homodimers, STAT3 homodimers and the STAT1/STAT3 heterodimers (9, 

10). This concept is well exemplified by the observation that treatment of multiple 

myeloma cell lines with α-interferon triggers a shift from STAT3 homodimers to STAT1 

homodimers and STAT3/STAT1 heterodimers, and this biochemical change correlates 

with a switch from cell proliferation to apoptosis (10). Several other studies also have 

shown that STAT1 and STAT3 can directly antagonize each other functionally (11-15). 

It has been reported that activated STAT3 suppresses the DNA-binding of STAT1 

homodimers in myeloid cells although it does not affect STAT1 tyrosine 

phosphorylation or its nuclear translocation (11). In contrast, IFNγ is reported to 

selectively inhibit STAT3-dependent IL-6 signaling in human endothelial cells by 

increasing the expression of SOCS3, which inhibits STAT3 signaling (14).  

 



96 
 

STAT1 expression is reported to be downregulated in various types of cancer, including 

oral squamous cell carcinoma (16), melanoma (17, 18), cutaneous T-cell lymphoma 

(19), breast cancer (20) and esophagus squamous cancer (21, 22). How STAT1 is 

downregulated in cancer remains poorly studied. However, a number of studies have 

indicated that STAT1 is degraded in ubiquitin-dependent proteasome pathway in some 

other cell models (23-28).  For instance, Soond et al reported that ERK1/2 

phosphorylates STAT1 at serine 727 (p-STAT1S727, an active form of STAT1) and 

promotes its degradation in proteasome pathway in E3 ligase βTRCP dependent 

manner in mouse fibroblast cells (25). A more recent study revealed that IFNs induces 

phosphorylation and ubiquitination of activated STAT1 (p-STAT1Y705, or pSTAT1), thus 

promoting its degradation in proteasome pathway in human embryonic kidney 293T 

cells  (24). Intriguingly, a recent study showed that NKLAM, as an E3 ubiquitin ligase, 

ubiquitinates STAT1 but positively regulates STAT1 transcriptional activity and its DNA 

binding ability in mice macrophage cells (23).  

 

ALK-positive anaplastic large-cell lymphoma (ALK+ALCL) is a specific type of non-

Hodgkin lymphoma of mature T-cell lineage (29). The characteristic chromosomal 

translocation, t(2;5)(p23;q35), is observed in 80% of ALK+ALCL tumors, and this 

aberrancy results in the generation of the oncogenic fusion protein, NPM-ALK (29, 30). 

NPM-ALK interacts and activates a host of cellular signaling proteins, such as JAK, 

STAT3 and PI3K, thereby deregulating these pathways and leading to increased cell 

proliferation and survival (29, 30). The pivotal role of STAT3 signaling in mediating the 

oncogenic effects of NPM-ALK has been particularly highlighted (29). As STAT1 can 



97 
 

inhibit STAT3, as discussed above, we hypothesize that the STAT1 expression and/or 

signaling is defective in ALK+ALCL, leaving the STAT3 activation unchecked. The 

expression and functional status of STAT1 in ALK+ALCL have never been examined.  

 

In this study, the expression and the functional status of STAT1 in ALK+ALCL cells 

were evaluated. The results indicated that NPM-ALK directly contributes to the 

relatively low expression of STAT1 in ALK+ALCL tumors and this process is 

proteasomal- and STAT3-dependent. The data from this study also demonstrated that 

STAT1, if it is overexpressed to a higher expression level, exerts tumor suppressor 

functions.  

 

2.2 Methods and materials 

2.2.1 Primary tumors and cell lines  

All primary tumors were diagnosed at the Cross Cancer Institute (Edmonton, Alberta, 

Canada) and the diagnostic criteria were based on those described in the WHO 

Classification Scheme. The use of these patient samples for research has received 

research ethics approval at Feb 17th of 2016, by the Human Research Ethics Board at 

the University of Alberta, with approval number: Pro00062737. Karpas 299, established 

from blast cells in the peripheral blood of a 25-year-old white man diagnosed with 

ALK+ALCL, was a gift from Dr. Marshal Kadin (Boston, MA). SupM2 cell line, 

established from the cerebrospinal fluid of a 5-year-old-girl with refractory ALK+ALCL, 

and SU-DHL1 cell line, established from peritoneal effusion of a 10-year-old boy 

diagnosed with ALK+ALCL, were both purchased from Deutche Sammlung von 

Mikrooorganismen und Zellkulturen GmbH, DSMZ, Germany. All three ALK+ALCL cell 
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lines express CD30 and carry chromosome translocation t(2;5)(p23;q35), resulting in 

the generation of NPM-ALK fusion gene. All three cell lines were grown and expanded 

in RPMI 1640 (Invitrogen, Life Technologies, Grand Island, NY) supplemented with 10% 

fetal bovine serum (FBS, Invitrogen) in 5% CO2 atmosphere at 37°C. GP293 cell line, 

an advanced version of human embryonic kidney cells 293, was grown in the DMEM 

medium supplemented with 10% FBS (Invitrogen) in 5% CO2 atmosphere at 37°C.   

 

2.2.2 Chemical treatments 

MG132, cycloheximide, IFNγ, crizotinib, Stattic, U0126, and 5-aza-2’-deoxycytidine 

were all purchased from Sigma Aldrich (St Louis, MO). All above reagents were 

dissolved in Dimethyl Sulfoxide (DMSO) (Sigma Aldrich). 0.1µM and 0.5 µM 5 aza-2’-

deoxycytidine were used in this study to evaluate whether STAT1 gene is methylated in 

SupM2 cells. 0.5 mM, 1 mM and 2 mM U0126 were used to treat SupM2 cells for 5 

hours to assess the relationship between STAT1 and MEK/ERK pathway. 5µM MG132 

and 100 µg/mL cycloheximide were subjected to SupM2 and Karpas 299 cells for 2 

hours and 6 hours, respectively, to assess the half-life of STAT1. Various doses of 

crizotinib ranging from 0 to 50 nM were applied to study the relationship between NPM-

ALK and STAT1 in ALK+ALCL cells. Various doses (ranging from 0 to 50 ng/mL) of 

IFNγ were utilized to activate STAT1 signaling in ALK+ALCL cells in a time-course 

experiment. Stattic (ranging from 0 to 5 nM) was used to inhibit STAT3 activity in this 

study. 
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2.2.3 Immunohistochemistry  

Immunohistochemistry was performed using standard technique as previously 

described (31). In brief, formalin-fixed, paraffin-embedded tissue sections (4 µM 

thickness) were deparaffinized and hydrated. Heat-induced epitope retrieval was 

executed by using citrate buffer (pH=6) in a pressure cooker, followed by incubation of 

tissue sections with 3% H2O2 for 10 minutes to block endogenous peroxidase activity at 

room temperature. The tissue sections were incubated with anti-STAT1 antibody (1:500) 

(42H3, Cell Signaling Technology Inc; Danvers, MA) overnight in a humidified chamber 

in 4°C cold room. The next day, tissue sections, after 3 X PBS washes, were 

subsequently incubated with anti-Rabbit IgG (EnVison; Dako, Santa Clara, CA) for 40 

minutes at room temperature. Next, tissue sections were incubated with 3,3’-

diaminobenzidine/H2O2 (Dako) for color development and counterstained with 

hematoxylin for 1 minute. Pictures were taken on a Zeiss Axioscope 2 micoscope (Carl 

Zeiss, Heidelberg, Germany). 

 

2.2.4 Short interfering RNA and transfections 

siRNA (SMART pool)  for  STAT1, STAT3  and  scrambled  siRNA (SMART pool) were 

purchased from Dharmacon (Lafayette, CO). Individual STAT1 siRNA 1 and 2 were 

also purchased from Dharmacon. All siRNAs were diluted with ddH2O and stocked with 

the concentration of 20 µM. Transfection of GP293 cells with siRNAs (final 

concentration: 200 nM) were performed using lipofectamine 2000 reagents (Invitrogen). 

In brief, 1 million GP293 cells seeded in 10 cm-diameter cell culture plate (CorningTM, 

ThermoFisher Scientific Canada) were transfected with 200 nM siRNA using 

lipofectamine 2000 reagent (Invitrogen). Transient transfections of 5 million of 
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ALK+ALCL cells with siRNAs (final concentration: 600 nM) were performed using BTX 

Electro Square Porator ECM830 (225 V, 8.5 milliseconds, 3 pulses) (Harvard 

Apparatus; Holliston MA). The efficiency of target gene inhibition was assessed using 

Western blotting. 

 

2.2.5 Plasmid constructs and transfections  

pRK5-HA-Ubiquitin-WT was a gift from Ted Dawson (Addgene plasmid #17608) 

(Cambridge, MA). STAT1C- flag in pcDNA3.1 was a gift from Dr. OUCHI (19). Transient 

transfections of Karpas 299 and SupM2 cells (5 million cells) with 10 μg plasmid were 

performed using the BTX Electro Square Porator ECM830 (225 V, 8.5 milliseconds, 3 

pulses). NPM-ALK in pcDNA3.1 was generated by the Lai lab (32). Transient 

transfections of GP293 cells (1 million cells) with 2 μg of either NPM-ALK or pcDNA3.1, 

or GP293 cells co-transfected with both NPM-ALK and pcDNA3.1-STAT1-flag 

(Addgene) or STAT1Y701F-flag (Addgene) were performed using lipofectamine 2000 

reagents (Invitrogen). In brief, 1 million cells seeded in 10 cm-diameter cell culture plate 

(CorningTM, ThermoFisher Scientific Canada) were transfected with 2 µg plasmid using 

lipofectamine 2000 reagents (Invitrogen).  

 

2.2.6 Generation of Tet on inducible stable cell lines 

To generate the STAT1C-inducible stable cell lines, two ALK+ALCL cell lines, SupM2 

and Karpas 299, were infected with retroviral supernatant generated by transfecting 

Phoenix packaging cells with the pRetro-X Tet on Advanced plasmid (Clontech, 

Mountain View, CA) using lipofectamine 2000 (Invitrogen) following the manufacturer’s 

suggested protocol. These cells were maintained in 200 μg/mL G418 (Invitrogen), 100 
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units/mL penicillin and 100 μg/mL streptomycin (Invitrogen) for two weeks to select for 

stable cells. STAT1C cDNA was cloned by GenScript (Piscataway, NJ) into a retroviral 

vector pRetro-Tight-Pur (Clontech) under the control of a doxycycline-inducible 

promoter, and viral supernatant was, used to transduce Tet on SupM2 and Karpas 299 

cells and selected by puromycin up to 2 μg/mL (Invitrogen) for 1 month. Empty vector 

was also transduced in these cells as controls. The expression of phosphorylated 

STAT1Y701 and STAT1 were confirmed by treating the cells in culture with doxycycline 

(Sigma Aldrich) at different concentrations for 48 hours in RPMI 1640 supplemented 

with 10% Tet system-approved FBS (Clontech).  

 

2.2.7 Cell-cycle assay 

To evaluate cell-cycle and apoptosis in the ALK+ALCL cell lines, the cells were stained 

with propidium iodide, a late marker of cell apoptosis, and the cell-cycle analysis was 

performed by flow cytometry (BD FACS Calibur, Flow Cytometry Lab, Department of 

Experimental Oncology, Cross Cancer Institute, University of Alberta, Canada). In brief, 

following treatment, cells were fixed with ice-cold 70% ethanol for 24 hours. Cells were 

then washed gently with cold 1 X PBS three times, following by suspension with 50 µl 

of (100 µg/mL stock) RNase and 200 µl of (50 µg/mL stock) propidium iodide in dark at 

37 °C for 15 minutes. Then cells were processed for flow cytometry (BD FACS Calibur) 

to measure the forward scatter and side scatter to identify single cells. Data acquisition 

was gated using pulse width versus pulse area to exclude apoptotic cells and cell 

doublets, and the cell-cycle phase distribution was determined using the CellQuest 

program (20,000 events were counted). The experiments were performed in triplicate.  
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2.2.8 Western blotting and co-immunoprecipitation 

Western blotting was performed using standard techniques. Briefly, the cells were 

washed with cold 1 x PBS (pH7.0) and lysed in 1 x RIPA lysis and extraction buffer 

(ThermoFisher Scientific Canada) containing protease inhibitor cocktail (Sigma Aldrich) 

and phosphatase inhibitor cocktail (Sigma Aldrich). After incubation on ice for 30 

minutes, the cell lysates were subjected to centrifuge at 14,000 g for 15 minutes at 4°C, 

and the supernatants were collected. The protein concentration was assessed using 

BCA protein assay kit (Bio-Rad, Hercules, CA, USA). The protein lysates were then 

heated with 4 X loading buffer (240 mM Tris-HCL pH 6.8, 40% glycerol, 8% SDS, 0.04% 

bromophenol blue, 5% β-mercaptoethanol) at 100°C for 5 minutes. 12% or 10% SDS-

polyacrylamide gel (SDS-PAGE) was used. After electrophoresis and transfer to 

nitrocellulose membranes (Bio-Rad) by electroblotting, the membranes were probed 

with primary antibodies (1:1000) (overnight, 4°C) and secondary antibodies (1:1000) (1 

hour, room temperature), followed by the enhanced chemiluminescene (ECL) Western 

blotting detection system (Bio-Rad).  

 

Co-immunoprecipitation was performed and described briefly as below. Cells were 

harvested and washed with cold 1X PBS for 2 times, then were lysated with CelLytic M 

buffer (Sigma Aldrich) containing protease inhibitor cocktails (P8340, Sigma Aldrich) 

and phosphatase inhibitor cocktails (P5726, Sigma Aldrich). After incubation on ice for 

30 minutes, the cell lysates were proceeded to centrifuge at 14,000 X g for 15 minutes 

at 4°C. The supernatants (protein lysates) were collected and quantitated by using 

PierceTM BCA protein Assay Kit (ThermoFisher Scientific Canada). In principle, in this 

protein quantification assay, protein lysates can reduce Cu2+ to Cu1+ in an alkaline 
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medium, and bicinchoninic acid (BCA) subsequently reacts with Cu1+, forming a water 

soluble complex that exhibits strong absorbance at 562 nm. Then 500 µg protein 

lysates were incubated with 3 µg primary antibody and rotated at 4 °C for overnight. 

Next day, the 1 X PBS-washed protein A Plus/Protein G agarose (ThermoFisher 

Scientific Canada) were added to the protein lysates and rotated at 4°C for additional 3 

hours. Last, the protein lysates were centrifuged at 8000 X g for 3 minutes and the 

agaroses were kept and washed gently with cold 1 X PBS for three times. 

Subsequently, the agaroses were diluted in 50 µl 4 X loading buffer (40% glycerol, 240 

mM Tris-HCl pH 6.0, 8% SDS, 0.04% bromophenol blue, and 5% β-mercaptoethanol) 

and heated for 5 minutes at 100 °C, followed by centrifuge at 14000 X g for 15 minutes. 

The supernatant were collected and thereafter were proceed to SDS-PAGE. 

 

Antibodies against for phosphorylated STAT1Y701 (58D6), STAT1 (D1K9Y), 

phosphorylated ALKY1604 (#3341), ALK (C26G7), phosphorylated STAT3Y705 (D3A7), 

IRF-1 (D5E4), Cleaved PARP (D64E10), T-bet (D6N8N), Bcl-2 (D55G8), Caspas 3 

(8G10), PARP (46D11), IRF-7 (D2A1J), Survivin (71G4B7) were purchased from Cell 

Signaling Technology (Danvers, MA).  Antibodies against β-actin (C4), γ-tubulin (C20), 

HA (Y11), Ub (FL-76), STAT3 (H-190), SOCS-1 (H-93) were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA). Anti-flag (clone M2) antibody was purchased 

from Sigma Aldrich. The above antibodies were diluted by 1000 folds with TBS buffer, 

0.5% Tween 20 (Sigma Aldrich) and 5% BSA (Sigma Aldrich) for use. Secondary 

antibodies anti-Rabbit IgG (1:2000) and anti-Mouse IgG (1:2000) were purchased from 

Cell Signaling Technology. 

 



104 
 

The densitometry value of Western blotting bands was analyzed with Image J software 

(Bethesda, WA). 

 

2.2.9 Methylcellulose colony formation assay 

Methylcellulose-based media was purchased from R&D systems Inc (Minneapolis, MN), 

and the methylcellulose colony formation assay was performed as below. Briefly, 1000 

cells were seeded in each well of 6-well plate with 4 mL methylcellulose-based media 

containing 1.2% methylcellulose agarose, 30% FBS, 1% bovine serum albumin, 0.1% 

penicillin/streptomycin (Thermo Fisher Scientific), and 0.1% β-mercaptoethanol. The 

colonies with more than 40 μm in diameter were counted after 10-14 days of culture. 

 

2.2.10 Dual luciferase assay 

To assess the transcriptional activity of STAT3 affected by STAT1C in ALK+ALCL, the 

dual luciferase assay kit (Dual-GloTM Luciferase Assay System, Promega, Madision, WI) 

was used. Tet on SupM2-STAT1C cells were transiently transfected with 1 μg of pRL 

Renilla Luciferase Reporter Vector (Promega) and 10 μg of pLUCTSK3 (Promega), 

using the BTX Electro Square Porator ECM830 (225 V, 8.5 million seconds, 3 pulses). 

Cells exposed with different doses of doxycycline were harvested at 24 hours post 

transfection, and the firefly and Renilla luciferases were measured sequentially from a 

single sample according to the manufacturer’s instructions. In brief, firstly, the firefly 

luciferase reporter was measured by adding luciferase assay reagent II (provided in the 

kit) in the cell pellets after 3 X cold 1 X PBS wash to generate a luminescent signaling 

(last for ~1 minute), after the reaction is quenched, the Renilla luciferase reaction was 

initiated by adding Stop & Glo® Reagent (provided in the kit), which produced stabilized 
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signal from the Renilla luciferase. The luciferase values were read by FLUOstar Omega 

microplate reader (BMG LabTech, ThermoFisher Scientific Canada). This experiment 

was performed in triplicate.  

 

2.2.11 STAT3 DNA probe binding assay 

Tet on SupM2-STAT1C cells were induced with 0, 20, 200 ng/mL doxycycline for 48 

hours, then the cells were harvested and washed with cold PBS twice, following by 

cytoplasmic and nuclear fractionation using the Pierce NE-PER kit (ThermoFisher 

Scientific Canada). This kit can efficiently solubilize and separate cytoplasmic and 

nuclear proteins into fractions. In brief, CERI and CER II buffer provided in the kit were 

used to lysate the cells to extract cytoplasmic fraction, and NER buffer in the kit was 

utilized to extract nuclear fraction. 300 ng nuclear protein was incubated with 3 pmol of 

either mutant or wild-type biotin-labeled STAT3 probe (constructed by IDT, Edmonton, 

Alberta, Canada) for 0.5 hour by rotating at room temperature. Streptadvidin agarose 

beads (75 μl, ThermoFisher Scientific Canada) were added to each sample, and the 

samples were rotated on UltraRockerTM Rocking Platform (Bio-Rad) by overnight at 

4°C.The next day, the samples were washed with cold 1 X PBS three times, and 

protein was eluted at 100°C in 4 X protein loading buffer and loaded on SDS-PAGE 

gels.  

Wild-type STAT3 probe: 5’-GATCTAGGAATTCCCAGAAGG-3’; 

Mutant STAT3 probe: 5’-GATCTAGGAACCTTTGACGGG-3’.  

The underlined bolded sequence is STAT3 consensus DNA binding sequence. 
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2.2.12 Trypan blue exclusion assay and MTS assay 

Cell viability was assessed by trypan blue exclusion assay. Trypan blue was purchased 

from Thermofisher Scientific Canada. The viable cells were calculated as the total 

number of cells within the grids on the hemacytometer.  Viable cells do not take up 

trypan blue but non-viable cells do. The CellTiter 96® AQueous One Solution Cell 

Proliferation Assay kit was purchased from Promega (Madison, WI) for MTS assay to 

assess the cell growth. This assay was performed by adding 20 µl of 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) reagent provided in the kit directly to the wells containing live cells in 96-well 

plate (Corning), with incubating time ranging from 1 to 5 hours. Then the absorption 

values were read by FLUOstar Omega microplate reader (BMG LabTech, 

ThermoFisher Scientific Canada). 

 

2.2.13 RNA extraction, cDNA synthesis, and quantitative reverse transcriptase 

PCR (quantitative RT-PCR) 

Total RNA extraction was performed with the Qiagen RNeasy Kit (Qiagen, Toronto, 

Ontario, Canada) according to the manufacturer’s protocol. In brief, cells after 1 X cold 

PBS three times wash and centrifuge (300 X g) were lysed and then homogenized.  

Ethanol was added to the cell lysate, which subsequently were loaded onto the RNeasy 

silica membrane (provided in the kit). RNA can bind to the membrane, but all other 

contaminants were washed away. 1 g of RNA was reverse-transcribed using 

Superscript II (Invitrogen) to generate cDNA. 1 L of the resulting cDNA mixture was 

added to the Power SYBR Green PCR Master Mix (Invitrogen) and amplified with gene 
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specific primers on the Applied Biosystems 7900HT (Carlsbad, CA; The Applied 

Genomics Centre, Edmonton, Alberta, Canada).  

Primer sequences were as below: 

IFN γ:     Forward – TCGGTAACTGACTTGAATGTCCA  

               Reverse – TCGCTTCCCTGTTTTAGCTGC 

IRF-1:     Forward – ATGCCCATCACTCGGATGC  

               Reverse – CCCTGCTTTGTATCGGCCTG 

GAPDH: Forward – ACAACTTTGGTATCGTGGAAGG 

               Reverse – GCCATCACGCCACAGTTTC 

All genes of interest were normalized to GAPDH transcript expression levels.  

