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 1 Introduction 

 

1.1 Cancer 

World Health Organization (WHO) defines cancer as the following, ―Cancer is 

a generic term for a large group of diseases that can affect any part of the body. One 

defining feature of cancer is the rapid creation of abnormal cells that grow beyond 

their usual boundaries, and which can then invade adjoining parts of the body and 

spread to other organs. This process is referred to as metastasis. Metastases are the 

major cause of death from cancer‖ (last visited 05 June 2016) 

(http://www.who.int/mediacentre/factsheets/fs297/en/). Organs and tissues maintain a 

highly regulated balance between cell death and renewal, yet cells arise that no 

longer respond to the growth control mechanisms, leading to formation of clones that 

expand and divide causing tumor or neoplasm.  

The cancer cells not only undergo abnormal cell growth and proliferation but 

also invade adjacent tissues or metastasize to distant organs/tissues through blood or 

lymph. Malignant tumors if untreated progressively become worse, potentially leading 

to death. Malignant tumors are classified based on the cell of origin of the tumor. 

Cancers such as that of the colon, breast, prostate and lung arise from the 

ectodermal or endodermal tissues whereas malignant tumors of the hematopoietic 

system are called leukemia - (which proliferate as single cells) and lymphomas – 

(which grow as tumor mass, especially in the lymphoid organs). Sarcomas are tumors 

derived from mesodermal connective tissues like bone, fat and cartilage.  

Cancer is one of the leading causes of death in the world. There are more than 

100 distinct cancer types known (Siegel et al. 2015). 
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Figure 1: Most common cancers expected to occur in men and women in 2015 (Siegel 

et al. 2015; page 8) 

 

1.1.1 Hallmarks of cancer: 

Six hallmarks of cancer were described by Hanahan and Weinberg in 2000 

which include self-sufficiency in growth signals, evading growth suppressor, evasion 

of apoptosis, limitless replicative potential, sustained angiogenesis, invasion and 

metastasis. Recent advancements in genomics such as whole genome and whole 

exome sequencing of cancer entities have led to the appreciation of the role of 

genomic instability and genomic complexity in tumorigenesis.  
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Moreover, numerous studies on the tumor microenvironment have revealed 

how tumor cells evade immune surveillance as well as modulation and rewiring of the 

microenvironment to obtain growth signals from the non-tumor counterparts thereby 

favoring proliferation and survival of the tumor cells. Also, the intriguing ability of 

cancer cells to adapt to alternative cellular metabolic pathways to meet the high 

energy demands have proved to be an important aspect in tumor biology as well as 

for development of specific therapeutic strategies to target these tumor tissue 

dependencies. Thus in 2011, Hanahan and Weinberg published ―the hallmarks of 

cancer: next generation‖ which includes four more hallmarks involved in the 

transformation of a normal cell into a malignant cell. The new list of hallmarks 

contains genomic instability, evasion of the immune surveillance, tumor promoting 

inflammation and deregulation of cellular metabolism (Hanahan & Weinberg 2011; 

Hanahan 2000). 

 

 

Figure 2: Ten hallmarks of cancer (Hanahan and Weinberg 2011) 
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1.1.2 Causes and treatment of cancer 

Malignant transformation of a normal cell is a multistep process. The causes 

for transformation could be classified into the following three categories 

1. Physical carcinogens like ultra violet rays or ionizing radiation. 

2. Chemical carcinogens like components of tobacco smoke, food contaminants 

and drinking water contaminants.  

3. Biological carcinogens like infections from certain viruses, bacteria or 

parasites.  

Heredity is another important biological factor in carcinogenesis of colon cancer, 

colon cancer, breast cancer and ovarian cancer (Peltomäki 2003, Petrucelli et al. 

1998). Aging is another fundamental biological factor that leads to the development of 

cancer (Finkel et al. 2007).  

The recent advancement in disease characterization has exposed the 

molecular mechanism of disease progression and new therapeutic targets. Treatment 

of cancer has been evolving during the past few decades from classical radiation 

therapy and chemotherapy or the combination of both to the recent discovery of small 

molecule inhibitors for more personalized therapy. Large tumors can be surgically 

removed. 

 

1.1.3. Hematological malignancies  

Cancer that develops from the bone marrow affecting the blood cells and the 

lymphatic system are categorized as hematological malignancies. Leukemia, 

lymphoma and myeloma are the major classification of hematological malignancies. 

The hematopoietic stem cells in the bone marrow differentiate into hematopoietic 

progenitors which further differentiate to give rise to the lymphoid or myeloid lineages. 

The lymphoid progenitors receive signals from the bone marrow microenvironment 

that leads to the development of one cell type such as B cells (Cambier et al. 2007). 