 

2.2.14 SCID mouse xenograft studies 

Eight of CB-17 strain severe combined immunodeficiency (SCID) mice, purchased from 

Taconic (Hudson, NY, USA), were housed in a virus- and antigen-free facility supported 

by the Health Sciences Laboratory Animal Services at the University of Alberta. The 

animal studies had received ethical approval by the Animal Care and Use Committee 

(ACUC) at Dec 10th of 2015, with approval number: AUP00000782. Briefly, 5 x 106 Tet 

on-SupM2-STAT1C or Tet on-SupM2-empty vector cells growing exponentially were 

injected into the left or right flank of 4-week-old male mice. Two days later, the 8 mice 

were split into two groups (4 each), and fed with water containing 1 mg/mL sucrose and 

either 2 or 5 mg/mL doxycycline.  These animals were euthanized when a tumor of >10 

mm in the greatest dimension became palpable. Tumor cells from the harvested mouse 

xenografts were isolated using the Macs tumor dissociation kit (Miltenyi Biotec Inc, CA) 

as per manufacturer’s protocol. Briefly, the mouse tumor tissues were enzymatically 
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digested using the Enzyme mix provided in the kit, and the gentleMACSTM Dissociators 

(provided in the kit) were applied for the mechanical dissociation steps. After tumor 

dissociation, the tumor samples were filtered to single-cell suspension, following by 

Western blotting analysis.  

 

2.2.15 Statistical analysis 

Data were expressed as mean  standard deviation. Half maximal inhibitory 

concentration (IC50) was calculated by Graphpad Prism (La Jolla, CA). Significance 

was determined by using Student’s t-test and Fisher exact test. Statistical significance 

is denoted by * (P<0.05) and **(P<0.01).  

 

2.3 Results 

2.3.1 STAT1 is expressed at a low level in ALK+ALCL tumors and cell lines 

Western blotting was employed to evaluate the expression level of STAT1 in 

ALK+ALCL cells. As compared to peripheral blood T-cells from healthy donors, the total 

STAT1 levels in all 3 frozen tumors were low (Figure 2.1A). When the same Western 

blot was probed with an antibody reactive with pSTAT1, 2 of 3 cases showed a 

relatively low level of pSTAT1. On the right panel, all three ALK+ALCL cell lines 

expressed a relatively low level of total STAT1. Again, 2 of 3 cell lines showed a low 

pSTAT1 expression level.  

 

Then immunohistochemistry was employed to evaluate the expression of STAT1 in 

formalin-fixed/paraffin-embedded tissues. As shown in Figure 2.1B, STAT1 was 
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strongly expressed by the tonsillar interfollicular T-cells (left panel, white arrow) but only 

weakly by germinal center B-cells (left panel, black arrow). All ALK+ALCL tumors 

examined (n=7) consistently showed no/weak STAT1 expression relative to the 

surrounding benign lymphocytes and macrophages (middle panel). In contrast, all 5 

ALK-negative ALCL (ALK-ALCL) tumors showed a relatively high level of STAT1 

expression (right panel). This difference in STAT1 expression between ALK+ALCL and 

ALK-ALCL tumors is statistically significant (P=0.0013, Fisher exact test).  

 

Figure 2.1 Expression of STAT1 in ALK+ALCL cell lines and patient samples.  

A) Western blotting studies revealed a relatively low expression level of STAT1 in 3 

ALK+ALCL tumors and 3 cell lines, compared to that of normal peripheral blood T-cells. 

Densitometry values shown were normalized to the β-actin bands. Most cases also had 

a low expression level of pSTAT1. B) Immunohistochemical study results showed the 

expression of STAT1 in paraffin-embedded tissues derived from a representative 
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benign tonsil (left, 100X magnification) a representative ALK+ALCL tumor (middle, 

400X magnification) and a representative ALK-ALCL tumor (right, 200X magnification). 

In benign tonsils, the interfollicular T-cells (white arrow) were strongly STAT1-positive, 

whereas the germinal center B-cells (black arrow) were STAT1-weak. In the ALK+ALCL 

tumor, the infiltrating T-cells were strongly positive for STAT1 whereas the large 

lymphoma cells (red arrow) were virtually negative for STAT1. In the ALK-ALCL tumor, 

the large lymphoma cells (blue arrow) were strongly positive for STAT1.  

 

2.3.2 The ubiquitin-proteasome pathway is involved in the downregulation of 

STAT1 in ALK+ALCL cells 

Some literature suggested that several possible mechanisms of STAT1 downregulation. 

First, the STAT1 gene promoter has been reported to be methylated and silenced in 

head and neck squamous carcinoma (33). Thus, SupM2 cells were subjected with 5-

aza-2’-deoxycytidine up to 7 days; however, no restoration of STAT1 was found 

(Figure 2.2A). Second, another literature suggested that the MEK signaling pathway 

can downregulate STAT1 in mouse embryonic fibroblasts (25); however, the addition of 

a MEK inhibitor (U0126) to SupM2 cells also did not appreciably change the STAT1 

level detected by Western blotting (Figure 2.2B). Lastly, in the same study, the authors 

revealed that both STAT1 and pSTAT1 are degraded via the ubiquitin-proteasome 

pathway after oxidative stress in mouse embryonic fibroblasts (25). Thus, we subjected 

SupM2 and Karpas 299 cells to MG132, a proteasome inhibitor. As shown in Figure 

2.2C-D, both STAT1 and pSTAT1 levels increased in a dose/time-dependent manner. 

Furthermore, the amount of ubiquitinated STAT1 increased with MG132 treatment in 

the same time frame (Figure 2.2E-F). As shown in Figure 2.2G-H, in the presence of 
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cycloheximide(CHX), MG132 treatment was found to dramatically prolong the half-life 

of STAT1 in SupM2 and Karpas 299 cells. 

 

Figure 2.2 The ubiquitin-proteasome pathway is involved in the downregulation 

of STAT1 in ALK+ALCL cells. A) SupM2 cells were subjected with 0.1 μM, 5 μM 5-

aza-2’-deoxycytidine (5-aza-dC) up to 7 days, and the expression of STAT1 was not 

restored. B) SupM2 cells were subjected with various doses of MEK inhibitor U0126 for 

5 hours, STAT1 expression was not altered in this experiment. C) SupM2 and Karpas 

299 cells were treated with varying doses of MG132 for 5 hours. pSTAT1 and STAT1 

were upregulated in response to MG132 in a dose dependent manner. D) A time 

course experiment in which SupM2 and Karpas 299 cells were treated with 5 μM of 

MG132 was performed; pSTAT1 and STAT1 were upregulated in a time-dependent 

manner.  
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Figure 2.2E-F E) Co-immunoprecipitation experiment using anti-STAT1 for the pull 

down showed that ubiquitinated STAT1 in SupM2 cells treated with MG132 increased 

in a time-dependent manner (left panel). The input for this experiment is shown in the 

right panel. F) SupM2 cells were transfected with the pRK5-HA-Ubiquitin-WT plasmid. 

Reciprocal pull down experiment using anti-HA was done and the results also 

suggested that the amount of ubiquitinated STAT1 increased with MG132 treatment in 

a time dependent manner. 
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Figure 2.2G-H G, H) SupM2 and Karpas 299 cells were treated with or without 5μM 

MG132 in the presence of 100 μg/mL cycloheximide (CHX) up to 2 or 6 hours. The 

results from both cell lines are graphically illustrated at the right panel. The half-life of 

STAT1 in SupM2 and Karpas 299 are 1.5 hours and 3 hours, respectively. MG132 

potently extended the half-life of STAT1 in the two cell lines. Image J software was 

used to analyze the densitometry value of Western blots bands.  Results shown were 

representative of three independent experiments. 

 

2.3.3 NPM-ALK promotes STAT1 phosphorylation at Y701 and downregulates 

STAT1 

The NPM-ALK/STAT3 axis is a critical oncogenic driver in ALK+ALCL (29). Thus, we 

asked if this axis contributes to the low expression of STAT1. As shown in Figure 2.3A, 

with crizotinib-induced ALK inhibition, pSTAT1 decreased while total STAT1 increased 

in a dose-dependent manner in both cell lines. As shown in Figure 2.3B, crizotinib also 

induced time-dependent changes in pSTAT1 and total STAT1; importantly, the levels of 
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pSTAT1 decreased at the same time as phosphorylated ALKY1604 (pALK) decreased, 

and before the total STAT1 levels increased. The observations suggest that NPM-ALK 

may promote tyrosine phosphorylation of STAT1 and decrease the protein level of 

STAT1. In support of this hypothesis, NPM-ALK is found to bind to STAT1, and this 

interaction dramatically decreased after crizotinib treatment (Figure 2.3C). 

 

 

Figure 2.3 NPM-ALK promotes STAT1 phosphorylation at Y701 and 

downregulates STAT1. A) SupM2 cells were treated with different doses of the ALK 

inhibitor, crizotinib, for 5 hours. The decrease in pALK supported that the inhibitor was 

effective. In the same experiment, pSTAT1 decreased whereas the total STAT1 level 

gradually increased in a dose-dependent manner. B) Time course experiment showed 

that pSTAT1 decreased along with pALK almost simultaneously. Furthermore, total 

STAT1 increased after the downregulation of pALK. C) The treatment of crizotinib in 

SupM2 cells resulted in the dramatic decrease of the binding of NPM-ALK and STAT1 
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(i.e. at the time point of 1 hour and 2 hour), assessed by co-immunoprecipitation assay. 

Results shown were representative of 3 independent experiments.  Results shown 

were representative of three independent experiments.  

 

Furthermore, transient transfection of NPM-ALK into GP293 cells resulted in a dramatic 

increase in pSTAT1, and this change was accompanied by a reciprocal decrease in 

total STAT1 (Figure 2.3D). As shown in Figure 2.3E, the effect on total STAT1 due to 

enforced NPM-ALK expression in GP293 cells was dependent on the proteasomal 

degradation pathway, since MG132 almost completely abrogated this effect.  

 

Then we questioned if the phosphorylation of STAT1 at its tyrosine residue 701 is 

necessary for its downregulation. Thus, GP293 cells were co-transfected NPM-ALK 

with wild-type STAT1 or mutant STAT1Y701F. As shown in Figure 2.3F, NPM-ALK 

effectively phosphorylated STAT1 when cells were co-transfected with wild-type STAT1. 

There was only a relatively small increase in pSTAT1 in cells co-transfected with 

STAT1Y701F, suggesting the tyrosine residue 701 is the predominant tyrosine 

phosphorylation site of STAT1 for NPM-ALK. After 24 hours of gene transfection, cells 

transfected with wild-type STAT1 expressed only a small amount of total STAT1 as 

compared to that in cells transfected with STAT1Y701F. Taken together, the data 

suggested that NPM-ALK promotes STAT1 phosphorylation at predominantly the Y701 

residue, and by doing so, promotes its degradation. 
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Figure 2.3D-F D, E) Transfection of NPM-ALK in GP293 cells led to a marked increase 

in STAT1 phosphorylation, which correlated with a dramatic decrease in the total 

STAT1 level. Importantly, the treatment of 5 μM of MG132 for 6 hours largely abrogated 

the downregulation of STAT1 by NPM-ALK, even though the pSTAT1 level increased 

dramatically. F) Compared to the co-transfection of NPM-ALK and wild-type STAT1, co-

transfection of NPM-ALK and mutant STAT1Y701F resulted in a higher total STAT1 level, 

indicating that the phosphorylation of Y701 is crucial for the downregulation of STAT1 

by NPM-ALK. Results shown were representative of three independent experiments.  

 

2.3.4 STAT3 is necessary for the downregulation of STAT1 mediated by NPM-ALK 

Since STAT3 is a crucial mediator of the oncogenic effects of NPM-ALK, we questioned 

that if STAT3 is also involved in the NPM-ALK─mediated downregulation of STAT1. In 

GP293 cells transfected with both NPM-ALK and STAT1, siRNA knockdown of STAT3 

in these cells resulted in a dramatic inhibition of the NPM-ALK─mediated 

downregulation of STAT1 (Figure 2.3G). Accordingly, Interferon-response factor 1 

(IRF-1), one of the known STAT1 downstream targets (34), was substantially 

upregulated in response to STAT3 knockdown. To confirm the notion that NPM-ALK 

downregulates STAT1 expression in a STAT3-dependent manner in ALK+ALCL, 

STAT3 was knocked down by using siRNA in SupM2 and Karpas 299 cells, and the 
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results suggested that a readily detectable upregulation of STAT1 in both cell lines was 

observed after STAT3 knockdown (Figure 2.3H). 

 

Figure 2.3G-H G) With the siRNA knockdown of STAT3, the NPM-ALK─mediated 

downregulation of STAT1 was largely abrogated. Correlating with this finding, IRF-1 (a 

STAT1 downstream target) was higher when STAT3 was silenced in presence of NPM-

ALK. H) Time course experiment of siRNA knockdown of STAT3 in the two ALK+ALCL 

cell lines correlated with the reciprocal increase in the total STAT1 level. Results shown 

were representative of three independent experiments.  

 

2.3.5 STAT1 signaling is functionally intact in ALK+ALCL  

We then asked if the STAT1 signaling pathway in ALK+ALCL is functionally intact. As 

shown in Figure 2.4A, STAT1 was rapidly phosphorylated in ALK+ALCL cells in 

response to IFNγ. The protein level of IRF-1 was expectedly upregulated. Furthermore, 

at 24 hours, both cell lines showed evidence of apoptosis, as evidenced by the 

expression of cleaved PARP detectable by Western blotting and the significant 

increase in the sub G0/G1 phase detectable by flow cytometry (Figure 2.4B and 2.4C). 
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As shown in Figure 2.4D and 2.4E, we found that IFNγ significantly suppressed cell 

growth and synergized with crizotinib in inhibiting the growth of both cell lines. 

 

Figure 2.4 STAT1 signaling is functionally intact in ALK+ALCL. A) IFNγ triggered 

STAT1 phosphorylation and increased the expression of IRF-1 (a STAT1 downstream 

target) in SupM2 and Karpas 299 cells. STAT1 was not changed in this time frame. B) 

Western blots showed that STAT1 was activated and phosphorylated in response to 

IFNү stimulation in a dose-dependent manner for 24 hours. The downstream target 

IRF-1 also increased with IFNү stimulation. The cleaved-PARP was blotted and it 

increased in a dose-dependent manner in response to IFNү at 24 hours. Results shown 

were representative of three independent experiments.  
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Figure 2.4C-D C) Cell-cycle analysis suggested that the percent of cells in Sub G0/G1 

significantly increased upon the treatment of various doses of IFNү for 24 hours in 

Karpas 299 cells.  D) The trypan blue exclusion assay suggested that IFNү significantly 

decreased cell growth in both ALK+ALCL cell lines in a dose-dependent manner. 

Statistical significance is denoted by * (P<0.05) and ** (P<0.01). Results shown were 

representative of triplicate experiments.  
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Figure 2.4E E) The MTS assay suggested that IFNү synergized with crizotinib in 

suppressing cell growth in both ALK+ALCL cell lines. Statistical significance is denoted 

by * (P<0.05) and ** (P<0.01). Experiments were performed in triplicate. 

 

To further evaluate the functionality of STAT1, we transfected Karpas 299 cells with the 

constitutively active STAT1 construct (i.e. STAT1C). Western blot studies showed the 

efficiency of STAT1C transfection (Figure 2.4F). As shown in Figure 2.4G, cell-cycle 

analysis showed that STAT1C induced a significant increase in the sub G0/G1 phase 

and a significant decrease in the S phase in Karpas 299 cells.  
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Figure 2.4F-G F, G) Karpas 299 cells transfected with STAT1C-flag showed a 

significant accumulation of the sub G0/G1 fraction. Statistical significance was 

calculated by Student’s t-test where *P<0.05, **P<0.01. 

 

To further examine the biological significance of STAT1 in ALK+ALCL, we established 

two conditional STAT1C-stably transfected ALK+ALCL cell lines where the expression 

of STAT1C can be induced in a dose-dependent manner with the addition of 

doxycycline (i.e. Dox), labeled Tet on-SupM2-STAT1C and Tet on-Karpas 299-STAT1C. 

The Dox-dose dependent expression of STAT1C in these two cell lines was confirmed 

by Western blotting (Figure 2.5A). Using Tet on-SupM2-STAT1C cells, we found a 

positive correlation between STAT1 and that of IRF-7 and T-bet, two STAT1 

downstream targets (35, 36). SOCS-1, a negative regulator of the STAT1 signaling 

pathway (37), was also upregulated. In contrast, the protein levels of STAT3 and 

phosphorylated STAT3Y705 (pSTAT3) did not change appreciably. Interestingly, two 

STAT3 target genes, Bcl-2 and Survivin (38, 39), were downregulated in a dose 

dependent manner (Figure 2.5A). As shown in Figure 2.5B-C, the induced expression 
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of STAT1C induced cell growth inhibition in Tet on-SupM2-STAT1C cells. Again, the 

expression of cleaved-PARP and cleaved-caspase 3, detectable by Western blotting, 

suggested the cell apoptosis induced by STAT1C in Tet on-SupM2-STAT1C cells 

(Figure 2.5A).  

 

Figure 2.5 STAT1 provides tumor suppressor function in ALK+ALCL in vitro.  

A) Tet on-SupM2-STAT1C expressed an increased level of pSTAT1 and STAT1 in a 

Dox dose-dependent manner. STAT1 target genes IRF-7, T-bet, SOCS-1 were all 

upregulated. In contrast, Survivin and Bcl-2, two known STAT3 target genes, were 

downregulated in a dose-dependent method. Cleaved caspase 3 and cleaved PARP 
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were expressed, indicating the occurrence of apoptosis. The right panel showed similar 

results in Tet on-Karpas 299-STAT1C cells upon doxycycline induction for 48 hours.  

 

Figure 2.5B-C B, C) Cell-cycle analysis suggested that more cells are in Sub G0/G1 

phase upon 50 ng/mL and 200 ng/mL doxorubicin induction for 48 hours in Tet on-

SupM2-STAT1C cells, as compared to cells without doxycycline induction. M1 shown in 

B represents Sub G0/G1 phase in the cell-cycle analysis. B showed one representative 

data from triplicate experiments and C showed the analyzed percentages of cells in 

Sub G0/G1 phase after doxycycline induction from triplicate experiments. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Experiments were performed in 

triplicate. 
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2.3.6 The STAT1-IFNγ positive feedback loop 

IFNγ, a major stimulator of STAT1, can be induced by T-bet, which is one of the STAT1 

downstream targets in CD4-positive T-cells (36, 40, 41). Thus, STAT1 and IFNγ form a 

positive feedback loop in normal T-cells. We hypothesized that this loop may exist in 

ALK+ALCL cells. To test this hypothesis, we employed the Tet on-SupM2-STAT1C 

cells. As shown in Figure 2.5A, the expression of STAT1C increased the expression of 

T-bet in a dose-dependent manner. Correlating with these observations, the expression 

of STAT1C increased the production of IFNγ in a dose-dependent manner, detectable 

by quantitative RT-PCR; IRF-1 was used as a positive control (Figure 2.6A). 

Consistent results were obtained with both ALK+ALCL cell lines transiently transfected 

with STAT1C for 24 hours (Figure 2.6B). To further support the existence of the 

STAT1-IFNγ positive feedback loop in ALK+ALCL, we found that the cell culture media 

harvested from Karpas 299 cells transiently transfected with STAT1C effectively 

induced STAT1 activation in parental Karpas 299 cells (Figure 2.6C). In contrast, the 

culture media of Karpas 299 cells transfected with an empty vector (EV) did not have 

this effect. 

 

Figure 2.6 Overexpression of STAT1 induces the expression of IFNγ in 

ALK+ALCL and suppresses the tumor cell growth in vivo. A) Quantitative RT-PCR 
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studies using Tet on-SupM2-STAT1C cells showed increased mRNA expression of 

IFNγ and IRF-1 in a STAT1C dose-dependent manner. B) When SupM2 and Karpas 

299 cells were transiently transfected with STAT1C-flag for 24 hours, the increase of 

IFNγ mRNA was also detected using quantitative RT-PCR.C) Karpas 299 cells 

cultured in the medium harvested from Karpas 299 cells transfected with STAT1C 

showed the upregulated pSTAT1 in 6 hours, as compared to cells cultured in the 

medium harvest from Karpas 299 cells transfected with empty vector (EV).  Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Results shown were 

representative of three independent experiments.  

 

2.3.7 STAT1C is a tumor suppressor in ALK+ALCL in vitro and in vivo 

We then determined if STAT1C inhibits the growth in ALK+ALCL cells. We found that 

STAT1C significantly suppressed cell growth in a Dox dose-dependent manner (P<0.01 

and P<0.01, respectively) (Figure 2.6D). We also found that STAT1C sensitized 

ALK+ALCL cells to doxorubicin (Figure 2.6E). Specifically, at the dose of 0.5 µM and 1 

µM of doxorubicin, the expression of STAT1C (at Dox 20 ng/mL and 200 ng/mL) 

resulted in a significant decrease in the number of viable cells. Of note, at the high dose 

of doxorubicin (≥0.5 µM), the use of 200 ng/mL of Dox (i.e. a relatively high level of 

STAT1C) did not result in any substantial further decrease in the number of viable cells, 

as compared to the use of 20 ng/mL of Dox. These observations suggested that a 

relatively small increase in STAT1C is sufficient to facilitate doxorubicin-induced 

apoptosis. Using methylcellulose colony formation assay, we also found that the 

expression of STAT1C resulted in a significant decrease in the tumorigenic potential of 

ALK+ALCL cells (Figure 2.6F). Lastly, to assess the tumor suppressor functions of 

STAT1C in vivo, we transplanted Tet on-SupM2-empty vector (EV) and Tet on-SupM2-

STAT1C cells in the right or left flank of mice. We added 2 or 5 mg/mL of Dox to the 
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drinking water to induce STAT1C expression (Figure 2.6G). Tet on-SupM2-STAT1C 

cells showed significantly smaller tumor sizes than the empty vector group (Figure 

2.6H) (P<0.01 for both). The tumors of the two groups were illustrated in Figure 2.6I, 

and the STAT1 protein levels in four representative tumors from mice #1 and mice #6 

were analysed using Western blotting, as shown in Figure 2.6J. 

 

Figure 2.6D-E D) Using Tet on-SupM2-STAT1C cells, we found a significant decrease 

in the number of viable cells with increasing Dox. E) Using Tet on-SupM2-STAT1C cells, 

we found that STAT1C sensitizes cells to doxorubicin-induced cell growth inhibition at 

0.5 and 1.0 µM of doxorubicin. F) Colony formation significantly decreased with 
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increasing doses of Dox and STAT1C expression. The right panel illustrates the 

morphology of the colonies (40X, 100X magnification, respectively). Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Results shown were 

representative of three independent experiments.  

 

Figure 2.6G-J G-J) SCID mouse xenograft studies showed that the expression of 

STAT1C significantly decreased the tumorigenecity of Tet on-SupM2 STAT1C cells. Tet 

on-SupM2-EV cells were used as the negative controls. The xenografts and STAT1 

expression levels in the harvested xenografts are also illustrated. Statistical significance 

is denoted by * (P<0.05) and ** (P<0.01).  

 

2.3.8 STAT1C significantly decreases STAT3 transcriptional activity  

As shown in Figure 2.5A, STAT1C downregulated several STAT3 target genes (e.g. 

Bcl-2) without appreciably affecting the expression of STAT3/pSTAT3. These findings 

raise the possibility that STAT1C may interfere with the STAT3 transcriptional activity in 
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ALK+ALCL cells. As shown in Figure 2.7A, increasing levels of STAT1C in the Tet on- 

SupM2-STAT1C cells resulted in a dose-dependent decrease in the STAT3 

transcriptional activity, as measured by dual luciferase assay. Using the same cell line, 

we found that STAT1C inhibited STAT3 binding to its consensus DNA sequence in a 

dose-dependent manner (Figure 2.7B). In addition, using co-immunopreciptation assay 

and the Tet on-SupM2-STAT1C cells, we found that expression of STAT1C increased 

the formation of STAT1/STAT3 heterodimers, presumably at the expense of STAT3 

homodimers, as the total STAT3 protein level did not change appreciably in this 

experiment (Figure 2.7C). 

 

Figure 2.7 STAT1C significantly decreases STAT3 transcriptional activity.  

A) STAT3 luciferase reporter assay showed STAT1C significantly decreased STAT3 

transcriptional activity in a Dox-dose dependent manner. Treatment of 200 ng/mL of 

Dox in Tet on-SupM2- EV cells showed low-dose Dox has unappreciable effects on 

STAT3 transcriptional activity. B) STAT3 consensus DNA probe binding assay showed 
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STAT1C sequestered STAT3 DNA binding ability in a Dox-dose dependent manner, 

and the Western blotting in the right panel showed the input of cell nuclear lysates. 

Histone Deacetylase 1(HDAC-1) was used as loading control for nuclear lysates. C) 

Co-immunoprecipitation assay showed induction of STAT1C expression leads to more 

STAT1/STAT3 heterodimers formations, at the expense of STAT3 homodimers. The 

right panel showed the input. Statistical significance is denoted by * (P<0.05) and ** 

(P<0.01). Results shown were representative of three independent experiments. 

 

2.3.9 siRNA knockdown of STAT1 confers resistance to STAT3 inhibition-induced 

cell death 

We investigated if STAT1 plays a role in STAT3 inhibition-induced apoptosis in 

ALK+ALCL, a well-published phenomenon (42). As shown in Figure 2.8A, treatment of 

SupM2 with Stattic, a widely used STAT3 inhibitor (43), dramatically decreased 

pSTAT3 level. Transfection of STAT1 siRNA significantly decreased the inhibitory effect 

of Stattic, and the IC50 increased significantly compared to SupM2 cells transfected 

with scramble siRNA (Figure 2.8B). These findings suggest that STAT3 inhibition-

induced apoptosis is partly STAT1-dependent. In parallel with these findings, co-

transfection of STAT1 siRNA and STAT3 siRNA in SupM2 cells led to decreased cell 

killing, as compared to transfection of STAT3 siRNA alone (Figure 2.8C). Western blots 

shown in Figure 2.8C also showed the efficiency of siRNAs knockdown in SupM2 cells. 

Of note, transfection of STAT3 siRNA substantially increased the STAT1 total protein 

level, and this result was consistent to that shown in Figure 2.3H.  
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Figure 2.8 siRNA knockdown of STAT1 confers resistance to STAT3 inhibition-

induced cell death. A) SupM2 were exposed to varying doses of Stattic for 4 hours, 

Western blotting showed the decrease of pSTAT3 in a dose-dependent method. B) 

SupM2 cells transfected with two species of STAT1 siRNA showed significantly higher 

IC50 to Stattic compared to cells transfected with scramble siRNA transfection. 

Western blotting studies showed the siRNA knockdown efficiency, which was higher 

with STAT1 siRNA 1 compared to STAT1 siRNA 2. The densitometry values shown 

were normalized to the band of γ-tubulin. C) Transfection of STAT1 siRNA significantly 

reduced the suppression of cell growth induced by STAT3 siRNA in SupM2 cells. The 

Western blotting results showed the efficiency of siRNA knockdowns. Image J software 

was used to analyze the densitometry value of Western blots bands. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Results shown were 

representative of 3 independent experiments. 
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2.4 Discussion 

A key finding of this study is that STAT1 is consistently downregulated in ALK+ALCL 

cell lines and tumors. Regarding the Western blots results (Figure 2.1A), we speculate 

that the STAT1 signals detected in the ALK+ALCL tumors were likely an over-

estimation of STAT1 expression in the neoplastic cells, since some of the STAT1 signal 

detected was likely derived from the benign intra-tumoral T-cells and macrophages. In 

support of this concept, by immunohistochemistry, intra-tumoral T-cells and 

macrophages were STAT1-strong whereas the ALK+ALCL cells were consistently 

weak or negative. Downregulation of STAT1 is not unique to ALK+ALCL cells, as this 

abnormality has been reported in breast cancer (20, 44), oral squamous cell carcinoma 

(16), melanoma (17, 18, 45, 46), gastric adenocarcinoma and cutaneous T-cell 

lymphoma (19, 47).  In contrast with the total STAT1 levels, the pSTAT1 levels found in 

ALK+ALCL cell lines and tumors were more variable, being relatively high in 1/3 patient 

samples and 1/3 cell lines. We do not have the exact explanation but we have 

considered the following possibilities. First, NPM-ALK is more efficient in promoting 

STAT1 phosphorylation in these cases, possibly due to better subcellular colocalization 

of the two proteins and/or a difference in the activation status of NPM-ALK. Second, the 

lack of the expression and/or activity of specific tyrosine phosphatase(s) may have 

contributed to this difference. Lastly, the proteasomal degradation machinery in these 

cells may be relatively inefficient; in support of this concept, ALK+ALCL cells (patient #1 

and SupM2) that showed high pSTAT1 also expressed a high level of total STAT1.  

 

The mechanisms underlying the downregulation of STAT1 in cancer cells have not 

been extensively studied. Our data indicates that the ubiquitin-proteasome pathway 
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contributes to the low transcriptional level of STAT1 in ALK+ALCL. This study also has 

revealed a novel phenomenon in which NPM-ALK plays a key role in promoting the 

proteasomal degradation of STAT1. Specifically, we found that NPM-ALK binds to, 

induces the phosphorylation of STAT1 at Y701 and promotes its degradation. It is 

possible that NPM-ALK (ALK kinase domain) directly interact with STAT1 at Src 

homology domain 2 (SH2) where tyrosine 701 is located, while further studies are 

required to answer whether NPM-ALK directly interacts with STAT1 and whether 

mutated STAT1Y701F is able to interact with NPM-ALK directly. To highlight the 

importance of NPM-ALK in this process, co-transfection of the mutant STAT1Y701F and 

NPM-ALK in GP293 cells dramatically increased the total STAT1 expression. To our 

knowledge, this is the first report describing the phosphorylation of STAT1 by an 

oncogenic tyrosine kinase being important in its degradation, and it will be of interest if 

other oncogenic tyrosine kinases exert the same effect on STAT1. Another important 

observation we have made is that STAT3 is critical to the NPM-ALK─mediated 

downregulation of STAT1, as siRNA knockdown of STAT3 largely abrogated this effect. 

While the underlying mechanism requires further studies, we are aware of a very recent 

publication in which STAT3 was found to promote proteasomal degradation of p53 by 

upregulating MDM2, an E3 ubiquitin ligase (48). In addition, another recent study 

revealed that pSTAT1 is the primary form of ubiquitinated STAT1 induced by IFNs (24). 

Thus, it is possible that NPM-ALK─mediated downregulation of STAT1 is dependent on 

specific E3 ubiquitin ligase(s) that promotes pSTAT1 ubiquitination, which are regulated 

by STAT3.  
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The tumor suppressor function of STAT1 has been demonstrated in many cancer cell 

types including breast cancer, oral squamous cell carcinoma and melanoma (16-18, 20, 

44-46). It is proposed that STAT1 exerts its tumor suppressor effects by modulating the 

transcription of a host of pro-apoptotic and anti-proliferative genes (1, 49), such as IRF-

1 (34), caspases (49), members of the death receptor family, iNOS, the Fas/FasL, and 

TNF related apoptosis ligand (TRAIL), Bcl-XL and Bcl-2 (50-54). Nonetheless, there is 

evidence suggesting that STAT1 may be oncogenic in specific experimental models 

and/or cell types, as highlighted in a recent review article (4). For instance, it was found 

that STAT1-deficient mice are protected from leukemia development (55). STAT1 was 

found to be important for the expansion of leukemia initiating cells (56). STAT1 was 

also shown to be critical for cell survival in T-cell acute lymphoblastic leukemia (57). 

Thus, the biological function of STAT1 is dependent on the cellular context (58). With 

this background, we examined whether STAT1 function as a tumor suppressor in 

ALK+ALCL if its expression is restored. We found that gene transfection of STAT1C 

into ALK+ALCL cells triggered effective apoptosis and cell-cycle arrest, and sensitized 

cells to doxorubicin-induced apoptosis. The functionality of STAT1 is further supported 

by the observation that enforced expression of STAT1C led to an increase in T-bet and 

IRF-7, two known STAT1 downstream targets (35, 36). Since STAT1 typically works 

closely with IFNү, we asked if the IFN-STAT1 signaling pathway is functional in 

ALK+ALCL. Our findings strongly suggest that this signaling pathway is intact, since 

IFNγ can effectively induce STAT1 phosphorylation. This is in contrast to some cancer 

cells that are known to have defects in the IFN-STAT1 signaling pathway (17-19, 45-47, 

59). Based on our data, IFNγ is an effective activator of STAT1 signaling in ALK+ALCL, 

and effectively synergize with crizotinib in vitro, providing insights into the therapeutic 
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strategy in clinic. Importantly, we also found that STAT1C can effectively induce IFNγ 

expression, which in turn induces further STAT1 activation, thus creating a positive 

feedback loop in ALK+ALCL. Taken together, our findings support the concept that 

suppression of STAT1, which can function as an effective tumor suppressor in 

conjunction with IFNү, is important to the pathogenesis of ALK+ALCL, and this 

biochemical defect represents an important mediator of the oncogenic effect of NPM-

ALK.    

 

Our study has shed some insights into the functional interaction between STAT1 and 

STAT3, a process that has been largely studied in cell lines. Although we did not find 

appreciable changes of the STAT3 protein level after STAT1C transfection into 

ALK+ALCL cells, we found that STAT1C can significantly downregulate the STAT3 

transcriptional activity. Our results have led us to believe that enforced expression of 

STAT1C changes the ratios among STAT1 homodimers, STAT3 homodimers and 

STAT1/STAT3 heterodimers. Thus, STAT1C expression increased the STAT1/STAT3 

heterodimers at the expense of STAT3 homodimers. Since it is generally accepted that 

the STAT1/STAT3 heterodimers have less ability to bind DNA and regulate gene 

expression than STAT3 homodimers do (11), our results correlate well with the 

observation that gene transfection of STAT1C resulted in decreased DNA binding of 

STAT3. The functional interference of STAT3 by STAT1 may have contributed to the 

tumor suppressor function of STAT1, particularly in tumors with a high level of STAT3 

activation, as in ALK+ALCL.  

 

It has been well documented that inhibition of STAT3 is an effective way to kill cancer 
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cells that express constitutively activated STAT3 (60), including ALK+ALCL cells (42). 

Based on our results presented here, one may speculate that apoptosis induced by 

STAT3 inhibition in ALK+ALCL may be dependent on STAT1. Specifically, a relatively 

high level of STAT1 expression in ALK+ALCL will lower the threshold of apoptosis due 

to STAT3 inhibition, whereas siRNA knockdown of STAT1 will provide resistance of 

apoptosis induced by STAT3 inhibition. In keeping with this concept, we found that 

siRNA knockdown of STAT1 in ALK+ALCL indeed led to increased resistance to Stattic, 

a well-studied STAT3 inhibitor (43). These findings also further highlight the biological 

importance of the functional interactions between STAT1 and STAT3 in dictating the 

cell fate of cancer cells. In brief, the schematic working model of STAT1 in ALK+ALCL 

has been demonstrated in Figure 2.9. 

 

To conclude, we report that STAT1 is consistently downregulated in ALK+ALCL. In 

view of the observations that the STAT1 signaling is intact and STAT1 (if sufficiently 

expressed) exerts potent tumor suppressor effect, we conclude that the downregulation 

of STAT1 by NPM-ALK represents a novel mechanism by which this oncogenic tyrosine 

kinase promotes tumorigenesis. Our results have also shed important insight into the 

functional interaction between STAT1 and STAT3 in cancer cells, and the biological 

significance of this interaction in dictating the cell fate. We believe that enhancing the 

STAT1 signaling might be an attractive therapeutic strategy in treating cancer, 

especially when STAT3 is constitutively active.  
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Figure 2.9 Schematic model of STAT1 in ALK+ ALCL.  

NPM-ALK promotes STAT1 phosphorylation at Y701, and thereby, downregulates 

STAT1 in a STAT3-dependent proteasome pathway. If STAT1 expression is restored to 

a certain high level in ALK+ALCL, it is sufficient to induce cell growth inhibition and cell 

apoptosis by suppressing STAT3 transcriptional activity and inducing T-bet expression 

which stimulates the transcription of IFNγ, thus resulting in a positive forward loop for 

STAT1 activation. 

STAT: Signal transducer and activator of transcription; IRF: interferon response factor; 

Bcl-2: B-cell lymphoma 2; IFNγ: interferon gamma; JAK: Janus kinase; T-bet: T-box 

transcription factor TBX21. 
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CHAPTER 3 

A positive feedback involving the Wnt/β-catenin/MYC/Sox2 axis defines a highly 

tumorigenic cell subpopulation in ALK-positive anaplastic large-cell lymphoma1 

 

1A version of this chapter has been published: 

Wu C, Zhang H, Gupta N, Alshareef A, Wang Q, Huang Y-H, Lewis T.J, Douglas D.N, 

Kneteman N.M, and Lai R. A positive feedback involving the Wnt/β-catenin/MYC/Sox2 

axis defines a highly tumorigenic cell subpopulation in ALK-positive anaplastic large-

cell lymphoma. Journal of Hematology and Oncology. 2016 9(1):120. Journal of 

Hematology and Oncology is an open-access journal, and copyright of the any paper 

published in this journal is retained by the author(s). 

 

As first author, I prepared the first draft and revisions based on the suggestions and 

comments of the co-authors. I designed and performed most of the experiments 

described herein, except for the following: N.G. performed the ChIP-qPCR experiment 

and data analysis, shown in Figure 3.4E; A.A. performed the Wnt signaling pathway 

PCR array and data analysis, shown in Figure 3.6; H.Z., Q.W., and Y.H. have 

contribution to the Figure 3.3C and Figure 3.11A. H.Z., N.G. and A.A. also provided 

significant intellectual input. J.L., D.D., and N.K. were responsible for the animal study 

design, conducting euthanization of the SCID mouse and data analysis. R.L. provided 

numerous comments and final review of the manuscript before it was submitted for 

publication. 
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3.1 Introduction 

ALK-positive anaplastic large-cell lymphoma (ALK+ALCL) is a specific type of non-

Hodgkin lymphoma of null/T-cell lineage, and these tumors occur most frequently in 

young adults and children (1, 2). Approximately 80% of ALK+ALCL patients carry the 

chromosomal translocation, t(2;5)(p23;q35), which results in the generation of the 

abnormal fusion protein NPM-ALK (1, 2). NPM-ALK has been extensively studied and 

shown to be the major oncogenic driver in these tumors. By virtue of its constitutively 

active tyrosine kinase activity, NPM-ALK drives oncogenesis primarily by binding to and 

phosphorylating a host of signaling proteins, such as STAT3 and PI3K, thereby 

deregulating these signaling pathways (2). As a result of these biochemical aberrancies, 

NPM-ALK promotes unregulated cell growth and survival, silences the expression of 

tumor suppressors and deregulates cellular metabolism (2). From the clinical 

perspective, ALK+ALCL tumors are clinically aggressive (1). Although complete 

remission can be induced in most pediatric ALK+ALCL patients after conventional 

combination chemotherapy, chemoresistance and disease relapses occur in a 

substantial proportion of adult patients (2). The biological basis of chemoresistance in 

ALK+ALCL patients is incompletely understood, but a recent report (3) describing the 

existence of cancer stem-like cells (CSCs) in ALK+ALCL raises the possibility that 

these cells may be implicated, similar to how CSCs might contribute to 

chemoresistance and cancer relapses in other cancer models (4, 5). 

 

Sox2, one of the four master transcription factors involved in re-programming 

fibroblasts to inducible pluripotent stem cells, is normally expressed only in embryonic 
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stem cells (6). In recent years, aberrant expression of Sox2 has been found in a 

relatively large number of cancer types, including breast cancer (7), melanoma (8), as 

well as ALK+ALCL (9). Sox2 expression in these cancers has been shown to correlate 

with properties commonly associated with cancer stemness, such as chemoresistance 

(10), tumor-initiation (8, 10) and self-renewal (10). Using a Sox2 reporter containing the 

SRR2 (Sox2 Regulatory Region-2) sequence, the Lai lab has previously identified the 

existence of two phenotypically distinct cell subpopulations in ALK+ALCL cell lines, with 

a small subset of cells being Sox2active (currently denoted as Reporter Responsive, RR) 

and the majority of the cells being Sox2inactive (denoted as Reporter Unresponsive, RU) 

(9). Importantly, RR cells were found to be significantly more tumorigenic and stem-like 

than RU cells (9). Sox2 is directly involved in conferring these stem-like features, since 

siRNA knockdown of Sox2 resulted in a dramatic abrogation of these features (9). As 

the expression level and subcellular localization of Sox2 were similar between RU and 

RR cells, it is proposed that the RU/RR dichotomy is not simply a result of a differential 

Sox2 expression and localization between these two cell subsets(9). It is of paramount 

importance to understand the biochemical basis of how the RU/RR dichotomy is 

regulated, as the RR phenotype links with CSC features in ALK+ALCL. It is likely that 

the identification of the key regulators for this dichotomy may facilitate the design of 

new therapeutics targeting CSCs in ALK+ALCL.   

 

The aim of this study was to identify the key regulator(s) of the RU/RR dichotomy. The 

hypothesis is that Sox2 is more transcriptionally active in RR cells because Sox2 can 

bind to DNA more efficiently in this cell subset. The experimental strategy involved an 
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analysis of the SRR2 sequence, in an attempt to identify potential transcription factor(s) 

that regulate the DNA binding of Sox2. A positive feedback loop involving the Wnt/β-

catenin/MYC/Sox2 axis was identified to define a highly tumorigenic and 

chemoresistant cell subset in ALK+ALCL. 

 

3.2 Methods and materials 

3.2.1 Primary tumors, cell lines and treatments 

All primary tumors were diagnosed at the Cross Cancer Institute (Edmonton, Alberta, 

Canada) and the diagnostic criteria were based on those described in the WHO 

Classification Scheme. The use of these patient samples for research had received 

research ethics approval at Feb 17th of 2016, by the Human Research Ethics Board at 

the University of Alberta, with approval number: Pro00062737.  The details of the cell 

lines used in this study were described in section 2.2.1 of Chapter 2. SupM2 and 

Karpas 299 cell lines were grown and expanded in RPMI 1640 medium (Invitrogen, Life 

Technologies, Grand Island, NY), supplemented with 10% fetal bovine serum (FBS, 

Invitrogen) and 1% penicillin streptomycin (Thermo Fisher Scientific) in 5% CO2 

atmosphere at 37°C.  All cell lines that were stably transfected with Sox2 reporter were 

grown and expanded in RPMI 1640 (Invitrogen) supplemented with 10% FBS 

(Invitrogen), 1% penicillin streptomycin (ThermoFisher Scientific Canada) and 200 

μg/mL puromycin dihydrochloride (Sigma Aldrich, St Louis, MO) in 5% CO2 atmosphere 

at 37°C. 10074-G5, quercetin, doxorubicin, crizotinib, Stattic, iodonitrotetrazolium 

chloride and G418 were all purchased from Sigma Aldrich. All of the treatments were 
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performed following the manufacturer’s instructions. In brief, 10074-G5, quercetin, 

doxorubicin, crizotinib and Stattic were also dissolved in DMSO (Sigma Aldrich). RU or 

RR cells were subjected with 10 μM 10074-G5, 50 µM quercetin, 100 nM crizotinib, or 

10 nM Stattic for 24 hours, cells with DMSO treatment were included as control. The 

MYC protein level and Sox2 reporter luciferase activity were analyzed after these 

treatments. RU and RR cells were subjected with various doses of 10074-G5 or 

doxorubicin for 48 or 72 hours to assess the cell viability after treatments. 5 µM 10074-

G5 and 20 ng/mL doxorubicin were combined for the drug combination treatment (48 

hours treatment). 

 

3.2.2 Short interfering RNA and transfections 

SMARTpool short interfering RNAs (siRNAs) for MYC, β-catenin, Sox2 and scrambled 

siRNA were purchased from Dharmacon (Lafayette, CO). All siRNAs were diluted to a 

stock concentration of 20 µM. Transient transfections of ALK+ALCL cells with siRNAs 

(final concentration: 600 nM) were performed as previously described in section 2.2.4 

of Chapter 2.  