About 95% of lymphomas are of B cell origin (Kuppers 2005).  
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Normal B-cell development progresses through the pro B-cell, pre B-cell, 

immature and mature B-cell stages.During this differentiation, functional 

rearrangement at the V, D and J gene segments of the immunoglobulin H chain locus 

and V and J gene segments of the immunoglobulin L chain locus results in the 

generation and surface expression of B-cell receptor (BCR) which is capable of 

antigen binding. Immature B cells undergo receptor editing and clonal deletion 

process inorder to prevent the development of self reactive cells.  The immature B-

cell which does not recognize the antigens leaves the bone marrow as mature naïve 

B cells. The naïve B cells upon activation by an antigen, enter the germinal center 

(GC), where they differentiate and proliferate into memory B cells and plasma cells 

(Alberts et al. 2008).   

 Deregulations of this maturation process are causative for the development of 

various B cell malignancies. Most lymphomas evolve from the germinal center (GC) B 

cells or from the B cells which have traversed the germinal center, indicating its role 

in the pathogenesis of B cell lymphoma. The different types of B cell lymphomas 

include diffuse large B-cell lymphoma (DLBCL), which is the most commonly 

occurring among the non-hodgkins lymphomas (NHL) with a frequency ranging from 

35-60% (Nathwani 2012). DLBCL is characterized by large B-cells and morphological 

variants like centroblasts and immunoblasts. Follicular lymphoma (FL), with 20- 30% 

frequency rate of all NHL, is characterized by a follicular growth pattern, resembling 

GC B cells both morphologically and phenotypically, with translocated BCL2-IgH 

locus (Ott & Rosenwald 2008). The next most frequently occurring lymphoma is the 

classical Hodgkin‘s lymphoma (cHL), characterized by the presence of bizarre 

multinucleated large Hodgkin‘s Reed Sternberg (HRS) cells.The tumor cells of cHL 

do not share any phenotype with other hematopoietic cell counterparts (Kuppers 

2005). 

 



Introduction 

6 
 

 

Figure 3: Cellular origin of human B-cell lymphomas (Kuppers 2005, page 256) 

 

1.2. Hodgkin’s lymphoma 

Hodgkin‘s lymphoma is one of the most frequent lymphomas in the western 

world, with an incident rate of 3 in every 100,000 people each year. It is a common 

lymphoid neoplasm in young patients with a median age of diagnosis at 38 and 

approximately 40% of the patients were diagnosed at the age of 35 (Diefenbach et al. 

2013).   

The cells that hallmark this cancer are mononucleated Hodgkin cells, first 

described by Thomas Hodgkin and multinucleated Reed-Sternberg cells, described 

by Dorothy Reed and Carl Sternberg around 1900‘s. Based on the differences in 

morphology and phenotype of lymphoma cells and cellular infiltrate, Hodgkin‘s 
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lymphoma is subdivided into classical Hodgkin‘s lymphoma (cHL) and nodular 

lymphocyte predominant Hodgkin‘s lymphoma (NLPHL), which accounts for 5% of 

the cases. Classical Hodgkin‘s Lymphoma is further subdivided into nodular sclerosis 

(NSCHL), mixed cellularity (MCCHL), lymphocyte depletion (LDCHL) and lymphocyte 

rich (LRCHL). NSCHL is characterized by extensive fibrotic bands separating nodules 

containing Reed Sternberg cells, accounts for about 60% of the cases. MCCHL is 

characterized by mixed cellular infiltrate and this accounts for about 30% of the cases 

(Kuppers 2009).  The following table (Table 1) describes the salient histological and 

clinical features of Hodgkin‘s lymphoma (Mani & Jaffe 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

8 
 

Subtype 
Salient Histopathological 

features 

Incidence/ 

Epidemiology 
Sites Prognosis 

NLPHL  

(Nodular 

lymphocyte-

predominant 

hodgkin‘s 

lymphoma) 

1. LP cells (Background of small 

lymphocytes in a nodular or 

nodular and diffuse pattern must 

be present at least focally)2. 

Background of small B-cells with 

mantle cell phenotype (IgD+, 

IgM-). 3. Expanded meshworks 

of FDCs, as seen by CD21 

immunostain. 4. Epithelial 

histiocytes are present in 

varying numbers 

M:F (3:1), unimodal 

peak in 4
th
 decade, 

also occurs in 

children 

Peripheral LN; 

single node 

rather than 

group of nodes 

Good response 

to Rx, slow 

progression, 

frequent 

relapses may 

progress to 

THRBCL or 

DLBCL 

LRCHL or 

LRHL 

(Lymphocyt

e-rich 

classical 

hodgkin‘s 

lymphoma) 

1. Classical HRS cells few in 

number. (Most often nodular 

HRS cells found in 

marginal/mantle zone around 

regressed GCs with dense FDC 

networks). 2. May show 

aggregates of epithelial 

histiocytes, but eosinophils and 

neutrophils are rare.  