 

3.2.3 RNA extraction, cDNA synthesis, quantitative reverse transcriptase PCR 

(quantitative RT-PCR) and chromatin-immunoprecipitation PCR 

Total RNA extraction was performed with the Qiagen RNeasy Kit (Qiagen, Toronto, 

Ontario, Canada) according to the manufacturer’s protocol. This assay was performed 

as previously described in section 2.2.13 of Chapter 2. Regular quantitative RT-PCR 
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assay was described in section 2.2.13 of Chapter 2. MAGnifyTM ChIP kit was 

purchased from ThermoFisher Scientific Canada for Chromatin-immunoprecipitation 

PCR experiment. The procedures were following the manufacture’s protocol. In brief, 

cells were firstly treated with formaldehyde to generate protein-protein and protein-DNA 

crosslinks within chromatin complex, and then the cells were lysed. The cell chromatin 

were released from the nuclei and sheared by sonication to reduce the DNA fragment 

size to 200-500 bp for analysis. The DNA fragments of interest were immunoprecipitate 

with Sox2 antibody (D6D9, Cell Signaling Technology), and the DNA fragments were 

utilized for quantitative RT-PCR. 

Primers for SRR2 probe for ChIP-PCR experiment are shown as below:  

Forward primer: 5’- ACATTGTACTGGGAAGGGACA-3’,  

Reverse primer: 5’- AGCAAGAACTGGCGAATGTG-3’.  

All genes of interest were normalized to GAPDH transcript expression levels. 

All other primer sequences were listed as below: 
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Table 3.1 Primers used for quantitative RT-PCR 

 

The Wnt/β-catenin pathway PCR-array was purchased from Qiagen. The PCR array 

(96-well plate) was utilized to analyze the expression of Wnt/ β-catenin pathway-related 

genes. This 96-well PCR array plate contains SYBR ® Green-optimized primers for 

simultaneously detecting 87 genes related with Wnt/ β-catenin pathway. The similar 
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experimental process was followed as regular quantitative RT-PCR (see section 2.2.13 

of Chapter 2).  

 

3.2.4 Immunohistochemistry and immunofluorescence studies 

The MYC antibody (Y69) and active β-catenin antibody (8E7) were purchased from 

Abcam (Cambridge, MA) and Millipore (Billerica, MA), respectively. 1:100 dilution of 

MYC antibody was used in the immunohistochemistry assay. 1:200 dilution of MYC 

antibody and 1:200 dilution of active β-catenin antibody were used in 

immunofluorescence double staining. The procedures of Immunohistochemistry were 

described in the previous publication and section 2.2.3 of Chapter 2 (11). For the 

immunofluorescence assay, the procedures were described as below. Briefly, formalin-

fixed, paraffin-embedded tissue sections were deparafinized and hydrated. Heat-

induced epitope retrieval was performed using citrate buffer (pH=6.0) and a pressure 

cooker using microwave. Tissue sections were then permeabilized for 10 min with 0.2% 

Triton X-100 in 1x PBS containing 10mM HEPES (ThermoFisher Scientific Canada) 

and 3% BSA (Sigma Aldrich), followed by the block with 1x PBS containing 10mM 

HEPES (ThermoFisher Scientific Canada) and 3% BSA (Sigma Aldrich) for 1 hour. The 

tissue sections were incubated with the primary antibodies, anti-active β-catenin and 

MYC diluted in 1 X PBS with 10 mM HEPES and 1% BSA overnight in 4 °C. In the 

second day, after three times of washes with 1 x PBS (30 minutes in total), tissue 

sections were incubated with secondary antibodies (Alexa Fluor 594 goat anti-rabbit 

antibody and Alexa Fluor 488 goat anti-mouse antibody,  Invitrogen, Burlington, CA), 

diluted in 1x PBS, 1:300 for 1 hour.  After wash in 1 X PBS, tissues were incubated in 1 
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µg/mL Hoechst 33342 (Sigma Aldrich, B2261) for 10 minutes, followed by washes in 1 

X PBS and mounted with Mounting Medium (Dako, Mississauga, ON, Canada). Cells 

were visualized with a Zeiss LSM510 confocal microscope (Carl Zeiss, Heidelberg, 

Germany) at the Core Cell Imaging Facility, Cross Cancer Institute, University of 

Alberta, Edmonton, Canada. 

 

3.2.5 Plasmid constructs and transfection  

pcDNA3.3-MYC was a gift from Derrick Rossi (Addgene plasmid # 26818) and pcDNA-

delta N89 Beta-catenin was a gift from Eric Fearon (Addgene plasmid # 19288), Myc-

Mad-HA plasmid was a gift from Bert Vogelstein (Addgene plasmid #16557). pcDNA 

empty vector was purchased from Addgene (Cambridge, MA). pcDNA-Flag-Sox2 

plasmid was generated by the Lai lab. The procedures for transfection were described 

in section 2.2.5 of Chapter 2. The stable cell lines were established by the following 

steps. 10 million of RU cells originated from SupM2 were transfected with 20 µg 

pcDNA3.3-MYC or pcDNA, and then cultured for 3 weeks in selection medium with 

increasing concentration of G418 up to 200 μg/mL. RR cells derived from SupM2 that 

was stably transfected with pcDNA were also established following the same procedure.  

 

3.2.6 Western blotting 

Western blotting studies were performed as described in section 2.2.8 of Chapter 2.  

Antibodies reactive to phosphorylated MYCS62 (E1J4K), MYC (D84C12), Sox2 (D6D9), 

β-catenin (D10A8), phosphorylated GSK3βS9 (D85E12), LEF1(C18A7), γ-tubulin 
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antibody (#5886) and Histone deacetylase 1 (HDAC-1) antibody (#2062) were 

purchased from Cell Signaling Technology (Danvers, MA), α-tubulin antibody (TU-02) 

and β-actin antibody (sc-130300) were purchased from Santa Cruz (Dallas, Texas), 

antibody reactive to active β-catenin (8E7) was purchased from Merck Millipore 

(Toronto, ON, Canada). Secondary antibodies anti-Rabbit IgG (1:2000) and anti-Mouse 

IgG (1:2000) were purchased from Cell Signaling Technology. 

 

3.2.7 Luciferase assay 

The luciferase assay kit was purchased from Promega (Madison, WI), the procedure for 

luciferase assay was performed following the manufacture’s protocol. Briefly, cell 

pellets after  cold 1 X PBS wash for three times were lysed by 100 µl 1 X lysis buffer (5 

X lysis buffer provided in kit were diluted by double distilled water), then the cell lysates 

were processed for assess protein concentrations and luciferase values. The luciferase 

values were read by FLUOstar Omega microplate reader (BMG LabTech, 

ThermoFisher Scientific Canada), and normalized to their protein concentrations. The 

luciferase activity of RU cells was normalized to 1 when compared to it in RR cells in 

this study. Each experiment was performed in triplicate.  

 

3.2.8 Transwell assay  

The 6-well plates of polyester transwell permeable supports with 0.4µm pore size were 

purchased from Corning Inc (Toronto, ON, Canada). Briefly, 0.5 million of RU cells and 

the same number of RR cells, diluted RR cells  (diluted with RU cells ) or parental 
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SupM2 cells were seeded in the upper chamber and lower chamber, respectively, and 

cultured for 72 hours. The same number of RU cells co-cultured with RU cells in the 

lower chamber was included as control group. Then the luciferase assay and Western 

blotting studies were performed.  

 

3.2.9 Cell-cycle and MTS assay 

The experimental procedures were described in section 2.2.7 and section 2.2.12 of 

Chapter 2. 

 

3.2.10 SRR2 probe binding assay 

Cells were harvested and washed with cold 1x PBS twice, following by cytoplasmic and 

nuclear fractionation using the Pierce NE-PER kit (ThermoFisher Scientific Canada). 

300 μg nuclear proteins were incubated with or without 3 pmol of biotin-labeled SRR2 

probe (constructed by IDT, Edmonton, Alberta, Canada) for 0.5 hour by rotating at 

room temperature. Streptadvidin agarose beads (75 μl, TheromoFisher Scientific 

Canada) were added to each sample, and the samples were rotated by overnight at 

4°C. The next day, the samples were washed with cold 1 X PBS three times, and 

protein was eluted at 100°C in 4 X protein loading buffer (40% glycerol, 240 mM Tris-

HCl pH 6.0, 8% SDS, 0.04% bromophenol blue, and 5% β-mercaptoethanol) for 5 

minutes, and Western blotting studies were performed. The sequence of the SRR2 

probe: ‘5-AAGAATTTCCCGGGCTCGGGCAGCCATTGTGATGCATATAGGATTATTC 

ACGTGGTAATG-3′  
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The underlined sequence is SRR2 consensus sequence.  

 

3.2.11 Nuclear cytoplasm fractionation assay 

The nuclear-cytoplasmic fractionation kit was purchased from ThermoFisher Scientific. 

The experiment was performed as described in section 2.2.11 of Chapter 2. 

 

3.2.12 Methylcellulose colony formation assay 

Methylcellulose-based media was purchased from R&D systems Inc, and the 

methylcellulose colony formation assay was performed as previously described in 

section 2.2.14 of Chapter 2. After 10 days of culture, the colonies were stained with 

iodonitrotetrazolium chloride overnight and images were acquired using Alphalmager 

HP (ThermoFisher Scientific Canada).  

 

3.2.13 SCID mouse xenograft studies 

Twelve CB-17 strain SCID male mice, purchased from Taconic (Hudson, NY), were 

housed in a virus- and antigen-free facility supported by the Health Sciences 

Laboratory Animal Services at the University of Alberta and were cared for in 

accordance with the Canadian Council on Animal Care guidelines. The animal studies 

had received ethical approval by the Animal Care and Use Committee (ACUC) at Dec 

10th of 2015, with approval number: AUP00000782. Briefly, 2 million cells of SupM2-

RU-EV, SupM2-RU-MYC and SupM2-RR-EV growing exponentially were injected into 
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both flanks of 4-week-old mice, four mice each group. The tumor sizes were measured 

twice every week. These animals were euthanized when a tumor reached 10 mm in the 

greatest dimension. 

 

3.2.14 Side population assay 

The side population assay was performed as previously described by Moti et al (3). In 

brief, 1 X 106 cells/mL were washed and resuspended in prewarmed 1 X PBS 

containing 2% FBS and 10 mM HEPES (Life Technology). Samples were incubated 

with 5 μg/mL Hoechst 33342 (Sigma Aldrich) with or without 100 μM Verapamil (Sigma 

Aldrich) for 90 minutes at 37°C in a water bath in the dark. After incubation, the 

samples were incubated on ice for 10 minutes and washed with cold 1X PBS, following 

by counterstaining with 2 μg/mL of propidium iodide (Sigma Aldrich) before flow 

cytometric analysis. 

 

3.2.15 Statistical analysis 

Data were expressed as mean  standard deviation. The statistical analysis was 

performed using Graphpad Prism 5 (La Jolla, CA), and the significance of two 

independent groups of samples was determined using Student’s t-test or Chi-square 

test. Statistical significance is denoted by * (P<0.05) and ** (P<0.01).  
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3.3 Results 

3.3.1 The identification of MYC as a key regulator of the RU/RR dichotomy 

The Lai lab has previously shown that Sox2 is a major contributing factor to the SRR2 

reporter activity and the associated phenotype in ALK+ALCL cells(9). In further support 

of this concept, we found that siRNA knockdown of Sox2 significantly attenuated the 

SRR2 luciferase activity in RR cells (Figure 3.1). As shown in the previous publication, 

the Lai lab has already demonstrated that the RU/RR dichotomy cannot be attributed to 

a substantial difference in the Sox2 protein expression level or its nuclear localization 

between these two cell subsets (9). 

To decipher the factor(s) that regulate the RU/RR dichotomy, we examined SRR2 using 

the JASPAR motif matches analysis. As summarized in Table 3.2, we identified a 

number of transcription factors that show a high probability of binding to SRR2. Among 

these candidates, MYC was found to be the highest expressed factor in RU/RR cell 

subsets derived from SupM2 and Karpas 299 cells (Figure 3.2A). Accordingly, RR cells 

derived from both cell lines expressed a significantly higher level of MYC mRNA 

compared to their RU counterparts (Figure 3.2A). This finding correlates well with that 

of Western blotting study (Figure 3.2B). We also found that RR cells harbor a higher 

level of phosphorylated MYCS62 (i.e. p-MYCS62), the active form of MYC (12), than RU 

cells (Figure 3.2B). By nuclear cytoplasmic fractionation, we found that most of the 

MYC protein expressed in both RU and RR cells was predominantly localized in the 

nuclei (Figure 3.2C).  
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Figure 3.1 Knockdown of Sox2 by siRNA significantly downregulates the SRR2 

luciferase activity in RR cells. A) The SRR2 luciferase activity in RR cells derived 

from SupM2 and Karpas 299 with scrambled siRNA (scr siRNA) or Sox2 siRNA 

transfection. The Western blots on the right panel showed the knockdown efficiency of 

Sox2 protein expression. Statistical significance is denoted by * (P<0.05) and ** 

(P<0.01). Results shown were representative of three independent experiments. 

 

 

 

 

 

 

 



160 
 

Table 3.2 The top putative factors that are predicated to bind to SRR2 sequence 

by JASPAR motif matches analysis at P<0.001. 
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Figure 3.2 RR cells express a substantially higher level of MYC than RU cells. 

A) The relative mRNA expression levels of putative SRR2 binding factors assessed by 

quantitative RT-PCR (qRT-PCR). GAPDH was used as internal control, and all the 

mRNA expression levels were normalized to that of Sox2 in RU cells. B) The levels of 

p- MYCS62 and MYC in RU and RR cells derived from SupM2 and Karpas 299. C) The 

subcellular localization of p-MYCS62 and MYC in RU and RR cells derived from SupM2 

and Karpas 299, assessed by the nuclear cytoplasmic fractionation assay. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01).  

 

To evaluate the relevance of MYC in the context of SRR2 reporter responsiveness, we 

knocked down MYC expression using siRNA and found that SRR2 luciferase activity 

was significantly reduced by ~40-60% in RR cells derived from SupM2 and Karpas 299 

cells (Figure 3.3A). Similar results were obtained when MYC was inhibited by using 

10074-G5, a pharmacological agent known to inhibit Myc-Max heterodimerization and 

their DNA binding (13), (Figure 3.3B). As a comparison, siRNA knockdown of Sox2 
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resulted in a similar reduction in SRR2 luciferase activity (Figure 3.1). Correlating with 

these findings, transfection of MYC into RU derived from the two cell lines resulted in a 

significant increase in SRR2 luciferase activity, even though the level remained to be 

substantially lower than that of RR cells (Figure 3.3C-D). As expected, transfection of 

MYC into RR cells from both cell lines also led to a significantly increased SRR2 

reporter activity (Figure 3.3C-D). Taken together, these findings suggest that MYC is a 

key regulator of the SRR2 reporter activity.  

 

 

Figure 3.3 The high MYC expression contributes to the RR phenotype. A) The 

SRR2 luciferase activity in RR cells derived from SupM2 and Karpas 299 cells with scr 

siRNA or MYC siRNA transfection. The Western blots below showed the knockdown 

efficiency of MYC. B) The SRR2 luciferase activity in RR cells with the treatment of 10 

μM 10074-G5 for 24 hours. Cells with DMSO treatment were used as a negative control. 

Statistical significance is denoted by * (P<0.05) and ** (P<0.01).  Results shown were 

representative of three independent experiments.  
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Figure 3.3C-D C) RU and RR cells derived from both cell lines were transiently 

transfected with pcDNA3.3-MYC (i.e. MYC). pcDNA empty vector (EV) was included as 

a negative control. The Western blots showed the MYC transfection efficiency. D) The 

SRR2 luciferase activity in RU and RR cells with either EV or MYC transient 

transfection. Statistical significance is denoted by * (P<0.05) and ** (P<0.01). Results 

shown were representative of three independent experiments.  

 

We then asked if inhibition of MYC in RR cells also decrease the clonogenicity and 

chemoresistance that are associated with the RR phenotype.  As shown in Figure 

3.3E-G, pharmacologic inhibition of MYC using 10074-G5 in RR cells resulted in a 

significant decrease in methylcellulose colony formation and sensitization of these cells 
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to doxorubicin-induced cell growth inhibition. In addition, that treatment of RR cells with 

10074-G5 also led to a significant increase number of apoptotic cells induced by 

doxorubicin (Figure 3.3G, lower panel). Accordingly, compared to RR cells, RU cells 

were significantly less sensitive to cell growth inhibition induced by 10074-G5 (Figure 

3.3H). Furthermore, compared to cells transfected with empty vector, RU cells 

originated from SupM2 with MYC transfection exhibited significantly increased 

doxorubicin-resistance and clonogenicity in methylcellulose soft agar (Figure 3.3I-J). 

Again, a significantly increased clonogenicity was also observed in RR cells with MYC 

transfection, as compared to negative control (Figure 3.3J). 

 

Figure 3.3E-G. E) The clonogenicity of RR cells in the presence of 5 µM 10074-G5 by 

using the methylcellulose colony formation assay. Cells with DMSO treatment were 

included as a control. The relative colony numbers analyzed in triplicate were shown in 

the lower panel. The colony with more than 50 cells (for RR cells from SupM2) and 20 

cells (for RR cells from Karpas 299) was counted. One representative result was shown 

here. F) RR cells originated from SupM2 and Karpas 299 were treated with varying 
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dosages of MYC inhibitor 10074-G5 for 48 hours, and then the cell growth was 

assessed by MTS assay. The dosage of 5 µM 10074-G5 was chosen for the following 

drug combination study. Also, RR cells were treated with varying dosages of 

doxorubicin for 48 hours, and then the cell growth was assessed by the MTS assay. 50 

ng/mL and 20 ng/mL doxorubicin were chosen in RR derived from Karpas 299 and 

SupM2, respectively, for the following drug combination study. G) The cell growth 

inhibition in RR cells originated from SupM2 induced by the treatment of doxorubicin 

(20 ng/mL), or 10074-G5 (5 µM), or combination of the doxorubicin and 10074-G5 for 

48 hours (upper panel), assessed by MTS assay. The cell-cycle analysis (lower panel) 

showed the percentages of cells with different treatments in Sub G0/1 phase. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Representative results from 

triplicate experiments were shown.  

 

 

Figure 3.3H. H) RU and RR cells were treated with varying doses of 10074-G5 for 72 

hours, then followed by the MTS assay to assess the cell growth. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Results shown were 

representative of three independent experiments.  
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Figure 3.3I-J I) The cell growth inhibition induced by varying doses of doxorubicin for 

48 hours in RU cells from SupM2 cells that were transiently transfected with either EV 

or MYC, assessed by the MTS assay. J) The clonogenicity of RU and RR cells from 

SupM2 with either EV or MYC transient transfection, assessed by the methylcellulose 

colony formation assay. The relative colony numbers analyzed in triplicate were shown 

in the lower panel. The colony with more than 50 cells was counted. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Representative results from 

triplicate experiments were shown. 

 

3.3.2 MYC promotes Sox2-SRR2 binding and the transcriptional activity of Sox2 

The observation that both RU and RR cell subsets express a similar level of Sox2 

protein raised the possibility that MYC upregulates SRR2 activity by increasing Sox2-

SRR2 binding and Sox2 transcriptional activity. In support of this concept, when we 

performed pull-down assay using a biotin-labeled SRR2 probe, we found abundant 
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MYC-SRR2 binding in RR cells but not RU cells (Figure 3.4A); a similar pattern of the 

Sox2-SRR2 interaction was also found in RU and RR cells (Figure 3.4A). Furthermore, 

enforced expression of MYC in RU cells led to substantially more Sox2 pulled down by 

the SRR2 probe, while the total Sox2 protein level only faintly increased in this 

experiment (Figure 3.4B). Correlating with this increased Sox2-SRR2 binding, the 

mRNA levels of several genes including WNT2B, CTNNB1 and BCL9 were significantly 

increased (Figure 3.4C), all of which were shown to be Sox2 downstream targets in RR 

cells (see section 4). Additionally, 10074-G5 treatment of RR cells from SupM2 cells 

resulted in a rapid and dramatic decrease in Sox2-SRR2 binding (Figure 3.4D), with 

the total protein levels of MYC and Sox2 being unaffected in this timeframe (i.e., 4 

hours). Sox2-SRR2 binding also significantly decreased at 4 hours upon 10074-G5 

treatment when we employed chromatin immunoprecipitation-qPCR (Figure 3.4E). 

Correlating with this decreased Sox2-SRR2 binding, the mRNA levels of two Sox2 

downstream targets including CTNNB1 and BCL9 were also significantly 

downregulated in RR cells upon MYC inhibition by using 10074-G5 at 8 hours, with the 

Sox2 protein level not appreciably altered in this time point (Figure 3.4F). 

  



168 
 

 

Figure 3.4 MYC promotes the SRR2 probe binding and the transcriptional activity 

of Sox2. A) SRR2 probe pull-down assay was performed in RU and RR cells originated 

from Karpas 299 and SupM2 cells to compare the bindings between Sox2, MYC and 

SRR2 probe. The Western blots in the right panel showed the input of the pull-down 

assay. B) The SRR2 probe pull-down assay was performed to assess the Sox2, MYC 

and SRR2 binding in RU cells with MYC transient transfection, as compared to cells 

with EV transfection. The Western blots in the right panel showed the input of the pull-

down assay. C) The relative mRNA levels of Sox2 downstream target genes such as 

WNT2B, CTNNB1 and BCL9 in RU cells originated from SupM2 with EV or MYC 

transient transfection at 48 hours. Statistical significance is denoted by * (P<0.05) and 

** (P<0.01).  
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Figure 3.4D-F. D) RR cells derived from SupM2 were subjected with 10 µM MYC 

inhibitor 10074-G5 for 0, 4, 6, 8, 24 hours, and then the SRR2 probe pull-down assay 

was performed. The Western blots in the right panel showed the input. E) Chromatin-

immunoprecipitation-qPCR assay was employed to analyze the Sox2-SRR2 probe 

binding in RR cells derived from SupM2 after 10 μM 10074-G5 treatment for 4 hours. F) 

RR cells originated from both cell lines were subjected with 10 µM 10074-G5 for 8 

hours, then qRT-PCR assay was performed to assess the mRNA levels of MYC, 

CTNNB1 and BCL9. Statistical significance is denoted by * (P<0.05) and ** (P<0.01). 