M:F (2:1) Peripheral LN Usually low 

stage good 

prognosis 

infrequent 

relapses 

MCCHL 

(Mixed 

cellularity 

classical 

hodgkin‘s 

lymphoma) 

1. Diffuse lymph node 

effacement with numerous HRS 

cells; mixed inflammatory 

background with lymphocytes, 

eosinophils, plasma cells, 

histiocytes, 2. Granulomas may 

be present 

M:F (2:1), 

developing 

countries, young 

children and older 

aduts, HIV, B-

symptoms 

Peripheral LN, 

spleen. 

Advanced 

stage 

Prognosis 

intermediate 

between LRHL 

and LDHL 

LDCHL or 

LDHL 

(lymphocyte 

depletion 

classical 

hodgkin‘s 

lymphoma) 

1. Diffuse fibrosis variant-hypo 

cellular background and 

abundant disordered non-

birefringent fibrosis, abundant 

histiocytes but fewer 

lymphocytes. 2. Reticular variant 

– numerous HRS cells with 

bizarre cytological features 

M:F (4:1), Rare, 

HIV, developing 

countries, B-

symptoms 

Retroperitonea

l and 

abdominal 

Advanced 

stage 

Aggressive 

course 

NSCHL 

(nodular 

sclerosis 

classical 

hodgkin‘s 

lymphoma) 

1. Capsular fibrosis and broad 

collagen bands, often 

perivascular. 2. Lunar cells and 

mummified cells. 3. Grades I 

and II differ in number of HRS 

cells and presence of necrosis in 

latter 

M:F (1:1) Most 

common subtype in 

west, adolescents 

and young adults, 

B-symptoms 

Cervical, 

axillary and 

mediastinal,  

Prognosis 

intermediate 

between LRHL 

and LDHL 

 

Table 1: Subtypes and features of classical Hodgkin‘s lymphoma 

LP – Lymphocyte predominant; HRS- Hodgkin and Reed-Sternberg; FDC – Follicular 

dentritic cells; Ig – immunoglobulin; M- male; F- female; LN- lymph node; DLBCL – 

diffuse large B-cell lymphoma; THRBCL – T-cell/histiocytes rich B-cell lymphoma.  
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1.2.1 Diagnosis and staging of cHL  

Excisional biopsy from the suspected lymph node is done for the initial 

diagnosis of the disease. Computed tomography (CT) or Positron emission 

tomography (PET) is used in the initial staging and in patients with residual tumor 

mass. The Ann Arbor staging system was developed 30 years ago to define patients 

who could be treated with radiotherapy and is still valid. The system was modified by 

Cotswold in 1989 which includes the prognostic significance of bulky disease and 

regions of lymph node involvement. (Lister et al. 1989). The table 2 shows the 

Cotswold Modification of Ann Arbor Staging System. 

Stage Area of involvement 

I Single lymph node region or lymphoid structure (eg. Spleen, thymus, 

waldeyer‘s ring) 

II Two or more lymph node regions on the same side of the diaphragm 

III Lymphnodes of both sides of the diaphragm 31: with splenic hilar, coeliac or 

portal nodes  32:with para-aortic, iliac or mesenteric nodes 

IV Extranodal sites 

X Bulky disease: greater than a third widening of mediastinum, greater than 

10cm maximum diameter 0f nodal mass 

E Involvement of single, contiguous or proximal extranodal site 

A/B Fever, drenching night sweats, weight loss greater than 10% in 6 months. 

 

Table 2: Stages of classical Hodgkin‘s lymphoma 

 

Chemotherapy alone or in combination with radiotherapy results in a cure rate 

of 90 % in early stage patients. For advanced stage disease, front line treatments 

used are ABVD (doxorubicin, bleomycin, vinblastine, and dacarbazine), Stanford V 

(doxorubicin, vinblastine, mechlorethamine, vincristine, bleomycin, etoposide, and 

prednisone) or escalated BEACOPP (bleomycin, etoposide, doxorubicin, 

cyclophosphamide, vincristine, procarbazine, and prednisone). In case of patients 

with replase/ refactory disease autologous stem cell transplant (ASCT) normally 

performed along with chemotherapy. In spite of the high cure rate, challenges still 
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remain in finding new targeted therapeutic strategies to cure the fewer patients with 

relapse or progressive disease (Diehl 2004).  

 

1.2.2 Novel therapeutic strategiesfor cHL: 

 Recent advancements in understanding the molecular mechanisms of 

hodgkins lymphoma has led to the discovery of novel therapeutic strategies like 

monoclonal antibody, single molecule signal transduction inhibitors, epigenetic 

modulators and agents that impact the microenvironment (Batlevi & Younes 2013).  