Results shown were representative of three independent experiments.  
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We found evidence that Sox2 alone is not sufficient to regulate Sox2-SRR2 binding and 

the SRR2 activity in RU cells. As shown in the left panel of Figure 3.4G, We 

transfected SOX2-FLAG in these two cell subsets derived from SupM2, and it is evident 

that Sox2 overexpression did not significantly increase SRR2 luciferase activity in RU 

cells; in contrast, the same experimental manipulation led to a significant increase in 

the reporter activity in RR cells. Accordingly, Sox2-flag overexpression did not 

appreciably increase Sox2-SRR2 binding in RU cells, but a substantial increase of 

Sox2-SRR2 binding was observed in RR cells (Figure 3.4H).  

 

Figure 3.4G-H G) The SRR2 luciferase activity in RU and RR cells originated from 

SupM2 with EV or pcDNA-SOX2-FLAG (i.e.SOX2-FLAG) transfection at 48 hours. The 

Western blots showed the transfection efficiency of SOX2-FLAG. H) The Sox2-SRR2 
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binding ability in RU and RR cells originated from SupM2 with EV or SOX2-FLAG 

transfection at 48 hours. Statistical significance is denoted by * (P<0.05) and ** 

(P<0.01).  

 

3.3.3 The high level of MYC in RR cells is attributed to the Wnt/β-catenin pathway 

To explain why MYC is preferentially expressed at a high level in RR cells, We first 

evaluated the activation status of NPM-ALK/STAT3 axis between these two cell 

subsets. Consistent with the Lai lab’s previous studies (9), the expression and 

activation levels of NPM-ALK and STAT3 were similar between RU and RR cells 

(Figure 3.5A). Pharmacologic inhibition of NPM-ALK (crizotinib) or STAT3 (stattic) 

dramatically decreased the expression of both Sox2 and MYC in RU and RR cells 

equally well, and these findings correlated with a reduction of the SRR2 luciferase 

activity by ~50-70% in both cell subsets (Figure 3.5B-C). Based on these findings, it is 

evident that, while the NPM-ALK/STAT3 axis contributes to a basal expression level of 

MYC, it does not explain the differential MYC expression between RU and RR cells. 



172 
 

 

Figure 3.5 NPM-ALK/STAT3 is not differentially activated or expressed between 

RU and RR cells. A) The protein levels of pALK, ALK, pSTAT3, and STAT3 in RU and 

RR cells derived from SupM2 and Karpas 299. B-C) RR and RU cells were treated with 

either DMSO, or 100 nM ALK inhibitor crizotinib, or 10 nM STAT3 inhibitor stattic for 24 

hours. The Western blots were employed to assess the expression/activation levels of 

NPM-ALK, STAT3, MYC and Sox2 in both RU and RR cells. The SRR2 luciferase 

activity in RU and RR cells was also evaluated by the luciferase assay. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). Results shown were 

representative of three independent experiments. 

 

We then asked if the Wnt/β-catenin pathway is a contributing factor, as this pathway is 

known to upregulate MYC in other cancer cell types (14-16). Firstly, we performed the 

Wnt signaling pathway PCR array to compare RU and RR cells derived from SupM2. 
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Compared to RU cells, RR cells expressed higher levels (>1.4 fold) of gene expression 

in 24 of the 87 targets included in the array (Figure 3.6). We then employed 

quantitative RT-PCR and confirmed 5 of the 24 targets being significantly different 

between RU and RR cells. Other than MYC, 4 targets (WNT2B, CTNNB1, LEF1 and 

BCL9) are known to be directly related to the Wnt/β-catenin pathway (Figure 3.7A). 

Western blot studies showed that RR cells expressed a substantially higher level of the 

active form of β-catenin (non-phosphorylated β-catenin), total β-catenin, 

phosphorylated GSK3βS9 (i.e. pGSK3βS9) and LEF1 (Figure 3.7B), strongly suggesting 

that the Wnt/β-catenin pathway is indeed highly activated in RR cells but not RU cells.  

 

To provide evidence that the Wnt/β-catenin pathway contributes to the differential MYC 

expression and SRR2 activity between RU and RR cells, we knocked down β-catenin 

using siRNA, and found that siRNA knockdown of β-catenin in RR cells led to a 

dramatic decrease in the MYC expression level and SRR2 luciferase activity (Figure 

3.7C). Similar results were obtained when RR cells were subjected with quercetin, a β-

catenin pharmacologic inhibitor (Figure 3.7D) (17). Importantly, enforced expression of 

MYC in RR cells abrogated the inhibitory effects of quercetin on SRR2 luciferase 

activity (Figure 3.7E). 
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Figure 3.6 The Wnt signaling is highly expressed in SupM2-RR cells in 

comparison to SupM2-RU cells. The Wnt pathway-specific oligonucleotide PCR array 

was performed in RU and RR cells derived from SupM2 cells. The data suggested 24 

out of 87 genes related with the Wnt pathway were more highly expressed in mRNA 

level (>1.4 fold) in RR cells than in RU cells. One time experiment was performed.  
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Figure 3.7 The Wnt/β-catenin pathway contributes to the high MYC expression in 

RR cells. A) The relative mRNA levels of WNT2B, CTNNB1, LEF1, MYC and BCL9 in 

RU and RR cells derived from SupM2 and Karpas 299, assessed by qRT-PCR. B) The 

protein levels of active β-catenin, β-catenin, pGSK3βS9, GSK3β, LEF1 and Sox2 in RU 

and RR cells. Statistical significance is denoted by * (P<0.05) and ** (P<0.01). Results 

shown were representative of three independent experiments.  
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Figure 3.7C-E C) The SRR2 luciferase activity in RR cells with scr siRNA or β-catenin 

siRNA transfection at 48 hours. The Western blots below showed the knockdown 

efficiency of β-catenin and MYC. D) The SRR2 luciferase activity in RR cells treated 

with DMSO or 50 µM quercetin, a pharmacological β-catenin inhibitor for 24 hours. The 

Western blots below showed the knockdown efficiency of β-catenin and MYC. E) The 

SRR2 luciferase activity in RR cells derived from Karpas 299 with EV or c-MYC 

transfection in the presence of 50 µM quercetin for 24 hours; cells with DMSO 

treatment were included as a negative control. The SRR2 luciferase activity decreased 

by ~50% in RR cells from Karpas 299 with EV transfection upon quercetin treatment, 

whereas it only decreased by ~25% in cells with c-MYC transfection. The MYC 

transfection efficiency was validated in Figure 3.3C. Statistical significance is denoted 

by * (P<0.05) and ** (P<0.01). Representative results from three independent 

experiments were shown.  

 

Since RR cells expressed more ligands for the Wnt/β-catenin pathway (such as Wnt2B) 

than RU cells, we asked if soluble factors produced by RR cells can increase MYC 

expression and SRR2 activity in RU cells. To test this, we used the transwell co-culture 

system that is illustrated in Figure 3.7F. As shown in Figure 3.7G, we found that the 

SRR2 luciferase activity in RU cells was significantly increased after 72 hours of co-

culture with RR cells. By Western blotting studies (Figure 3.7H), we confirmed that the 

Wnt/β-catenin pathway in RU cells was upregulated after 72 hours of co-culture with 

RR cells, as evidenced by the increased protein expressions of active β-catenin, β-

catenin, and LEF1. Accordingly, MYC was also upregulated. However, we did not 

observe any significant changes of luciferase activity or MYC expression in RU cells 

when co-cultured with either diluted RR cells or parental SupM2 cells (Figure 3.7I). 
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To further support that the Wnt/β-catenin pathway can upregulate MYC and SRR2 

activity in RU cells, we transfected RU cells derived from Karpas 299 with constitutively 

active CTNNB1 (i.e. CA-CTNNB1), and found that the expression of MYC and SRR2 

luciferase activity increased, coupled with the significantly increased clonogenicity 

(Figure 3.8A-C).  

 

Figure 3.7F-H F) The diagram showed the design of transwell co-culture experiment. 

RU and RR cells were co-cultured for 72 hours in this experiment.  G) The SRR2 

luciferase activity in RU cells in the control group and the experimental group (Exp-

group). H) The Western blots showed the protein levels of active β-catenin, β-catenin, 

LEF1 and MYC in RU cells derived from SupM2 in the control group and experimental 

group.  Statistical significance is denoted by * (P<0.05) and ** (P<0.01). Results from 

three independent experiments were shown.  
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Figure 3.7 I) RU cells co-cultured with diluted (10:1) RR cells or parental SupM2 cells 

for 72 hours did not show significantly increased SRR2 luciferase activity or 

upregulated MYC expression. Statistical significance is denoted by * (P<0.05) and ** 

(P<0.01). Results shown were from triplicate experiments. 
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Figure 3.8 RU cells transfected with the constitutively active CTNNB1 (CA-

CTNNB1) acquire the RR phenotype. A) The protein levels of β-catenin and MYC in 

RU cells derived from Karpas 299 with EV or CA-CTNNB1 transfection at 48 hours. B). 

The SRR2 luciferase activity in RU cells derived from Karpas 299 with EV or CA-

CTNNB1 transfection at 48 hours. C) The clonogenicity of RU cells derived from Karpas 

299 with EV or CA-CTNNB1 transfection, assessed by the methylcellulose colony 

formation assay. The relative colony numbers analyzed in triplicate were shown in the 

right panel. The colony with more than 40 cells was counted. Statistical significance is 

denoted by * (P<0.05) and ** (P<0.01). Results shown were representative of triplicate 

experiments. 
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3.3.4 The positive regulatory loop involving Sox2, Wnt/β-catenin and MYC in RR 

cells 

In view of several recent publications reporting that Sox2 can activate the Wnt/β-

catenin pathway in a number of cell types (10, 18, 19), we asked if Sox2 also can exert 

similar effects in ALK+ALCL. As shown in Figure 3.9A, siRNA knockdown of Sox2 in 

RR cells significantly decreased the transcript levels of SOX2, WNT2B, CTNNB1, MYC 

and BCL9. Furthermore, the protein levels of p-MYCS62 and MYC were dramatically 

decreased in RR cells upon Sox2 siRNA knockdown (Figure 3.9B). Correlating with the 

fact that Sox2 is relatively transcriptionally quiescent in RU cells, the expressions of p-

MYCS62 and MYC in these cells did not change appreciably in response to Sox2 

knockdown (Figure 3.9B). Taken together, these findings support the existence of a 

positive feedback loop involving Wnt/β-catenin, MYC and Sox2 in RR cells. In other 

words, in RR cells, the high level of MYC promotes the transcriptional activity of Sox2, 

which in turn activates the Wnt/β-catenin pathway and sustains a high level of MYC 

expression. By contrast, in RU cells, Sox2 does not effectively activate the Wnt/β-

catenin pathway due to the relatively low level of MYC; in the absence of active Wnt/β-

catenin pathway, MYC remains to be lowly expressed. A model summarizing this 

concept is illustrated in Figure 3.9C.  
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Figure 3.9 The positive regulatory loop of Sox2–Wnt/β-catenin–MYC in RR cells. 

A) qRT-PCR assay was performed to analyze the relative mRNA levels of WNT2B, 

CTNNB1, MYC and BCL9 in RR cells derived from SupM2 and Karpas 299 cells with 

scr siRNA or Sox2 siRNA transfection at 48 hours. B) The protein levels of Sox2, p-

MYCS62 and MYC in RR cells with scr siRNA or Sox2 siRNA transfection at 48 hours. 

Results shown are representative of three independent experiments. 
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Figure 3.9C C) The hypothetical models of RR and RU cells.  In RR cells, the highly 

active Wnt/β-catenin activity induces the high expression of MYC, which promotes the 

DNA binding and transcriptional activity of Sox2 in the presence of other co-factors. 

The transcriptionally active Sox2 in turn enhances the expression of Wnt/ β-catenin 

pathway by upregulating the expression of WNT2B and CTNNB1, thereby forming a 

positive forward loop involving Wnt/β-catenin/MYC/Sox2. The expression level of NPM-

ALK/STAT3 is almost identical between RR and RU cells, but NPM-ALK/STAT3 

contributes to the basal expression of MYC and Sox2 in both RU and RR cells. In RU 

cells, because of the low level of MYC expression, Sox2 can neither efficiently bind to 

DNA nor transcriptionally regulate the expression of its downstream targets, such as 

WNT2B and CTNNB1. As Sox2 is not transcriptionally active, the expression level of 

Wnt/β-catenin remains low, resulting in the low level of MYC expression in RU cells. 

 

3.3.5 MYC is heterogeneously expressed in primary tumor samples, and it co-

localizes with active β-catenin 

Our results suggest that high levels of Wnt/β-catenin activation and MYC expression 

are the defining features of the RR phenotype. With this model, we examined the 
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expression of MYC and active β-catenin (as a surrogate marker of Wnt activation) using 

double immunofluorescence staining analyzed by using confocal microscopy. After 

evaluating tumor cells (10 random fields) derived from 3 cases, we found a highly 

significant correlation between the expression of MYC and active β-catenin (P<0.0001) 

(Figure 3.10A and the table below, 400X). We also performed immunohistochemistry 

to study MYC expression in 7 additional cases of formalin-fixed/paraffin-embedded 

ALK+ALCL tumors. As illustrated in Figure 3.10B, MYC is heterogeneously expressed 

in tumor cells and two representative fields from a case were shown here (400X). MYC 

expression was restricted to a small subset (~30%) of neoplastic cells; benign 

lymphocytes and fibroblasts were negative.  
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Figure 3.10 MYC is heterogeneously expressed and its expression is co-localized 

with active β-catenin in ALK+ALCL tumor cells.                                    A) 

Immunofluorescence assay was performed in 3 cases of primary tumors with MYC and 

active β-catenin double-staining, and the results showed MYC is significantly (p<0.0001) 

co-localized with active β-catenin in tumor cells (shown in the table). Ten random fields 

of the 3 cases were chosen under microscope, and one representative field (X400) was 

shown here. The correlation analysis was performed by Fisher’s exact test. B) Two 

different fields of a case of ALK+ALCL primary tumor immunostained for MYC were 

shown. The above showed a focus with many lymphoma cells strongly positive for MYC 
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(red arrows). A lymphoma cell that was only dimly positive for MYC was also noted 

(black arrow). Scattered reactive small lymphocytes and benign fibroblasts in the 

background were negative. The below showed another focus in which lymphoma cells 

strongly positive for MYC being not as frequent. A good number of lymphoma cells 

negative or weakly positive for MYC were noted (black arrow, immunohistochemistry, 

400X). Statistical significance is denoted by * (P<0.05) and ** (P<0.01). 

 

3.3.6 RU cells stably transfected with MYC are biochemically and phenotypically 

similar to RR cells 

Finally, to fully assess the biological roles of MYC in ALK+ALCL, we generated RU cell 

clones derived from SupM2 that were stably transfected with MYC (i.e. SupM2-RU-

MYC). Compared to the negative control cells, SupM2-RU-MYC cells showed activation 

of the Wnt/β-catenin pathway, as evidenced by their elevated expression levels of 

active β-catenin, total β-catenin, pGSK3βS9, and LEF1 (Figure 3.11A). SupM2-RU-

MYC cells also expressed higher mRNA levels of MYC, WNT2B, CTNNB1 and BCL9 

that were comparable to those of SupM2-RR cells stably transfected with an empty 

vector (i.e. SupM2-RR-EV)(Figure 3.11B). We then performed mouse xenograft 

studies comparing the tumorigenecity of SupM2-RU-MYC cells with SupM2-RU-EV 

cells or SupM2-RR-EV cells. As shown in Figure 3.11C-D, SupM2-RU-MYC cells 

displayed a significantly higher tumorigenicity compared to SupM2-RU-EV cells, and 

exhibited comparable tumorigenicity to that of SupM2-RR-EV cells. 
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Figure 3.11 RU cells stably transfected with MYC are biochemically and 

phenotypically similar with RR cells. A) The protein levels of p-MYCS62, MYC, active 

β-catenin, β-catenin, pGSK3βS9, GSK3β, LEF1 and Sox2 in the stably transfected cell 

lines SupM2-RU-EV, SupM2-RU-MYC and SupM2-RR-EV. B) The relative mRNA 

levels of MYC, WNT2B, CTNNB1 and BCL9 in the three stable cell lines. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01). One representative result of 

triplicate experiments was shown here.  
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Figure 3.11C-D C) The diagram showed the design of mice xenograft study. D) The 

tumor growth rates of the three stable cell lines in the mouse xenograft study. The right 

panel showed the representative tumors from the three groups at the termination point. 

Statistical significance is denoted by * (P<0.05) and ** (P<0.01). 

 

3.3.7 Side population cells are not detectable in RU and RR cells and ABCG2 is 

not significantly differentially expressed in mRNA level between RU and RR cells. 

We realized that Moti et al recently reported that side population cells are detectable in 

ALK+ALCL cell lines and patient samples using the Hoechst-efflux assay and the 
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authors of this study also provided evidence that these side population cells are tumor-

propagating cells (3). Therefore, we tested whether side population cells can be also 

detected in ALK+ALCL cell lines in our hands, and if it is the case, whether RR cells 

have enriched side population cells in comparison to RU cells. However, we were 

unable to detect the side population cells in our hands, either in parental SupM2 and 

Karpas 299 cell lines or RU and RR cells derived from these two cell lines (Figure 

3.12A-B). In the meanwhile, Moti et al declared that the gene expression level of ATP-

binding cassette-G2 (ABCG2), a drug cell transporter (20), is higher in the side 

population cells as compared to the main cell population (3). We then asked whether 

ABCG2 is also highly expressed in RR cells as compared to RU cells. To this end, we 

performed quantitative RT-PCR to detect the mRNA level of ABCG2 and also included 

some other ABC family transporters, including ABCC1, ABCC2, ABCC3, ABCC4, 

ABCC5, and ABCC6. As shown in Figure 3.12C, except ABCC4, all other ABC 

transporters were not significantly differentially expressed in mRNA level between RU 

and RR cells derived from SupM2. 
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Figure 3.12 Identification of side population cells by Hoechst-efflux assay and the 

expression of ABC transporters in RU and RR cells derived from ALK+ALCL. A-B)  

Side population cells were not observed in parental Karpas 299 and SupM2 cells in our 

hands, as well as in RU and RR cells derived from parental SupM2 cells. C) qRT-PCR 

assay was employed to compare the relative mRNA levels of ABC transporters, 

including ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, ABCC6 and ABCG2, between RU 

and RR cells derived from SupM2 cells. Statistical significance is denoted by * (P<0.05) 

and ** (P<0.01). Results shown are representative of three independent experiments. 
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3.4 Discussion 

The existence of the RU/RR dichotomy in ALK+ALCL is supported by the Lai lab’s 

previously published results (9) as well as data from the current study. Similar RU/RR 

dichotomy also can be observed in other cancer types, including estrogen receptor-

positive breast cancer (21), triple negative breast cancer (22) and esophageal 

squamous cell carcinoma (23). Importantly, in all of these cancer models, RR cells have 

been found to be consistently more tumorigenic and stem-like than RU cells. Thus, we 

believe that the RU/RR dichotomy is a rather universal phenomenon in cancers and an 

in-depth understanding of the regulation of this phenotypic dichotomy is warranted. It is 

perceivable that this new knowledge will shed light into the biology and biochemical 

basis of cancer stemness, and carry significant clinical and therapeutic implications. 

With this background, we set out to delineate the mechanisms regulating the RU/RR 

dichotomy using ALK+ALCL as the study model.  

 

One of the key findings of this study is that MYC, a protein which has been strongly 

implicated in cancer stemness and induced pluripotent stem cells (24-27), appears to 

be the key regulator of the RU/RR dichotomy in ALK+ALCL. This conclusion is 

supported by the observation that RR cells express substantially more MYC protein 

than RU cells, and the finding that experimental manipulation of MYC expression in RU 

and RR cells can result in significant changes in their SRR2 reporter activity and the 

associated biological phenotype. Furthermore, we found evidence that the regulatory 

function of MYC is related to its ability to influence the DNA binding and transcriptional 

activity of Sox2. This model explains why RU and RR cells have dramatically different 



191 
 

SRR2 activity despite their approximately equal Sox2 protein expression level and 

nuclear localization. As illustrated in Figure 3.9C, a relatively high level of MYC, 

perhaps exceeding a specific threshold, permits the binding of Sox2 to SRR2 and its 

execution as a transcription factor. To our knowledge, this is the first report describing 

this novel relationship between MYC and Sox2 in cancer cells. Exactly how a high level 

of MYC promotes the DNA binding of Sox2 is unknown. The previously published 

observation (28) that the target genes of MYC substantially overlap with those of Sox2 

suggests that MYC or the MYC protein complex may physically direct Sox2 to the gene 

promoters, and facilitate its DNA binding. This concept is supported by the previously 

published data that MYC and Sox2 were found co-localized in a protein complex (29). 

Furthermore, MYC has been recently reported to regulate gene expression as a 

general transcriptional amplifier (30, 31). Another possibility is that the some of the 

proteins present in the MYC protein complex are kinases or methyltransferases, which 

mediate post-translational modifications of Sox2. The formation of this protein complex 

is in turn dependent on the MYC protein level. Regarding this possibility, 

phosphorylation or methylation has been shown positively or negatively regulates the 

Sox2 transcriptional activity in embryonic stem cells (32, 33). 

 

MYC has been found to be aberrantly expressed in many different types of cancer(34). 

In cancer cells, MYC is known to contribute to cancer stemness, including the tumor-

initiating ability (27, 35, 36), chemoresistance (37, 38) and self-renewal (25). For 

instance, in a mouse model of T-cell acute lymphoblastic leukemia, inhibition of MYC 

was found to prevent leukemia initiation (36). Moreover, the expression level of MYC 
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was found to be relatively high in CSCs derived from several cancer types when 

compared to bulk cell populations (25, 34, 39-41). A recent study also has highlighted 

that the CSCs from glioma are more sensitive than the bulk tumor cells to cell death 

induced by MYC inhibition (25). This observation correlates well with our finding that 

RR cells derived from ALK+ALCL are more sensitive to cell growth inhibition induced by 

MYC inhibition, as compared to RU cells. How exactly MYC mediates these biological 

effects is not completely understood, but it is believed that MYC can regulate as many 

as ~15% of human genes that are involved in critical cellular processes including 

chromatin remodeling, cell-cycle control, metabolism and self-renewal (34, 42). 