 

Monoclonal antibody 

CD30 belongs to the TNF family of cell surface receptors.It is highly expressed 

on the HRS cell surface but the expression on normal B-cells is much lower than that 

of the HRS cells (Engert 2013). An antibody drug-conjugate, brentuximabvedotin has 

been generated by conjugating the naked CD30 antibody SGN30 to 

antitubulinmonomethylauristatin E. Brentuximabvedotin has been approved by the 

Food and Drug Administration (FDA) for the treatment of Hodgkin‘s lymphoma 

(Vaklavas & Forero-Torres 2012). This drug has showed an overall response rate of 

71% and complete remission of 34% of patient who are naïve to autologous stem cell 

transplantation therapy resulting in a transplantation eligibity after therapy (Sasse et 

al. 2013). Monoclonal antibodies against CD20, CD40, CD80 and PD1/PD-L1 were 

also developed and are in different stages of clinical trials for treatment of cHL. The 

receptor targeted therapies under investigation include: galiximab, AFM 13 and 

HCD122, targeting CD80, CD30/CD16 and CD40 on the HRS cell surface 

respectively. (Smith et al. 2012, Nozawa et al. 1998, Rothe et al. 2011).  

 

Agents targeting active signaling pathways: 

NF-κB signaling in cHL is of key importance. The small molecule inhibitor, 

bortezomibdown regulates NF-κB signaling andenhances apoptosis by down 
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regulating the anti-apoptotic molecules. Though bortezomib demonstrated little 

efficacy as a single agent, it has been shown to function as a chemotherapy 

sensitizing agent (Kashkar et al. 2007). It has been evaluated in combination with ICE 

(ifosfamide, carboplatin, etoposide) chemotherapy, with encouraging results, but it is 

very unlikely that bortezomibwill replace brentuximabvedotin in combination with ICE 

chemotheraphy (Fanale et al. 2011).  

SB1518, a selective inhibitor of Jak2 and FLT3 is in phase I clinical trialon 14 

patients with cHL out of which 6 patients achieved stable disease with the treatment 

(Hart et al. 2011). AZD1480 is another JAK1/2 inhibitor which shows 

immunomodulatory effects at low concentrations by down regulating the expression 

of PD-L1 and PD-L2, which are involved in immune recognition (Blum et al. 2007, 

Derenzini et al. 2011). Idelaisib (GS-1101 or CL101), an oral PI3Kδ- selective small 

molecule inhibitor, showed promising clinical activity in a variety of B cell 

malignancies and is currently being evaluated in patients with relapsed HL. The 

ongoing clinical trial with IPI-145, another small molecule inhibitor targeting PI3Kδ 

and PI3Kγ isoforms, shows clinical activity in patients with relapsed HL (Meadows et 

al. 2012). Everolimus, a small molecule inhibitor of mammalian target of rampamycin 

(mTOR) kinase which is down stream of PI3K/AKT, has shown an overall response 

rate of 47% in 19 patients treated (Johnston et al. 2011) 

Moreover, the results are promising to prompt an additional 

evaluationofcombination of rapalogswith HDAC inhibitors, as the in vitro data have 

demonstrated synergy. Early results from phase I study with HDAC inhibitor 

witheverolimusinvolving 13 HL patients showed an ORR of 50% with 72% of the 

patients having a tumor reduction of -12% to -72%. These results are favorable than 

the single agent outcome of either of the drugs (Lemoine et al. 2012, Younes et al. 

2011).  
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1.2.3 Biology of cHL 

 Hodgkin's lymphoma is characterized by the presence of Hodgkin's Reed 

Sternberg (HRS) cells which have lost their B cell phenotype. HRS cells are 

multinucleated and havederegulated signaling pathways like JAK-STAT signaling, 

NF-κB signaling, PI3K-Akt, ERK, AP1, NOTCH1 and receptor tyrosine kinases. HRS 

cells create an inflammatory microenvironment that in turn plays a key role in 

supporting survival of the HRS cells. These cells in general display much genetic 

instability, with chromosomal aberrations and mutations in various oncogenes and 

tumor suppressor genes (Kuppers 2009). Various studies have also revealed the role 

of microRNA‘s in the pathogenesis of HL (Kluiver et al. 2005, Nie et al. 2008).  

 

HRS cells 

The HRS cells in Hodgkin lymphoma constitute only 1% or rarely up to 10% of 

the tumor tissues while majority of the cells in the Hodgkin lymphoma lesions is a 

mixed infiltrate of various types of cells of the immune system (Küppers et al. 1994). 

The cell of origin of HRS cells in cHL was difficult to interpret since they show an 

immunophenotype that resembles none other cells of the hematopoietic system, with 

co-expression of markers of several lineages. HRS cells express markers of T-Cells 

(NOTCH1, CD3, GATA3), dendritic cells (fascin, CCL17), NK cells (ID2), Myeloid 

cells (CSFR1) and granulocytes (CD15). HRS cells always express the memebrs of 

TNf-receptor super family CD40 and CD30 (Aldinucci et al. 2010). About 25% of the 

HRS cells express loss of function Ig gene mutations including nonsense mutation in 

their IgV genes. Such somatic mutation of IgV genes usually occur in the presence of 

B cell receptor.   

Primary HRS cells and Hodgkin‘s lymphoma cell lines have also undergone 

Igclass switch recombination, which occurs only in antigen activated B-cells (Irsch et 

al. 2001, Martin-Subero et al. 2006). Composite lymphomas consisting of Hodgkin‘s 

lymphoma and mature B cell lymphoma are in general clonally related and carry 

somatically mutated IgV genes with both shared and distinct mutations.The common 
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precursor for such a clone would be a mature germinal center B cell. But the 

surprising feature of the HRS cells is absence of the B cell receptor. Normally, 

germinal center B cells with such mutations undergo apoptosis, but the HRS cells of 

HL evade apoptosis. Thus HRS cells may be derived from apoptosis prone GC B 

cells. (Kanzler et al. 1996, Stein et al. 1999). 

Moreover HRS cells show gross abnormal karyotype with gains and losses of 

whole chromosomes. This polyploidy could be due to duplication and not cell fusion 

since the multinucleated HRS cells are derived from mononucleatedHodgkins cells 

through endomitosis or of an altered expression of mitotic spindle check point genes 

(Newcom et al. 1988). In Epstein-Barr virus positive cases, the generation of 

multinucleated cells may be promoted by latent membrane protein-1 expression 

(Küppers 2001). Rare cases of cHL also derive from T cells, with expression of T-cell 

markers carrying T-cell receptor gene rearrangements and lacking Ig gene 

rearrangements (Küppers 2009).  

 

Microenvironment HRS cells 

The HRS cells display characteristic surface molecules and receptors as well 

as secretevarious chemokines and cytokines which attract other cells of the immune 

system. Cytokines such as IL4 and IL13, which are responsible for the B-cell 

proliferation and survival and Igclass switching, are expressed in almost all cHL cell 

lines and primary samples. Other cytokines which are widely expressed includes IL5, 

IL6, IL1, IL3, IL7, TGF-b, M-CSF (Aldinucci et al. 2010). IL13 signals via the receptors 

IL4Rα and IL13Rα1, which are expressed in most of the cases, proving its autocrine 

signaling in cHL (Skinnider & Mak 2002). The majority of the cells found in the cHL 

microenvironment include CD4+ TH1 (T-helper1), TH2 (T-helper2), T regulatory cells 

(Treg), and mast cells (Ma et al. 2008, Fischer et al. 2003). These cells are attracted to 

the HRS cells by the chemokines CCL5, CCL17 and CCL24, secreted by HRS cells. 

Together with TH1 cells, HRS cells secrete TNF-γ to attract macrophages, which are 

critical enhancers of tumor progression, cell migration and play key role in preventing 
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antitumor activity.In addition, the HRS cells secrete macrophage migration inhibitory 

factor (MIF) that enhance their proliferation (Qian et al. 2010, Stein et al. 2004). Also, 

secretion of TNF-α and lymphotoxin-α by the HRS cells invites cells like fibroblasts, 

eosinophils and B cells of various maturational stages to the microenvironment of 

HRS cells (Foss et al. 1993, Xerri et al. 1992). 

Expression of receptor family members like CD30 (TNFRSF8), CD40 

(TNFRSF5) and the receptor activator of NF-κB (TNFRSF11A) on the surface of HRS 

cells leads to constitutive activation of NF-κB signaling. Non-canonical activation of 

NF-κB also occurs by the activation of their receptors and by the engagement of 

specific ligands such as CD40L, APRIL and BAFF. These ligands are expressed not 

only by the HRS cells but also by a variety of cells like macrophages, neutrophils, 

mast cells and plasma cells in the HRS cell microenvironment (Chiu et al. 2007, 

Fiumara et al. 2001). Activation of JAK-STAT pathway is exemplified by the autocrine 

and paracrine signaling of IL13 through its receptor thereby enhancing the survival 

and proliferation of HRS cells. Expression of IL2, IL7, IL6, IL7 by the cells in the cHL 

microenvironment and their specific receptors on the surface of HRS cell leads to 

activation of STAT3 and STAT5 allowing the constant proliferation of the malignant 

HRS cells (Jucker et al. 2002, Aldinucci et al. 2010). 