Importantly, it has been found that MYC can bind to and regulate SOX2 gene 

expression in CSCs derived from triple-negative breast cancer, suggesting MYC can 

regulate cancer stemness by modulating the expression of other critical embryonic 

stem cell markers such as Sox2 (43). With this context, we believe that findings of this 

current study has advanced by our understanding of how MYC promotes stemness, 

namely by enhancing Sox2/DNA binding and Sox2 transcriptional activity.   

 

The role of MYC in ALK+ALCL has not been extensively studied, and we are aware of 

only two studies that directly examined the biological significance of MYC in these 

tumors. In a very recent study, shRNA knockdown of MYC was found to reduce the 

growth of ALK+ALCL cells in vitro, although the underlying mechanism was not 

delineated (44). Consistent with this observation, we also found that pharmacologic 

inhibition of MYC can significantly inhibit the growth in ALK+ALCL cells. Importantly, we 

found that RR cells were found to be more sensitive to MYC inhibition than RU cells, 
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consistent with our model that MYC carries more biological importance in RR cells. The 

second study published in 2002 described that MYC in ALK+ALCL can be upregulated 

by NPM-ALK (45), but the biological significance of this observation was not assessed. 

Correlating with this finding, we also found that NPM-ALK upregulates MYC. However, 

while the NPM-ALK/STAT3 signaling axis contributes to the expression of MYC in both 

RU and RR cells, this pathway is not responsible for the differential MYC expression 

between these two cell subsets. In other words, the NPM-ALK/STAT3 signaling axis is 

not a key determinant of the RU/RR dichotomy. Overall, we believe that our generated 

data has further defined the pathogenetic role of MYC in ALK+ALCL.  

 

As we found that the NPM-ALK/STAT3 signaling pathway is not the key contributing 

factor to the differential expression of MYC, we turned to the Wnt/β-catenin pathway, 

which has been well documented to upregulate MYC in a variety of human cancers (14, 

15, 46). Constitutive activation of the Wnt/β-catenin pathway can be found in CSCs 

found in various tumor types (47-50). Inhibition of the Wnt/β-catenin pathway has been 

shown to decrease stemness and tumorigenic potential in cancer cells (46, 49, 51), and 

there is evidence that MYC is a mediator of the stemness properties conferred by the 

Wnt/β-catenin pathway (52, 53). A recent study suggested that MYC acts as the 

ultimate downstream effector of β-catenin to enhance proliferative capacity of basal 

stem cells, thus results in their amplification and tumorigenesis (52). Our model is in 

line with these observations, although my model highlights the importance of intra-

tumoral heterogeneity and suggests that a high activation level of the Wnt/β-catenin 

pathway is a characteristic of RR cells (i.e. stem-like cells). While this concept has been 
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brought up in a previously published paper (48), our data has provided the mechanistic 

explanation as to how the Wnt/β-catenin pathway promotes stemness for the first time. 

Specifically, a high level of Wnt/β-catenin activity promotes a relatively high level of 

MYC expression, which permits Sox2 to exert its transcriptional activity. Furthermore, 

based on our observations that Sox2 upregulates a number of the Wnt/β-catenin 

pathway ligands as well as β-catenin, we have demonstrated, for the first time, a 

positive feedback loop involving Wnt/β-catenin, MYC and Sox2, and my hypothetical 

model has been illustrated in Figure 3.9C. Our data supports a model in which this 

positive feedback loop is the defining feature of RR cells in ALK+ALCL.  

 

Our results have provided further support for the concept of tumor plasticity, since RU 

cells can be converted to RR cells by manipulating the Wnt/β-catenin/ MYC axis. Tumor 

plasticity also has been illustrated by a recent study in which non-stem cells from lung 

cancer were converted to CSCs when the Wnt/β-catenin pathway is activated by 

hepatocyte growth factor (48). The Lai lab also recently published that RU cells derived 

from esophageal squamous cell carcinoma (23) and estrogen receptor-positive breast 

cancer cell lines, as well as primary breast tumors cells (54), can convert to RR cells 

upon oxidative stress. Findings from the current study has highlighted the importance of 

the Wnt/β-catenin/ MYC axis in the context of tumor plasticity.  

 

Results from our immunofluorescence staining/confocal microscopy have provided 

further evidence to support the existence of the positive feedback loop involving Wnt/β-
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catenin in a small cell subset of ALK+ALCL. Thus, MYC significantly co-localizes with 

active β-catenin in approximately 4% of cells. Interestingly, we found that cells co-

expressing these two markers were scattered throughout the tumors, with no good 

evidence of clustering. This is a rather unexpected observation, since CSCs identified 

by using immunohistochemistry or immunofluorescence staining published in a very 

small number of studies have been shown to cluster (i.e. approximately 10 cells per 

cluster) (48, 55-57). Based on these observations, it has been speculated that CSCs 

thrive in specific microenvironment or ‘niche’. In view of the relatively small number of 

studies of the in-situ localization of CSCs, we believe that one cannot come to any 

specific generalization. Nonetheless, it may be speculated that CSCs in hematologic 

neoplasms (such as ALK+ALCL) may have different biological behaviors from those in 

solid tumors, which were the study subjects of most publications reporting the in-situ 

localization of CSCs. Regarding our immunohistochemical studies, we would like to 

point out that, while we found only ~30% of tumor cells being labeled with MYC, two 

previous publications showed that MYC immunohistochemical reactivity is detectable in 

the majority of tumor cells in ALK+ALCL(44, 45). This discrepancy may be due to the 

use of different MYC antibodies and/or immunostaining protocols. In our experience, a 

substantially higher number of MYC-positive cells can be obtained if higher 

concentration of anti-MYC antibody is used. The concentration of anti-MYC antibody 

we chose was based on the observation that this antibody concentration is optimal in 

revealing the intra-tumoral heterogeneity of MYC expression.  
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In light of a recent publication that a tumor-propagating population can be identified and 

isolated in ALK+ALCL cell lines and tumors using the hoechst-efflux assay (3), we 

asked if RR cells identified using our study model are enriched in the tumor-

propagating population identified using the hoechst-efflux assay. In our hands, we was 

unable to identify this small cell population in Karpas 299 and SupM2 cells, including 

RU and RR cells derived from SupM2 (Figure 3.12A-B), despite our attempt to follow 

the experimental protocol described in the publication (3). This discrepancy may be 

attributed to various technical reasons and/or biological differences between 

ALK+ALCL cell clones. As the expression level of NPM-ALK and ABCG2 were reported 

to be expressed at a higher level in the tumor-propagating population (3), we asked if 

RR cells also carry these characteristics, while we found that RR and RU cells did not 

differ in the expression of the NPM-ALK or ABCG2 in mRNA level (Figure 3.5A and 

Figure 3.12C). Some other ABC family transporters, such as ABCC1 and ABCC2, were 

also not significantly different in mRNA level between RU and RR cells (Figure 3.12C). 

 

To conclude, we report that MYC is the key regulator of the RU/RR dichotomy in 

ALK+ALCL. High level of MYC promotes the DNA binding ability and transcriptional 

activity of Sox2. Our study has highlighted the importance of the Wnt/β-catenin pathway 

in contributing to the high MYC protein expression in RR cells. The existence of a 

positive feedback loop involving the Wnt/β-catenin/MYC/Sox2 axis defines a small cell 

subset in ALK+ALCL that are characterized by high tumorigenecity and 

chemoresistance. 
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CHAPTER 4 

Oxidative stress promotes the tumorigenicity in ALK-positive anaplastic large-

cell lymphoma by activating the Wnt/β-catenin/MYC/Sox2 axis1  

 

1This chapter has been modified from a manuscript in preparation for submission for 
publication: 
Chengsheng Wu, Nidhi Gupta, Hai-feng Zhang, Yung-Hsing Huang, and Raymond Lai. 

Oxidative stress promotes the tumorigenicity in ALK-positive anaplastic large-cell 

lymphoma by activating the Wnt/β-catenin/MYC/Sox2 axis. In preparation. 
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4.1 Introduction 

ALK-positive anaplastic large-cell lymphoma (ALK+ALCL) is a rare subtype of non-

Hodgkin lymphoma of null or T-cell lineage, which preferentially occurs in children and 

young adults (1). Gene translocation involving ALK and NPM has been detected in 

approximately 80% of ALK+ALCL cases (2), and the translocation results in the 

generation of fusion tyrosine kinase NPM-ALK, the key oncogenic driver of this 

neoplasm (3). The oncogenic potential of NPM-ALK has been well underscored by its 

interaction and activation of a number of molecular proteins involved in multiple 

signaling pathways, such as JAK/STATs, MAPK/ERK and PI3K/AKT(3). Among these 

oncogenic signaling pathways, NPM-ALK/STAT3 is one of the most critical mediators of 

NPM-ALK-induced transformation, by upregulating the gene expression related with 

anti-apoptosis and cell growth, including BCL2, Survivin, and MYC (1, 4, 5); and 

downregulating the negative regulators of NPM-ALK/STAT3 activity, such as Shp1, 

STAT5A and STAT1 (3, 6-8).  

Intra-tumor heterogeneity accounts for the diversity of tumor cells within a tumor and 

this concept has evolved in the past decade to phenotypical, functional and genetical 

heterogeneity (9-11). The existence of intra-tumor heterogeneity can be explained by 

two hypothetical models including the clone evolution and cancer stem cell (CSC) 

models (11). Briefly, the clone evolution model proposes that tumor progression is an 

evolutionary process for a single cell clone with acquisition of multiple genetic 

mutations and also a selection process of more aggressive subclones (9). While the 

CSC model raises that only a small fraction of tumor cells have the capability to initiate 

the whole tumor bulks and the ability to self-renewal to maintain this small fraction (9, 
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11). With these two models, it is well recognized that cancer cells contain a hierarchy of 

CSCs and non-CSCs (10, 11). More interestingly, recent evidence shows that non-

CSCs are able to shift to CSCs under certain circumstances and vice versa (9-11). This 

phenomenon indicates a biological process named CSC plasticity or “acquired cancer 

stemness” (12). For instance, estrogen receptor-positive (ER+) breast cancer cell line 

MCF-7 acquires tumorigenic potential and chemoresistance upon the treatment of 

chronic oxidative stress (13). Hypoxia stress also enriches the CSC population in 

CD133+ glioma stem cells (14). CSC plasticity has been postulated to be a major 

mechanism to explain how cancer cells develop chemoresistance, and ultimately, to 

contribute to cancer treatment failure (15-17). However, to our knowledge, the concept 

of CSC plasticity remains poorly understood in haematological malignancy, including 

ALK+ALCL. Thus, we believe an in-depth understanding of CSC plasticity in 

ALK+ALCL is warranted. 

The Lai lab previously identified two distinct cell subpopulations derived from ER+ 

breast cancer cells (18), esophagus squamous cancer cells (19), and ALK+ALCL cell 

lines based on their differential responses to a Sox2 reporter ꟷ SRR2 carrying GFP and 

luciferase (20). The reporter responsive (RR) cells are consistently more 

chemoresistant and tumorigenic than the reporter unresponsive (RU) cells. Our 

previous study suggested that the positive forward loop involving the Wnt/β-catenin-

MYC/Sox2 axis is the defining feature of RR cells derived from ALK+ALCL (21). 

Although the Lai lab has recently showed that RU cells derived from ER+ breast cancer 

cells and esophagus squamous cancer cells are able to acquire stemness features 

upon oxidative stress (19, 22), we do not know whether similar findings can be 
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observed in ALK+ALCL, since ALK+ALCL is a haematological neoplasm that is very 

much distinct from solid tumor models, such as cell models of breast cancer and 

esophagus squamous cancer. In this study, we showed that RU cells can be induced to 

RR cells (i.e. converted RR cells) upon oxidative challenge. These converted RR cells 

share the similar biological and biochemical characteristics with native RR cells. 

Furthermore, we found that the activated Wnt/β-catenin/MYC/Sox2 axis upon oxidative 

challenge is responsible for the conversion of RU cells to RR cells, as pharmacological 

inhibition of β-catenin or MYC or siRNA knockdown of Sox2 in RU cells significantly 

abrogates this biological process.  

 

4.2 Methods and materials 

4.2.1 Cell lines and chemicals 

The cell lines and the condition of cell culture were described in section 2.2.1 of 

Chapter 2 and section 3.2.1 of Chapter 3. 10074-G5, U0126, doxorubicin, doxycycline, 

iodonitrotetrazolium chloride, N-acetylcysteine (NAC), and quercetin were all purchased 

from Sigma Aldrich. Hydrogen peroxide (H2O2) was purchased from ThermoFisher 

Scientific Canada. U0126, doxorubicin and doxycycline treatments were described in 

section 3.2.1 of Chapter 3 and section 2.2.6 of Chapter 2. 

 

4.2.2 H2O2 re-challenge and chemical treatment 

Approximately 1 x 107 of cells was started with H2O2 re-challenge experiment in this 

study. Briefly, cells were subjected with various doses of H2O2 ranging from 0 to 1 mM 
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for 3 days, and then cells were changed with fresh culture medium containing various 

doses of H2O2 and continuously cultured up to day 5, followed by the luciferase reporter 

assay and flow cytometry assay to assess luciferase activity and GFP expression. Cell 

viability was also assessed from day 1 to day 3. For the treatment of NAC, cells were 

subjected with 0.3 mM H2O2 in the presence of various doses of NAC ranging from 0 to 

20 mM for 48 hours, and then the luciferase reporter assay and flow cytometry assay 

were executed to evaluate the SRR2 luciferase activity and GFP expression. For the 

treatment of 10074-G5 or quercetin, cells were subjected with 5 μM 10074-G5 or 50 µM 

quercetin from day 4 to day 5 (24 hours) in the H2O2 re-challenge experiment, the 

luciferase reporter assay was then followed to evaluate the SRR2 reporter activity.  

 

4.2.3 Luciferase assay and flow cytometry 

The luciferase assay kit was purchased from Promega (Madison, WI), and luciferase 

activity was measured as described previous in section 3.2.7 of Chapter 3. The flow 

cytometry analyses for assessing GFP expression were performed as below. Cells after 

treatment were washed with cold 1x PBS three times and were resuspended in 1 X 

cold PBS before flow cytometry (BD Bioscience). 20,000 live cells were acquired for 

each run. All the flow cytometry data were analyzed using the FCS Express 5 software 

from De Novo Software (Glendale, CA).  
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4.2.4 Trypan blue exclusion assay and MTS assay 

Cell viability and cell viability were assessed by trypan blue exclusion assay and MTS 

assay, and these assays were performed as previously described in section 2.2.12 of 

Chapter 2. 

 

4.2.5 Short interfering RNA and transfections 

SMARTpool short interfering RNAs (siRNAs) for Sox2 and scrambled siRNA were 

purchased from Dharmacon (Lafayette, CO). See section 2.2.4 of Chapter 2 for more 

details. 

 

4.2.6 RNA extraction, cDNA synthesis, and quantitative reverse transcriptase 

PCR (quantitative RT-PCR) 

Total RNA extraction was performed with the Qiagen RNeasy Kit (Qiagen, Toronto, 

Ontario, Canada) according to the manufacturer’s protocol. The experimental 

procedures were described in section 2.2.13 of Chapter 2. All the primer sequences 

were shown as below:  

Table 4.1 Primers used for quantitative RT-PCR  
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4.2.7 Western blotting 

Western blotting studies were performed as described as previously in section 2.2.8 of 

Chapter 2.  

Antibodies reactive to phosphorylated MYCS62 (E1J4K), MYC (D84C12), Sox2 (D6D9), 

and β-catenin (D10A8) were purchased from Cell Signaling Technology (Danvers, MA), 

β-actin antibody (sc-130300) was purchased from Santa Cruz (Dallas, Texas), and 

antibody reactive to active β-catenin (8E7) was purchased from Merck Millipore 

(Toronto, ON, Canada). Secondary antibodies anti-Rabbit IgG (1:2000) and anti-Mouse 

IgG (1:2000) were purchased from Cell Signaling Technology. 

 

4.2.8 Nuclear cytoplasm fractionation assay 

The nuclear-cytoplasmic fractionation kit was purchased from ThermoFisher Scientific 

Canada. The experiment was performed as described in section 2.2.11 of Chapter 2. 

 

4.2.9 SRR2 probe binding assay 

SRR2 probe binding assay was performed as previously described in section 3.2.10 of 

Chapter 3. 

 

4.2.10 Methylcellulose colony formation assay 

The methylcellulose colony formation assay was performed as previously described in 

section 2.2.9 of Chapter 2 and section 3.2.12 of Chapter 3. 
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4.2.11 Limiting dilution assay  

Cells with or without H2O2 re-challenge treatment were seeded in RPMI1640 media 

(Invitrogen)  supplemented with 20% fetal bovine serum (Invitrogen),  1% penicillin 

streptomycin (ThermoFisher Scientific) and 200 μg/mL puromycin dihydrochloride 

(Sigma Aldrich) in 96-well low adherent plate (Coring) at 10 limiting dilutions ranging 

from 1 to 1000 cells, and each dilution has triplicate wells. After 7 days, cells in each 

well were stained with iodonitrotetrazolium chloride (Sigma Aldrich) for 24 hours and 

images were acquired using Alphalmager HP (ThermoFisher Scientific Canada). The 

number of visible spheres was counted by eye. 

 

4.2.12 Statistical analysis 

Data were expressed as mean  standard deviation. The statistical analysis was 

performed using Graphpad Prism 5 (La Jolla, CA), and the significance of two 

independent groups of samples was determined using Student’s t-test. Statistical 

significance is denoted by * (P<0.05) and ** (P<0.01).  

 

4.3 Results 

4.3.1 Oxidative stress induces a conversion from RU to RR cells 

Using relatively low concentrations of H2O2, an agent known to potently induce 

oxidative stress and the generation of reactive oxygen species (ROS) (23), we 

previously successfully converted small subsets of RU cells derived from esophageal 
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squamous cell carcinoma cells and ER+ breast cancer cells into RR cells (19, 22). We 

asked if a similar phenomenon can occur in hematopoietic cancers such as ALK+ALCL. 

Two ALK+ALCL cell lines, namely SupM2 and Karpas 299, were used for this 

experiment.  

 

As shown in Figure 4.1A, upon treatment of various doses of H2O2 for 3 days, RU cells 

from both cell lines that harbored ~5% GFP-positive cells exhibited significantly 

increased GFP-positive cells. As high doses of H2O2 are expectedly cytotoxic, we 

assessed the number of viable cells at different doses of H2O2 from day 1 to day 3. As 

shown in Figure 4.1B, we found that H2O2 retarded the cell growth in a dose-

dependent manner. Taking the cell growth inhibition and percentages of GFP-positive 

cells induced by various doses of H2O2 into consideration, we decided to choose 0.3 

mM and 0.5 mM H2O2 for RU cells derived from SupM2 and Karpas 299, respectively, 

to induce a sufficient percentage of GFP-positive cells, or say converted RR cells. We 

also found that a re-challenge with H2O2 on day 3 significantly increased the 

percentages of converted RR cells in both cell lines. As shown in Figure 4.1C-D, ~80% 

of RU cells of SupM2 remaining in the tissue culture were GFP-positive 2 days after the 

re-challenge. Similarly, ~30% of RU cells derived from Karpas 299 became converted 

RR cells (Figure 4.1D). This H2O2 re-challenge strategy was used to generate 

converted RR cells for the remainder of the study. Consistent to the results of GFP 

expression, the luciferase activity in RU cells derived from both cell lines also 

significantly increased upon H2O2 re-challenge (Figure 4.1E). Notably, the RR cells 

derived from SupM2 also significantly acquired the SRR2 activity based on the 
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readouts of luciferase activity and GFP expression upon H2O2 re-challenge (Figure 

4.1E-F). 

 

To confirm that the RU to RR cells conversion induced by H2O2 was indeed dependent 

on oxidative stress, we attempted to block this process using N-acetyl-L-cysteine (NAC), 

a pharmacologic agent known to minimize cellular oxidative stress (24). As shown in 

Figure 4.1G-H, in a dose-dependent manner, NAC significantly lowered the number of 

H2O2-induced GFP-positive cells as well as luciferase activity upon treatment of 0.3 mM 

H2O2 for 2 days.  

 

Figure 4.1 Oxidative challenge induces the conversion of RU to RR cells. A) RU 

cells derived from SupM2 and Karpas 299 cells were subjected with various doses of 

H2O2 for up to 3 days. The percentages of GFP, one of two surrogate markers of 

SRR2 activity, were assessed by flow cytometry in both RU cells at day 0, day 1, day 2 

and day 3. Statistical significance is denoted by * (P<0.05) and ** (P<0.01).  Results 

shown were representative of three independent experiments.  
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Figure 4.1B B) The cell numbers of RU cells derived from SupM2 and Karpas 299 

upon various doses of H2O2 treatment were counted by trypan blue exclusion assay 

from day 0 to day 3. Results from triplicate experiments were shown.  
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Figure 4.1C-D C) the schematic experimental model of 0.3 mM H2O2 re-challenge 

treatment in RU cells derived from SupM2. D) The percentages of GFP-positive cells 

and the expression of GFP in RU cells derived from SupM2 and Karpas 299 cells upon 

0.3 mM or 0.5 mM H2O2 re-challenge treatment. Statistical significance is denoted by * 

(P<0.05) and ** (P<0.01). Results shown were representative of three independent 

experiments.  
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Figure 4.1E-F E) the luciferase activity in RU and RR cells derived from SupM2 and 

Karpas 299 at day 5 upon 0.3 mM and 0.5 mM H2O2 re-challenge treatment. F) the 

GFP expression in RU and RR cells derived from SupM2 with and without H2O2 re-

challenge. Statistical significance is denoted by * (P<0.05) and ** (P<0.01). Results 

shown were representative of three independent experiments.  
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Figure 4.1G-H G) Treatment with NAC of 5 mM, 10 mM, 20mM for 48 hours 

significantly downregulated the number of GFP-positive cells and the expression of 

GFP in RU cells derived from SupM2 cells upon 0.3 mM H2O2 treatment for 48 hours, 

as compared to cells treated with DMSO and 0.3 mM H2O2. H) Treatment with NAC of 

5 mM, 10 mM, 20 mM for 48 hours significantly decreased the luciferase activity in RU 

cells derived from SupM2 cells upon 0.3 mM H2O2 treatment for 48 hours, as compared 

to that of cells treated with DMSO and 0.3 mM H2O2. Notably, treatment of various 

doses of NAC only for 48 hours did not significantly change the luciferase activity in RU 

cells derived from SupM2 cells. Statistical significance is denoted by * (P<0.05) and ** 

(P<0.01). Results from triplicate experiments were shown. 
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4.3.2 The converted RR cells share the similar biological functions with RR cells 

Then we asked whether converted RR cells are phenotypically similar with RR cells. 