HRS cells produces chemokines like CCL5, CCL17, CCL22 which are capable 

of exerting inhibitory effects on T-cell effector function, evading tumor immune 

response. HRS cells also overexpress Fas Ligand (CD95L) which induces the 

apoptosis of tumor specific cytotoxic T lymphocytes shaping an immunosuppressive 

microenvironment.  The tumor cells express ligands of the receptor molecules of 

programmed cell death1 (PD1) and its ligand PD1 Ligand 1 (PDL1, CD274) and 

PDL2 (CD273) which modifies T cell activity thereby gaining immune privilege  

through reduction of HRS cell immunogenicity (Poppema et al. 1998). Recent 

therapies targeting cells in the microenvironment or disrupting the microenvironment 

dependent signaling in malignant cells seem to be effective in patients with relapsed 

HL (Montanari & Diefenbach 2015).  
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Role of Epstein Barr virus in cHL 

EBV infection is found to be present in a proportion of cHL cases. The 

occurrence of antibody against EBV antigens before the development of cHL 

suggests the role of EBV infection in the pathogenesis of cHL (Flavell & Murray 

2000). EBV infection helps HRS cells to evade apoptosis which would otherwise 

occur due to the absence of BCR and it has been shown that EBV infection would 

immortalize BCR negative GC B-cells in vitro (Chaganti et al. 2005). The EBV 

infected cells express viral lantent membrane proteins LMP1 – which is shown to 

replace survival and differentiation signals, resembling those of activated CD40 

receptor (Rastelli et al. 2008). LMP2A resembles an activated BCR signal which is 

essential to drive B-cell survival in the absence or BCR (Engels et al. 2012). 

Microenvironment of the HRS cells also plays an important role in the modulation of 

EBV gene expression. Expression of IL-21 and IL-2 along with the interactions with 

CD40 ligand in the microenvironment of HRS cells down regulates the expression of 

Ebstein-Barr virus nuclear antigen and up-regulates the expression of LMP1 (Kis et 

al. 2010, Nagy et al. 2012).  

 

Figure 4: Cells in the 

microenvironment of 

HRS cells involved in 

the autocrine/paracrine 

signaling for the 

proliferation and survival 

of HRS cells (Aldinucci 

et al 2010; page 251) 
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Genomic imbalances in cHL 

Genetic alterations in human tumors can be divided into at least three categories 

(Re et al. 2002, Steidl et al. 2010)  

 

i) Chromosomal instability and translocation: 

Steidl et al (Blood 2010) did a study of copy number changes in 

microdissected HRS cells using conventional comparative genomic hybridization 

(CGH) and showed that cHL shares common chromosomal imbalances with 

recurrent copy number gains of chromosomes 2p, 9p, 16p and 17q and losses of 

13q, 6p and 11q. They have also reported gains of chromosome 16p to be 

significantly frequent in pretreatment and relapse biopsies of patients (Re et al. 

2002).  A number of recurrent defects including gains or amplifications of the gene 

loci for JAK2, FGFR3, REL and ID2 have been identified (Renne et al. 2006, Joos 

et al. 2003). FISH analyses show copy number increases of the gene locus for the 

NF-κB transcription factor REL and the JAK2 locis in a significant number of HL 

cases. Chromosomal translocations involving the IG loci were found in 

approximately 20% of HL cases (Martin-Subero et al. 2006). 

 

ii) Gene alterations: 

The two major deregulated pathways in classical Hodgkin‘s lymphoma are the 

JAK/STAT signaling pathway and the NF-B signaling pathway. Usually the 

negative regulators of these signaling pathways are altered in many ways. REL 

gene amplifications are seen in almost 30% of the cases and mutations in the NF-

κB inhibitor genes NFKB1A, NFKBIE and inactivating mutations of TNFA1P3 

encoding A20 is observed in cHL (Kato et al. 2009). Rarely mutations in apoptosis 

controlling genes p53 and Fas/CD95 were observed while mutations of unknown 

significance were observed in bcl-6gene (Kupper et al. 2001, Muschen 2000). 

Twenty DNA samples from laser-micodissected HRS cells from tumor tissue were 

sequenced along with DNA from five cHL cell lines were sequenced to analyse 

mutations in the SOCS1 gene and found to be frequently mutated (Weniger et al. 

2006). Using parallel next generation sequencing whole genomes and 



Introduction 

17 
 

transcriptomes of 30 Hodgkin‘s lymphoma cases and 9 Hodgkin‘s cell lines were 

done and mutations of PTP1B gene was found in 20% of the hodgkins lymphoma 

cases and 67% of the cHL cell lines (Gunawardana et al. 2014).  

 

(iii) Subtle DNA sequence changes including microsatellite instability: 

Subtle DNA sequence changes could be due to defective mismatch repair 

machinery or due to deregulated hypermutation machinery (Cascalho et al. 1998). 

The mismatch repair system (MMR) is responsible for post- replication repair 

involving homologs of yeast genes mutS and mutL related proteins. Defective 

MMR reflects microsatellite instability (MSI) in many solid tumors and 

hematological malignancies.  MSI has been analyzed in HRS cells of cHL and 

proven to be absent. HRS cells express MMR proteins hMSH2 and hMLH1, 

explaining that they are MMR proficient (RE et al. 2001) 

 

1.3 Altered signaling pathways in cHL 

The game plan of HRS cells is to keep the survival pathways constitutively 

active to maintain its survival and proliferation. This is achieved by the expression of 

chemokines, cytokines and various growth factors by the HRS cells as well as by 

other immune cells in the microenvironment of HRS cell. Many cytokines signal 

through the members of JAK family which autophosphorylates itself and 

phosphorylates STAT members in the cytoplasm which dimerizes and enter the 

nucleus to transcribe its target genes (Levine et al. 2007). NF-κB is another signaling 

pathway which is kept active by the constitutive upstream activation of IKK by TNF a 

receptor associated factor (TRAF) dependent mechanisms. TRAF members like 

CD30, CD40 and RANK are expressed on the surface of the HRS cells which activate 

IKKs in the cytoplasm and the downstream signaling (Jost & Ruland 2007). Besides 

JAK-STAT and NF-κB, additional signaling pathway like PI3K-Akt, ERK, API and 

multiple receptor tyrosine kinases are found to be deregulated in HRS cells of 

Hodgkin's lymphoma (Kuppers et al. 2009) 
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1.3.1 JAK-STAT signaling pathway in cHL 

The Hodgkin's Reed-Steinberg cells along with the infiltrating cells express 

high amounts of cytokines such as Interleukin (IL)-5, IL-6, IL7, IL-9, IL-10, IL-13 and 

granulocyte-macrophage colony-stimulating factor which activates JAK/STAT 

signaling pathway.  Janus kinases (JAK) family consists of 4 members namely JAK1, 

JAK2, JAK3 and TYK2 which share seven conserved JAK homologous (JH) domain.  

Dimerization of cytokine/ growth factor receptor on the cell surface upon ligand 

binding results in juxtapositioning of JAKs either through homo or hetero dimeric 

interaction. This leads to phosphorylation of JAKs either by autophosphorylation 

and/or transphosphorylation by other JAKs or other family members of receptor 

tyrosine kinase (David et al. 2002, Schindler et al. 2007). Signal transducers and 

activators of transcription (STAT) requires JAK to phosphorylate its intracellular 

tyrosine residue enhancing the dimerization, nuclear translocation and DNA binding.  

There are seven members of STATs in humans namely STAT1, STAT2, 

STAT3, STAT4, STAT5a, STAT5b and STAT6 which shares various homologous 

domains. The amino terminal region of STATs is well conserved among the different 

family members and is critical for its function including nuclear import, export, 

receptor binding and cooperation with the DNA binding domain. Deletion or mutations 

in this region has been shown to adversely affect STAT function by eliminating the 

ability of STATs to be phosphorylated (Schindler et al. 2007, Mertens et al. 2006. The 

SH2 domain which is highly conserved, functions in the recruitment of specific STATs 

to the activated receptor complexes and for interaction with Janus kinases. This 

domain is also essential for the homo and hetero dimerization of STATs which is 

critical for nuclear translocation and DNA binding activities. In brief, upon ligand 

binding JAKs become activated and phosphorylate the specific receptor tyrosine 

residues, which direct the SH2 dependent recruitment of specific STATs and their 

phosphorylation by JAKs.  
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Figure 5: Active signaling pathways in HRS cells influenced by the microenvironment 

(Steidl et al. 2011; page 5) 

 

Activated STAT dimers translocate into the nucleus and bind to specific 

enhancer elements such as the GAS family of enhancers (a TTTCCNGGAAA 

palindrome) or ISRE enhancer family (a direct repeat of AGTTTN3TTTCC) and 

activate transcription of the target genes (Mertens C et al 2006, Horvath CM et al 

1995) involved in promoting inflammation, antagonize proliferation, autoimmunity, 

erythropoiesis, lymphopoiesis, B cell proliferation, maturation and MHC-II and IgE 

expression. Within period of hours the signals decay and the accumulated STATs in 

the nucleus are exported back to the cytoplasm for the next round of signaling. This 
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decay involves dephosphorylation, nuclear export inhibition and SOCS (suppressors 

of cytokine signaling) feedback inhibitionleading toSTAT signal decay occurs (Jatiani 

et al. 2010) 

 

1.3.2 Negative regulators of JAK-STAT signaling: 

In normal cells, JAK-STAT signaling is tightly regulated by either the SOCS 

family of proteins, protein tyrosine phosphatases, ubiquitylation and ISGylation, PIAS 

(protein inhibitor of activated STATs) family, cross regulation by other STAT members 

and also by cross talk with other members of the family.  

 

Supressors of cytokine signaling (SOCS) 

There are 8 members of the CIS (cytokine inducible SH2 domain 

protein)/SOCS family of intracellular proteins sharing a homologous (Src-homology 

domain 2) SH2 domain which determines the target of each SOCS proteins.  The 

binding of the SH2 domain of the SOCS proteins is essential for its inhibitory activity. 