Specifically, we were interested in whether converted RR cells showed increased 

clonogenicity and chemoresistance, as seen in native RR cells. Thus, we subjected 

native RU and converted RR cells from SupM2 to various doses of doxorubicin, a 

chemotherapy drug used as front-line chemotherapy for ALK+ALCL patients (1). As 

shown in Figure 4.2A, converted RR cells were found to be significantly more 

doxorubicin-resistant than native RU cells. Furthermore, the converted RR cells even 

demonstrated more doxorubicin-resistant than native RR cells at the high dose of 

doxorubicin (i.e. 200 ng/mL) (Figure 4.2A).  

 

Next, we tested the clonogenicity of converted RR cells using methylcellulose colony 

formation assay. As shown in Figure 4.2B, converted RR cells derived from SupM2 

formed significantly more colonies than native RU cells in the presence or absence of 

50 ng/mL doxorubicin. In addition, when compared to RR cells without H2O2 re-

challenge in the presence of 50 ng/mL doxorubicin, RR cells derived from SupM2 after 

H2O2 re-challenge formed significantly more number of colony in the presence of 

doxorubicin, despite that no significant changes in the colony numbers was observed 

between the groups of RR cells with and without H2O2 re-challenge (Figure 4.2B).   

 

Then we tested the sphere-forming abilities of RU cells, converted RR cells and 

nativel RR cells derived from Karpas 299 using the limiting dilution assay. As shown in 

Figure 4.2C, we seeded a serial diluted cells ranging from 1000 cells to 1 cell in each 
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well of 96-well plate, and observed that a low number of RU and RR cells upon H2O2 re-

challenge (i.e. 125 cells for RU, 63 or 32 cells for RR) indeed formed significantly more 

spheres, as compared to their native cells (Figure 4.2C-D). 
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Figure 4.2 RU and RR cells upon H2O2 re-challenge treatment are more 

doxorubicin-resistant and clonogenic, and have captured enhanced sphere-

forming ability as compared to cells without treatment.  A) RU and RR cells from 

SupM2 cells were re-challenged with 0.3 mM H2O2 for 5 days. Then the cells were 

subjected with various doses of doxorubicin for 48 hours. Cells without H2O2 treatment 

were included as comparison. B) RU and RR cells derived from SupM2 cells were re-

challenged with 0.3 mM H2O2 for 5 days. Then the cells were preceded for 

methylcellulose colony formation assay in the presence/absence of 50 ng/mL 

doxorubicin, and cells without H2O2 re-challenge were included as comparison. The 

experiments were repeated in triplicate, and one representative result was shown here. 

The colonies larger than the one pointed by the bold black arrow were counted only. 

The graph below demonstrated the number of colonies in the above experimental 

groups. C-D) The serial diluted RU and RR cells derived from Karpas 299 were seeded 

in 96-well plate. After 8 days, the number of spheres was counted in the highlighted 

wells circulated by red broken lines. Results suggested that low number of RU and RR 

cells (125 cells and 63 cells, respectively) upon H2O2 re-challenge formed significant 

more spheres than their native cells. This experiment was repeated in triplicate, 

statistical significance is denoted by * (P<0.05) and ** (P<0.01). 
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4.3.3 The converted RR cells share the similar biochemical characteristics with 

RR cells 

Our previous study suggested that the highly active Wnt/β-catenin/MYC/Sox2 axis 

defines the RR cells (21). Thus, we asked if converted RR cells showed activation of 

this signaling axis. As shown in Figure 4.3A, converted RR cells derived from SupM2 

cells showed upregulated expression of active β-catenin, the total protein level of β-

catenin as well as p-MYCS62/MYC, as compared to native RU cells. Although the total 

MYC is not appreciably altered in RR cells upon H2O2 re-challenge, p-MYCS62, the 

active form of MYC (25), markedly increased (Figure 4.3A). We also observed that the 

expression level and activity of NPM-ALK and STAT3 were not appreciably changed in 

this experiment (Figure 4.3A).  

 

Moreover, using quantitative RT-PCR (qRT-PCR), we also were able to demonstrate 

that Sox2 transcriptional activity was upregulated in converted RR cells; as shown in 

Figure 4.3B, the expression of three known Sox2 downstream targets including 

WNT2B, CTNNB1 and BCL9 were significantly higher in converted RR cells in mRNA 

level, in comparison to their native RU cells (Figure 4.3B). Similar results were 

observed in RR cells after oxidative re-challenge (Figure 4.3B).  

 

To substantiate these data, we performed the Sox2-SRR2 probe binding assay to 

investigate whether the converted RR cells indeed have increased Sox2-DNA binding. 

As shown Figure 4.3C, more Sox2 was pulled down by the biotin-labeled SRR2 probe 

in the converted RR cells than RU cells; and a visible increase of Sox2-SRR2 binding 
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also was observed in RR cells upon H2O2 re-challenge (Figure 4.3C). Notably, the 

Sox2 protein level in both RU and RR cells was not appreciably altered in this 

experiment, as shown in the input of the pull-down assay (Figure 4.3C). 

 

Figure 4.3 The converted RR cells induced by oxidative stress share the 

biochemical features with RR cells. A) The Western blots results suggested that 

active β-catenin, total β-catenin, p-MYCS62, and MYC markedly increased in RU cells 

derived from SupM2 upon H2O2 re-challenge in comparison to parental RU cells. The β-

catenin and p-MYC also dramatically increased in RR cells derived from SupM2 after 

H2O2 re-challenge. The expression of Sox2 in both RU and RR cells is not appreciably 

altered in this experimental manipulation. The expression levels of pALKY1604, ALK, 

pSTAT3Y705 and STAT3 were not appreciably altered. The nuclear factor erythroid 2-

related factor (Nrf 2), as an oxidative stress responder, is included as a control. B) qRT-
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PCR assay indicated that the Sox2 downstream targets including WNT2B and BCL9 

significantly increased after H2O2 re-challenge in both RU and RR cells derived from 

SupM2.  Results shown were representative of three independent experiments. C) 

SRR2 probe pull-down assay suggested that more Sox2 is pulled down by biotin-

labeled SRR2 probe in RU and RR cells upon H2O2 re-challenge as compared to 

parental RU and RR cells. The input of the pulldown assay demonstrated that the Sox2 

expression is not altered in this experiment. Statistical significance is denoted by * 

(P<0.05) and ** (P<0.01). 

 

4.3.4 Inhibition of β-catenin/MYC or siRNA knockdown of Sox2 dramatically 

abrogates the conversion of RU cells to RR cells induced by oxidative stress 

To substantiate the importance of the Wnt/β-catenin/MYC/Sox2 axis being the key 

regulator of the RU/RR dichotomy in ALK+ALCL, we tested if inhibition of various 

members of this axis can effectively block RU to RR cells conversion induced by H2O2. 

To this end, we subjected RU cells from SupM2 and Karpas 299 cells, that had been 

re-challenged with H2O2 for 4 days, with quercetin (a β-catenin inhibitor) or 10074-G5 (a 

MYC inhibitor that blocks the DNA binding of  MYC-MAX complex) for 24 hours (26, 27). 

As shown in Figure 4.4A, pharmacological inhibition of MYC or β-catenin significantly 

decreased the upregulated MYC expression and the luciferase activity in RU cells from 

both cell lines upon H2O2 re-challenge. 

 

Our previous study indicated that Sox2 is also implicated in RU/RR dichotomy(20). 

Although Sox2 expression was not altered in this experimental manipulation, siRNA 

knockdown of Sox2 in RU cells from both cell lines significantly blocks the conversion 

of RU cells to RR cells upon H2O2 re-challenge, as evidenced by the significantly 
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downregulated SRR2 luciferase (Figure 4.4B). The Western blots in the lower panel 

suggested the siRNA knockdown efficiency of Sox2 (Figure 4.4B). 

 

Figure 4.4 Pharmacological inhibition of MYC or β-catenin, or siRNA knockdown 

of Sox2 in RU cells significantly abrogates the conversion of RU cells to RR cells. 

A)  Pharmacological inhibition of MYC or β-catenin by using 10074-G5 or quercetin for 

24 hours decrease the upregulated expression of MYC and the SRR2 luciferase activity 

induced by H2O2 re-challenge. B) Sox2 knockdown by siRNA in RU cells significantly 

downregulated the SRR2 luciferase activity in comparison to cells transfected with 

scrambled siRNA in the presence of H2O2 re-challenge. Statistical significance is 

denoted by * (P<0.05) and ** (P<0.01). Results shown were representative of triplicate 

experiments. 
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4.3.5 ERK1/2 is activated in both RU and RR cells upon H2O2 re-challenge 

Our previous publication and our current study both indicated that ERK1/2 is 

preferentially activated in RR cells, instead of RU cells (Figure 4.5A) (20). ERK1/2 is 

reported to be activated by oxidative stress in multiple cell models, and the activated 

ERK1/2 is well-known as a positive regulator of MYC protein stability and its 

transcriptional activity (28-31). Indeed, we observed that ERK1/2 is activated upon 

H2O2 re-challenge in both RU and RR cells derived from SupM2 (Figure 4.5B). 

Furthermore, we found that blockage of ERK1/2 activity by MEK inhibitor U0126  for 24 

hours in RR cells derived from SupM2 and Karpas 299 dramatically reduced the protein 

level of p-MYCS62, MYC and Sox2, along with the significantly decreased SRR2 

luciferase activity (Figure 4.5C-D), indicating that active ERK1/2 is involved in the 

RU/RR dichotomy.  
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Figure 4.5 Inhibition of ERK1/2 activity in RR cells dramatically decreases the 

expression level of MYC and Sox2, as well as the SRR2 luciferase activity. A) The 

pERK1/2T202/Y204 (pERK1/2) is highly expressed in RR cells in comparison to RU cells. B) 

ERK1/2 is activated in both RU and RR cells upon H2O2 re-challenge. C-D) Inhibition of 

ERK1/2 activity by MEK inhibitor 10 nM U0126 for 24 hours dramatically decreased the 

protein levels of p-MYCS62, MYC and Sox2 in RR cells, as well as the SRR2 luciferase 

activity. Results shown were representative of three independent experiments. 
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4.3.6 STAT1 is activated in both RU and RR cells upon oxidative stress 

Our previous study indicated that STAT1 is a potent tumor suppressor in ALK+ALCL (6). 

Then we asked whether STAT1 is differentially activated or expressed in RU and RR 

cells, thus partially contributing to the RU/RR dichotomy. However, we did not find any 

appreciable difference in the protein level of STAT1 between RU and RR cells (Figure 

4.6A-B), but the level of pSTAT1 presented inconsistent patterns between RU and RR 

cells derived from SupM2 and Karpas 299 (Figure 4.6A-B).  

Then we tested if STAT1 is activated in RU and RR cells after oxidative stress. Firstly, 

we subjected RR and RU cells derived from SupM2 with various doses of H2O2 for 6 

hours, and observed that STAT1 was activated in a H2O2 dose-dependent manner, with 

the total STAT1 protein being not altered in this time frame (Figure 4.6A). The protein 

levels of p-MYCS62 and MYC decreased in both RU and RR cells in response to the 

high doses of H2O2 (Figure 4.6A). In addition, STAT1 was also found activated in both 

RU and RR cells derived from SupM2 in H2O2 re-challenge experiment (Figure 4.6C). 

Since STAT1 has been reported to suppress the expression of MYC in some cell 

models (32, 33), we asked if it is the same case in ALK+ALCL. Using Tet on-SupM2-

STAT1C cells where constitutively active STAT1 (STAT1C) can be induced by the 

addition of doxycycline, we observed that STAT1C indeed downregulates MYC 

expression (Figure 4.6D). Whereas, an in-depth study is required to further understand 

the biological role of active STAT1 in RU to RR cells conversion induced by oxidative 

stress. 
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Figure 4.6 STAT1 is activated in RU and RR cells upon oxidative stress. A-B) 

STAT1 is not differentially expressed between RU and RR cells, the expression of 

activated STAT1 (pSTAT1) is not consistently higher in RU cells derived from SupM2 

and Karpas 299 cell lines. In A, STAT1 was also activated in a H2O2-dose dependent 

manner at 6 hours in both RU and RR cells. MYC and p-MYCS62 were downregulated in 

RU and RR cells treated with higher doses of H2O2, but were upregulated in RU cells 

when treated with relatively low doses of H2O2 (such as 0.2 mM and 0.5 mM of H2O2). 

C) STAT1 was also activated in both RU and RR cells derived from SupM2 in H2O2 re-

challenge experiment. D) In Tet on-SupM2-STAT1C inducible system, induction of 

STAT1C downregulated the expression of MYC at 72 hours. 

 

 

 



230 
 

4.4 Discussion 

Oxidative stress occurs when the generation of various ROS overwhelms the intrinsic 

cellular anti-oxidant defense (34, 35). ROS includes superoxide anions (O2
-), hydrogen 

radical (OH-), hydrogen peroxide (H2O2) and ozone (O3) (35). ROS, normally generated 

as by-products of cell respiration, can serve as cellular messengers in redox signaling 

(36). The intracellular ROS level is stringently regulated in normal cells, as different 

levels of ROS induces different cellular responses (36). Specifically, low to medium 

level of ROS activates a number of stress-related signalling pathways (e.g. PI3K/AKT 

and MAPK/ERK) to promote cell survival, proliferation and differentiation (37), and high 

level or excessive ROS are cytotoxic to normal cells by oxidizing or damaging cellular 

DNA, proteins, and other macromolecules (38). However, cancer cells usually 

constitute relatively high level of ROS due to the endoplasmic reticulum (ER) stress and 

abberant signaling pathways that are related with cellular metabolism (38). 

Accompanyed with the high level of ROS, cancer cells also contain relatively high level 

of ROS scavengers, such as nuclear factor erythroid 2- related factor 2 (Nrf2) and 

glutathione (GSH) (38). Some stuides have suggested that ROS in cancer prmotes 

tumorigenesis (36, 39). For instance, chronic oxidative stress has been shown to 

enhance the tumorigenic potential and chemoresistance of ER+ breast cancer cell line 

MCF-7 by upregulating a number of pro-metastatic genes including vascular endothelia 

growth factor (VEGF) and CD44(13). With this background, we set to further study the 

biology of RU/RR cells, with the question whether RU cells can acquire tumorigenic 

potential and behave like RR cells upon oxidative stress.  
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One of the key findings of this study is that RU cells derived from ALK+ALCL can be 

induced to convert to RR cells upon oxidative challenge. Since our previous 

publications and current study indicated that RR cells are more clonogenic/tumorigenic,  

chemoresistant, and enhanced sphere-forming ability than RU cells (20, 21), the finding 

in this study represents a biological process of CSC plasticity or “acquired cancer 

stemness”, a concept that has been well-documented in a number of studies (9-11, 40). 

In fact, oxidative stress or other adversities has been shown related with CSC plasticity 

or “acquired cancer stemness” in some studies (10, 40-42). For example, Saijo et al 

reported that oxidaitve stress can induce the dedifferentiation of lung cancer non-CSCs 

into CSCs under oxidative stress through activating the transcription factor Homeobox 

A5 (HOXA5) and upregulating Sox2 expression (43). Hypoxia stress, an inducer of 

endogenous oxidative stress (36), also promotes the self-renewal capacity and 

enriches the CD133+ glioma stem cells population through activating PI3K/AKT and 

ERK1/2 pathways, whereas inhibition of PI3K/AKT or ERK1/2 significantly abrogates 

the CD133 expansion induced by hypoxia challenge (14). To our knowledge, the 

concept of CSC plasticity or “acquired cancer stemness” were mostly investigated in 

solid cancer models, studies in haematological malignancies are extremely few. We 

believe that data from this study supports the existence and molecular mechanisms of 

tumor plasticity induced by oxidative stress in haematological neoplasm ꟷ ALK+ALCL. 

 

To the best of our knowledge, the study models for CSC plasticity or “acquired cancer 

stemness” are extremely few, and most of the studies of “acquired cancer stemness” 

have focused on either the changes of expression levels of stem cell surface markers 
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(e.g. CD133 and CD44) or the percentages of side population cells, a small fraction of 

cells that are believed to be CSCs (22, 40, 41, 44-47). With literature search, we only 

found one recent publication in which the authors used a colorectal cancer cell model 

which harbors Wnt reporter with GFP as single readout (47). Specifically, the authors 

found that the Wnt reporter unresponsive colorectal cancer cells are able to convert to 

reporter responsive cells, which carry more stem-like features, upon the activation of 

Wnt pathway by hepatocyte growth factor (HGF) (47). We also believe the RU/RR 

model presented in our study is also a good tool for studying CSC plasticity, as the 

dynamic conversion of RU to RR cells can be simply detected by analyzing the 

expression of GFP and luciferase. In brief, we believe our RU/RR model is an easy and 

effective tool for studying CSC plasticity or “acquired cancer stemness”. 

 

While the phenomenon that RU cells convert to RR cells is not restricted to ALK+ALCL 

cell lines. Our lab recently have published that RU cells derived from two types of solid 

cancers, including ER+ breast cancer cell lines and esophagus squamous cancer cells, 

can also be induced to convert to RR cells upon oxidative challenge (22, 48). Gopal et 

al reported that Sox2 is implicated in the RU to RR cells conversion in ER+ breast 

cancer cells, but the detailed molecular mechanisms were not investigated (22). As for 

esophagus squamous cancer model, the activated PI3K/AKT/MYC is responsible for 

the RU to RR cells conversion induced by oxidative stress(48). Unlike ER+ breast 

cancer and the esophagus squamous cancer models, in the current study we found 

that it is the active Wnt/β-catenin/MYC/Sox2 axis that contributes to the RU to RR cells 

conversion in ALK+ALCL cell model. These studies have indicated that RU to RR cells 
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conversion is a universal phenomenon, but the underlying molecular mechanisms 

occur in a cellular context-dependent manner. 

 

It has been previously revealed that oxidative stress (e.g.H2O2) can activate a number 

of molecules and cellular signaling pathways (e.g. PI3K/AKT, MAPK/ERK, Wnt/β-

catenin, and STAT3) (35), of which Wnt/β-catenin is one of the most well-known 

pathways regulating cell pluripotency and differentiation (12). Funato et al reported that 

ROS activates the Wnt/β-catenin pathway by stabilizing β-catenin and interrupting the 

interaction between dishevelled (Dvl) and nucleoredoxin (NRX), a strong inhibitor of 

Wnt/β-catenin signaling (49). Keeping in line with this report, we also observed the 

stabilized β-catenin protein in the converted RR cells, as well as the RR cells upon 

H2O2 re-challenge. The stabilized β-catenin protein subsequently upregulates its 

downstream targets, including MYC. Our previous study suggested that the high level of 

MYC promotes Sox2 DNA binding and its transcriptional activity, and the 

transcriptionally active Sox2 in turn further potentiate the expression/activation of 

Wnt/β-catenin pathway (21). Indeed, in this study we found the potentiated Sox2-DNA 

binding and upregulated expression of Sox2 downstream targets, such as CTNNB1 

and WNT2B, in the converted RR cells, as compared to native RU cells. Results from 

current study further supported our RR cells model in which Wnt/β-catenin/MYC axis 

drives Sox2 transcriptional activity, which thereafter potentiates the Wnt/β-catenin 

activity, inducing a positive forward loop (21). Nevertheless, oxidative stress has also 

been shown to be critical for maintaining the active status of NPM-ALK kinase in 

ALK+ALCL (50), as inhibition of ROS generation by using a pharmacological 
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inhibitorꟷnordihydroguaiaretic acid (NDGA) led to the decreased activation of NPM-

ALK, as well as its downstream molecules, including STAT3, AKT and ERK1/2 (50). In 

our study, the activation status/expression level of NPM-ALK and STAT3 in both RU 

and RR cells derived from SupM2 show slight or no changes upon H2O2 re-challenge 

(Figure 4.3A). This conflicting result may be caused by different experimental protocols 

applied. Specifically, we created a chronic oxidative circumstance by using a low dose 

of H2O2 (0.3 mM) in our experimental model, while the authors of the report discussed 

above transiently subjected ALK+ALCL cells with high dose (1 mM) of H2O2 (for 1 hour) 

(50). Of note, we did find the robustly activated ERK1/2 after H2O2 re-challenge in both 

RU and RR cells (Figure 4.3A). Given that pERK1/2 are known to positively regulate 

the phosphorylation and stabilization of MYC protein (31, 51), it is highly likely that 

pERK1/2 are involved in the RU to RR cells conversion induced by oxidative stress in 

this context. In addition to this, our preliminary data also suggested that ERK1/2 is 

preferentially activated in RR cells to RU cells, and inhibition of ERK1/2 activity by MEK 

inhibitor U0126 in RR cells dramatically decreased the expression levels of MYC and 

Sox2, along with the significantly decreased SRR2 luciferase activity (Figure 4.5A-C). 

Nevertheless, further studies are necessary to unearth the biological roles of active 

ERK1/2 in the RU to RR cells conversion in ALK+ALCL. 

 

Our data also suggested that pharmacological inhibition of MYC or its upregulator ꟷ β-

catenin can significantly abrogate the RU to RR cells conversion induced by oxidative 

stress, furthering highlighting the biological significance of β-catenin and MYC in our 

RR cells model. In addition, although Sox2 expression is not appreciably altered in RU 
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cells derived from SupM2 upon H2O2 re-challenge, siRNA knockdown of Sox2 

significantly abolished the RU to RR cells conversion. Correlating well with this data, we 

found that Sox2 in the converted RR cells indeed bind DNA more efficiently and has 

increased transcriptional activity, as compared to native RU cells. Regarding the 

transcriptional activity of Sox2 in our experimental model, there is another possibility 

which is Sox2 being more phosphorylated or only phosphorylated in RR cells and the 

converted RR cells, instead of RU cells; because phosphorylation of Sox2 is reported to 

be essential for Sox2 transcriptional activity and stemness features in mouse 

embryonic stem cells (mESCs) and CSCs (52-54). For instance, Sox2 phosphorylated 

by AKT1 at threonine 118 (T118) is essential for Sox2 protein stabilization and its 

transcriptional activity to promote the pluripotent state of mESCs, while mESCs 

harboring mutated Sox2T118A has significantly attenuated pluripotency, as compared to 

cells transfected with wild-type Sox2 (52, 54). In cancer stem-like lung squamous 

carcinoma cells, protein kinase C ι (PKCι) has been reported to interact directly and 

phosphorylate Sox2 at Threonine 118 which subsequently enhances the hedgehog 

pathway to maintain a cancer stem-like phenotype (53). However, due to the lack of 

commercial antibody against human phosphorylated Sox2, phosphorylation of Sox2 in 

human cancer is extremely poorly understood. It will be of interest and value for an in-

depth understanding of the cell biology of RU, RR, and the converted RR cells by 

investigating the phosphorylation status of Sox2 in these cells.  

 

In addition, STAT1 is reported to be a tumor suppressor in ALK+ALCL (6). We were 

curious whether STAT1 is involved in RU/RR dichotomy or the RU to RR cells 

conversion induced by oxidative stress. However, data from this study suggested that 
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STAT1 is not consistently preferentially activated in either RU or RR cells from the two 

cell lines we utilized in our study, indicating that the activated STAT1 might not be an 

important regulator of the RU/RR dichotomy. Nevertheless, we observed that STAT1 is 

activated in RU and RR cells derived from SupM2 with H2O2 transient exposure and re-

challenge treatment (Figure 4.6A and 4.6C), in keeping with a previous report which 

showed that oxidative stress activates STAT1 in rat basilar arteries (55). The activated 

STAT1 has been shown to suppress MYC expression in some cell models (32, 33). In 

line with this, we also observed that STAT1 downregulates MYC expression in 

ALK+ALCL cell lines using Tet on-inducible system (Figure 4.6D). Of note, MYC 

expression is upregulated in both RU and RR cells upon H2O2 re-challenge, despite 

that STAT1 is also activated in this biological process. This may be explained by that 

oxidative stress-induced STAT1 activation is not sufficient to antagonize the oxidative 

stress-activated Wnt/β-catenin pathway that upregulates MYC expression in our cell 

models. Nevertheless, it will be of interest to investigate the biological role of STAT1 in 

the RU to RR cells conversion induced by oxidative stress. 

 

In summary, our study has demonstrated a novel experimental model in which acquired 

tumorigenic potential upon oxidative stress was shown in ALK+ALCL, and highlighted 

the significance of the Wnt/β-catenin/MYC/Sox2 axis in this biological process.  
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5.1 Thesis overview 

In this thesis, I have further investigated the molecular mechanisms underlining the 

pathobiology of ALK+ALCL by demonstrating deregulated proteins or signaling 

pathways directly or indirectly related with NPM-ALK which is the key oncogenic driver 

in this malignance (1). In Chapter 2, I presented that the expression of STAT1 is 

decreased in ALK+ALCL because of NPM-ALK that induces the phosphorylation of 

STAT1 at Y701 and thereby promotes STAT1 degradation in a STAT3-dependent 

proteasome manner (2). In Chapter 3, I presented the molecular mechanisms 

underlining the dichotomy of two distinct cell populations derived from ALK+ALCL cell 

lines, namely RU and RR cells, based on their differential responsiveness to a Sox2 

reporter ꟷ SRR2. In this study, I found that NPM-ALK/STAT3 is involved in the RU/RR 

dichotomy, as NPM-ALK/STAT3 provides the basal expression levels of MYC and Sox2 

in both RU and RR cells. However, the NPM-ALK/STAT3 axis alone does not account 

for the distinct biological and biochemical differences between RU and RR cells, 

because RU and RR cells exhibit a similar expression/activation of NPM-ALK/STAT3 

(3). Briefly, in this study I found that the positive loop involving Wnt/β-

catenin/MYC/Sox2 axis defines the biochemical features of RR cells that carry high 

tumorigenicity and chemoresistance. In Chapter 4, I showed that RU cells derived from 

ALK+ALCL can be induced to convert to RR cells by oxidative stress, a biological 

process known as “acquired tumorigenic potential” or tumor plasticity. In this study, I 

found that the converted RR cells share similar biological functions and biochemical 

features with native RR cells; moreover, increased expression/activity of Wnt/β-
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catenin/MYC/Sox2 axis is required for the RU to RR cells conversion induced by 

oxidative stress. 

 

5.2 STAT1 in ALK+ALCL 

STAT1 has been widely studied in a number of cancer models, including breast cancer 

(4-6), esophagus squamous cancer (7, 8), melanoma (9, 10), and T-cell leukemia (11, 

12). Intriguingly, STAT1 serves as either a tumor suppressor or a tumor promoter in 

different types of cancer or even in the same type of cancer of different disease stages, 

indicating the importance of cellular context in determining the biological roles of 

STAT1 in cancer (13-17).  

The downregulation of STAT1 expression in cancer cells has been reported in a few 

studies (7, 8, 18, 19); however, how STAT1 expression is decreased in cancer remains 

poorly studied. In this study, using immunohistochemical staining, I demonstrated that 

STAT1 expression is decreased/lost in 7/7 ALK+ALCL primary tumor samples by using 

immunohistochemical staining, while STAT1 expression is relatively high in  5/5 ALK-

ALCL (2). One of the limitations of this study is the very small number of primary patient 

samples used. It would be more convincing to include a large cohort of primary tumor 

cases in this study, and it is also of interest to study whether the expression level of 

STAT1 correlates with disease progression in ALK+ALCL patients. Regarding this, the 

Lai lab previously published that the high expression of STAT1 correlates with 

favourable prognosis in esophagus squamous carcinoma patients (n=131) (7). 
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Surprisingly, NPM-ALK is directly implicated in the downregulation of STAT1 in 

ALK+ALCL, as it promotes the phosphorylation of STAT1 at Y701, an active form of 

STAT1, and facilitates its degradation in ubiquitin-proteasome pathway (2). A recent 

study has indicated that phosphorylation of STAT1 at Y701, being the major form of 

ubiquitinated STAT1 induced by IFNs, is rapidly degraded in ubiquitin-proteasome 

pathway in 293T cells (20). My data also suggests that STAT3 is required in this 

biological process, despite the underlining mechanism being not investigated (2). There 

is evidence showing that the E3 ubiquitin ligase ꟷ MDM2 is the mediator of STAT3 in 

downregulating the tumor suppressor p53 in ubiquitin-dependent proteasome pathway 

in colorectal cancer and prostate cancer (21, 22). Identification of the mediator of NPM-

ALK/STAT3ꟷinduced STAT1 downregulation in ALK+ALCL would provide more details 

for the in-depth understanding of STAT3/STAT1 interaction. 

I have also shown that STAT1 functions as a potent tumor suppressor, if its 

overexpressed to a relatively high level, in ALK+ALCL in vitro and in vivo (2). 

Consistent with other reports, activation of STAT1 attenuates the STAT3 transcriptional 

activity by decreasing STAT3 DNA binding/downstream targets and increasing the ratio 

of STAT1/STAT3 heterodimers (23). Of note, in my study, it would be helpful to further 

understand the biological functions of STAT1 in ALK+ALCL by identifying the gene 

expression profiles upon STAT1 overexpression.   

 

 

 



248 
 

5.3 The RU/RR dichotomy in ALK+ALCL 

The concept of intra-tumor heterogeneity has been well documented in a few recent 

reviews (24-28), while our understanding of intra-tumor heterogeneity in haematological 

neoplasms remains poor. Lai lab previously revealed two distinct cell populations in 

ALK+ALCL cell lines using a Sox2 reporter−SRR2 (3). The cells responsive to the 

reporter (RR) cells are found to be more invasive, tumorigenic and chemoresistant than 

cells unresponsive to the reporter (RU) (3). A recent literature reported that the CSCs 

derived from ALK+ALCL cell lines and patient samples, identified by side population 

technique, harbor relatively high protein level of NPM-ALK and ABCG2, a cell surface 

drug transporter, as compared to the major cell population (29). I firstly texted whether 

RR cells are enriched with these side population cells by using the side population 

technique. However, I was unable to detect these small side population cells in both RU 

and RR cells, and this has been discussed in section 3.4 of Chapter 3. Considering that 

RR cells share some cancer stem-like phenotypes (e.g. chemoresistance and sphere-

forming ability), I then tested whether RR cells share biochemical features with these 

CSCs derived from ALK+ALCL cell lines identified by the above authors, such as the 

expression level of NPM-ALK and ABCG2 (29). However, my data suggests that RU 

and RR cells express almost identical level of NPM-ALK (in protein level) and ABCG2 

(in mRNA level). In brief, my data suggests that RR cells have different biochemical 

features with the tumor-propagating cells identified by the side population assay as 

reported by Moti et al, further indicating the complexity of ALK+ALCL intra-tumor 

heterogeneity (25).  
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My study presented in Chapter 3 unearths that MYC is a key player in the RU/RR 

dichotomy. Specifically, as a result of the highly active Wnt/β-catenin pathway, RR cells 

express a higher level of MYC than RU cells, and the high level of MYC promotes Sox2 

DNA binding and its transcriptional activity. The transcriptionally active Sox2 enhances 

the activation of Wnt/β-catenin pathway, which thereafter increases the expression of 

MYC, thus forming a positive forward loop. My data also suggests that modulation of 

the Wnt/β-catenin pathway can influence SRR2 reporter responsiveness in RU cells, as 

evidenced by that in the transwell experiment RU cells can convert to “RR-like” cells 

when co-cultured with RR cells which express a relative higher level of Wnt ligands, 

such as Wnt2B. Regarding the transwell experiment presented in Chapter 3, one may 

ask why RU cells are not able to convert to RR cells in the cultured ALK+ALCL cells 

before sorting RU and RR cells. I do consider that RR cells only account for a small 

percentage of whole cell populations, and the cytokines secreted by RR cells (e.g. 

Wnt2B) are much diluted in the cultured medium, thus the conversion of RU cells to 

“RR-like” induced by these cytokines is inappreciable. This notion has been supported 

by my result that RU cells are not able to convert to RR cells when co-cultured with 

parental ALK+ALCL cells or diluted RR cells (e.g.  The dilution of RR/RU=1:10).  

Regarding the phosphorylation status of Sox2 in RU and RR cells, I speculate that 

Sox2 is only phosphorylated or more Sox2 is phosphorylated in RR cells in comparison 

to RU cells, as Sox2 phosphorylation is known to be essential for maintaining stemness 

in embryonic stem cells and CSCs (30-33). Sox2 phosphorylation in cancer cells is 

poorly studied because of the lack of commercial and reliable antibody against human 

phosphorylated Sox2. The Lai lab previously used mass spectrometry assay and 
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identified two potential phosphorylation sites of Sox2, Threonine 116 and Threonine 

118, which only exist in RR cells derived from ER+ breast cancer cell line MCF-7 (Wu F, 

personal communication, Sept, 2012). It would be of interest to perform the similar 

study in RU and RR cells derived from ALK+ALCL, and further studies are needed to 

investigate the phosphorylation status and residues of Sox2 in the RU/RR dichotomy 

for an in-depth understanding of the biology of RU and RR cells. 

In this study, I also observed that RU cells with overexpressed MYC are not exactly RR 

cells, despite that RU cells with MYC overexpression have demonstrated as 

comparable chemoresistance and tumorigenicity as RR cells do. As shown in Chapter 

3, RU cells stably transfected with MYC still have significantly lower SRR2 reporter 

activity than RR cells. This indirectly suggests that additional factors are required in RU 

cells to fully drive SRR2 reporter responsiveness. 

Another interesting observation in my experience is that RR cells automatically lose 

SRR2 reporter activity to become “RU-like” cells in the long term cell culture condition. 

Specifically, in regular cell culture condition, RR cells derived from SupM2 and Karpas 

299 with initial purity of >95% GFP-positive cells, would gradually lose GFP-positive 

cells and eventually reach a stable state containing ~40% and ~10% GFP-positive cells, 

respectively, in 20 weeks. In contrast, RU cells, the GFP-negative cells, always remain 

in a relatively stable state. This phenomenon reveals that RR cells, a more tumorigenic 

and cancer stem-like cell population, would automatically differentiate to a less 

tumorigenic or cancer stem-like state, supporting the CSC model in which CSCs are 

capable to differentiate into non-CSCs (25). Of note, in my study, I cannot name RR 

cells as CSC cells because of the lack of serial transplantation assay, which is the gold 
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standard assay for identifying CSCs (34). Therefore, to compare the tumor-initiating 

ability of RU and RR cells, the serial transplantation assay should be performed in 

immunodeficient mice, which is also my future study plan. 

 

5.4 Oxidative stress-induced tumorigenic potential in ALK+ALCL 

“Acquired cancer stemness” or CSC plasticity is a popular concept that has been raised 

in recent years (25, 27, 35, 36). It is believed that the CSC phenotype is a dynamic 

state that can be acquired by non-stem cells if appropriate stimuli and 

microenvironment are present (9). For instance, it has been observed that a subset of 

transformed human mammary epithelial cells spontaneously de-differentiate into stem-

like cells both in vitro and in vivo (37). In another study, fludarabine was used to induce 

the non-side population cells derived from chronic lymphocytic leukemia to become 

side population cells which are shown to be more chemoresistant (38). CSC plasticity 

has been postulated to be a major mechanism to explain how cancer cells develop 

resistance to chemotherapy, and ultimately, to contribute to cancer treatment failure (36, 

39, 40).  

However, due to the lack of good cell models, the exact molecular mechanisms 

underlying “acquired cancer stemness” or CSC plasticity are not well-understood, 

especially in haematological malignancies. I believe the RU/RR cell model is a good 

tool for studying tumor plasticity. In Chapter 4, I showed that RU cells can be induced to 

convert to RR cells upon oxidative stress. Further evidence showed that the converted 

RR cells share similar biological functions and biochemical features with native RR cells. 
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Although oxidative stress-induced “acquisition of stemness” has been recently reported 

in ER+ breast cancer cell lines, patient samples, and esophagus squamous cancer 

cells, the molecular mechanisms underlined were completely distinct (41, 42). In my 

model, I found the active Wnt/β-catenin/MYC/Sox2 axis is responsible for the RU/RR 

conversion induced by oxidative stress.  

However, I also observed the ERK1/2 is highly active in both RU and RR cells upon 

H2O2 re-challenge. Although the biological role of active ERK1/2 in the RU to RR cells 

conversion induced by oxidative stress is not investigated in my study, it is likely that 

active ERK1/2 partially contributes to this conversion, as active ERK1/2 is shown to 

phosphorylate and stabilize MYC in various cell models (43-46). My data also suggests 

that ERK1/2 is preferentially activated in RR cells and inhibition of ERK1/2 activity by 

using MEK inhibitor U0126 in RR cells dramatically decreased the MYC protein level 

and the SRR2 luciferase activity, suggesting the involvement of active ERK1/2 in the 

RU/RR dichotomy (Figure 4.5).  Further studies are required to understand the 

biological roles of active ERK1/2 in the RU to RR cells conversion. 

Another interesting question in this study is that whether Sox2 is phosphorylated in the 

converted RR cells, and what kinase(s) is involved here to interact and phosphorylate 

Sox2. As indicated in a number of reports, phosphorylated Sox2 is implicated in 

maintaining stemness in embryonic stem cells and CSCs (30-33). To my knowledge, 

there is no literature so far reporting the relationship of phosphorylated Sox2 and 

oxidative stress in either ESCs or cancer cells models. It will be of interest to delineate 

the phosphorylation status of Sox2 in the converted RR cells induced by oxidative 

stress, with comparison to RU and native RR cells. 
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In addition to oxidative stress, hypoxia stress also appears to be a good tool to study 

tumor plasticity using RU/RR cells model. Hypoxia stress, a specific tumor 

microenvironment caused by low oxygen supplements (47), has been reported to 

induce cancer stemness in a wide range type of human cancer and this notion has 

been well reviewed in some recent literature (47-50). Whether hypoxia challenge also 

induces RU to RR cells conversion needs further investigation. 

 

5.5 STAT1 and the RU/RR dichotomy 

As shown in Chapter 2, STAT1 is a potent tumor suppressor in ALK+ALCL. 

Overexpression of STAT1 induces cell cycle-arrest and cell apoptosis at least by 

downregulating STAT3 downstream targets, including Survivin, Bcl2 and MYC (Figure 

2.5 and Figure 4.6C). Initially I also tested whether STAT1 is differentially expressed or 

activated in RU and RR cells, thus partially contributing to the RU/RR dichotomy. 

However, the Western blotting results suggested that RU and RR cells derived from 

SupM2 and Karaps 299 express similar levels of total STAT1, with inconsistent patterns 

of active STAT1 level between the two cell subsets (Figure 4.6A-B).This result 

indicates that the RU/RR dichotomy is not attributed to the different level of active 

STAT1 in the two cell subsets. Notably, the biological function of STAT1 is studied in 

ALK+ALCL cells as a whole cell population in Chapter 2. It is reasonable to propose 

that overexpression of STAT1 may not be able to induce as sufficient cell apoptosis or 

cell cycle-arrest in RR cells as it does in RU cells, because RR cells carry more cancer 

stem-like features including chemoresistance and sphere-forming ability. To support 

this, further studies are needed to compare the sensitivity of RU and RR cells to STAT1 
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overexpression-induced cell apoptosis or cell cycle-arrest. Of note, whether 

overexpression of STAT1 can diminish the biological or biochemical features of RR 

cells is another interesting question. To my knowledge, the biological role of STAT1 in 

cancer stem cells has not been investigated yet. 

In addition, I observed that STAT1 is activated in both RU and RR cells derived from 

SupM2 upon H2O2 re-challenge (Figure 4.6C). The active STAT1 has been shown to 

suppress MYC expression in some cell models (51, 52). In keeping with this notion, I 

also found that constitutively active STAT1 downregulates MYC expression in Tet on-

inducible SupM2-STAT1C cells (Figure 4.6D). However, the active STAT1 stimulated 

by oxidative re-challenge was not able to downregulate MYC expression in RU cells 

upon H2O2 re-challenge, this is probably because of the oxidative stress-activated 

Wnt/β-catenin pathway which in contrast promotes MYC expression and counteracts 

the activated STAT1 pathway.  

 

5.6 Conclusions and future directions 

Overall, my study, firstly, has revealed a novel mechanism of downregulation of STAT1 

by NPM-ALK in STAT3-dependent proteasome pathway, representing a novel 

mechanism by which NPM-ALK exerts its oncogenic role in ALK+ALCL. It is of 

paramount interest to study whether other tyrosine kinases have similar effects on 

STAT1 in other types of cancer models. STAT1 functions as a potent tumor suppressor 

in ALK+ALCL if it is overexpressed to a relatively high level. The interplay between 

STAT1 and STAT3 has also been well demonstrated in my study. In brief, this study 
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has revealed that STAT1 and STAT3 act as Ying and Yang in oncogenesis in 

ALK+ALCL cell model, providing insight into the functionally interaction of 

STAT1/STAT3 in cancer. My study has also shred important insight on that activating 

STAT1 signaling would be an attractive therapeutic strategy in treating ALK+ALCL, 

even potentially other types of cancer where STAT3 is constitutively activated. 

Secondly, my study has unearthed the biochemical features of a cancer stem-like 

subpopulation in ALK+ALCL. Specifically, the positive forward loop involving Wnt/β-

catenin/MYC/Sox2 axis defines this cancer stem-like cell subpopulation. This study has 

revealed promising therapeutic targets for these cancer stem-like cells in ALK+ALCL by 

targeting Wnt/β-catenin/MYC/Sox2 axis. Specifically, doxorubicin, adjuvanted with 

Wnt/β-catenin inhibitor or MYC inhibitor, can be potentially applied to ALK+ALCL 

patients who develop chemoresistance and tumor relapses. Lastly, oxidative stress has 

been shown to potentiate the tumorigenicity of ALK+ALCL, in which the active Wnt/β-

catenin/MYC/Sox2 axis is required. This study has supported the notion of CSC 

plasticity or “acquired cancer stemness” in haematopoietic cancer. My study has 

provided evidence that “acquired cancer stemness” can be achieved in haematopoietic 

cancer model by oxidative stress. The biological process of “acquired cancer stemness” 

can be easily studied by using the RU/RR cells model, as the SRR2 reporter 

responsiveness is a useful approach to identify and quantify cancer stemness. I believe 

the RU/RR cells model is a good model that can be applied to other types of cancer for 

identifying cancer stem-like cell populations or studying “acquired cancer stemness”. 

The future study involves evaluation of the expression of STAT1 and MYC being as 

prognostic markers for ALK+ALCL disease. Furthermore, in vivo studies are warranted 
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to investigate the feasibility of the novel therapeutic targets, including activation of 

STAT1 and targeting Wnt/β-catenin/MYC/Sox2 axis, in mouse models mimicking 

human ALK+ALCL disease or patient-derived xenograft model.  

In general, I believe the studies from this thesis have furthered the understanding of the 

pathobiology of ALK+ALCL cells and shed light on the complexity of intra-tumor 

heterogeneity and tumor plasticity in this haematological malignancy.   
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