The SH2 domain of SOCS1 directly binds to the activating loop of JAKs while SOCS3 

and SOCS2 binds to the phosphorylated tyrosine residues on the activated cytokine 

receptor. A kinase inhibitor region (KIR) which is unique to SOCS1 and SOCS3 is 

capable of inhibiting tyrosine kinase activity of JAKs by acting as a pseudosubstrate 

(Yasukawa 1999), subsequently resulting in ubiquitylation and proteosomal 

degradation. CIS inhibits STAT activity by competing for binding to their receptor 

docking sites (Yoshimura 1998). SOCS protein can bind to ubiquitin E3 ligase and 

target signaling proteins for degradation. (Edmond et al. 2015, Taiga et al. 2011). 

SOCS1 and SOCS 3 are widely known to suppress cell growth and their expression 

is often down regulated in many human cancers.  
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Figure 6: JAK/STAT signaling pathway (Shuai & Liu 2003; page 903) 

 

Ubiquitylation and ISGylation 

IL-3 and IFN gamma stimulation enhances the polyubiquitylation of JAK2 and 

subsequent degradation, which is promoted by the co-expression of SOCS1 but not 

SOCS3. Modification of JAKs by interferon-stimulated gene 15 (ISG15) has been 

documented. JAK1 and STAT1 are found to be ISGylated and this is suspected to be 

a positive feed-back loop of JAK-STAT pathway. Further studies are warranted to get 

a clear picture of JAK-STAT regulation by ubiquitylation and ISGylation (Shuai & Liu 

2003) 
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Protein Inhibitor of Activated STAT (PIAS) 

PIAS family of proteins consists of 4 members namely PIAS1, PIAS3, PIASx 

(PIAS2) and PIASy (PIAS4), all of which have a small ubiquitin like modifier (SUMO)-

E3- ligase activity. There are 4 proposed methods by which PIAS function namely, 1. 

blocking DNA binding activity, 2. Transcriptional corepression by recruiting histone 

deacetylase (HDAC), thereby inhbiting transcription, 3. Promoting sumoylation of the 

transcription factor, inhibiting its transcriptional activity, 4. inhibition of transcription by 

sequestering transcription factors into distinct subnuclear structures. PIAS1 and 

PIAS3 block the DNA binding activity of STAT dimers. PIASx and PIASy act as 

transcriptional co repressors of STAT by recruiting other co repressorproteins such as 

HDAC. PIAS can promote STAT1 sumoylation. (Shuai & Liu 2005) 

 

Cross regulation by other STAT members 

STATs can also be regulated by its other family members. STATs exist as 

homo/hetero dimers in the cytoplasm of the cell having distinct DNA binding activity 

(Darnell 1997). The cross regulation determine the cytokine signaling specificity of the 

STATs. STAT cross-regulation also occurs by certain naturally occur splice variants 

which function as dominant negative STATs (Henriksen et al. 2002).  

 

Protein tyrosine phosphatases: 

 Protein tyrosine phosphatases can be classified as receptor like or non-

transmembrane PTPs, sharing a common protein tyrosine phosphatase domain. The 

phosphatases known to regulate JAK-STAT signaling are TC-PTP, PTPN1, SHP2, 

SHP1 and CD45. CD45 is a receptor tyrosine phosphatase which dephosphorylates 

all the JAKs (Sasaki et al. 2001). TC-PTP and PTP1B are two highly related PTPs 

which have been reported to dephosphorylate JAKs. JAK2 and TYK 2 act as 

substrates for PTP1B (Myers et al. 2001), whereas TC-PTP can dephosphorylate 

JAK1 and JAK3 (Simoncic et al. 2002). PTPs are capable of inactivating STATs both 
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in the nucleus as well as in the cytoplasm. STAT5 is known to be dephosphorylated 

by PTP1B but whether STAT5 acts as a biological substrate of PTP1B remains 

unclear.Post transcriptional modification like ―Alternative mRNA splicing‖ – a 

regulated process through with a single gene can encode multiple proteins, results in 

truncated PTP1B (Sell & Reese 1999).  Post translational modification like oxidation 

of the catalytic cysteine residue renders PTP1B inactive (Lee et al. 1998, Mahadev et 

al. 2001).  

SHP2 on the other hand can interact and dephosphorylate STAT5 in the 

cytoplasm, as accumulation of phosphorylated STAT5 was observed in SHP2-/-mice 

(Chen et al. 2003). STAT1 is also dephosphorylated by SHP2, both at the serine and 

the tyrosine residues (Aoki & Matsuda 2000). PTP1B phosphatase activity has been 

shown to be up-regulated in epithelial colon cancer cell lines and inhibition of PTP1B 

reduces several oncogenic properties of colon cancer including anchorage 

dependent cell growth, tumorigenecity (Zhu et al. 2007). A combined knockdown of 

PTPN1 and p53 mice has shown to have decreased survival rates and earlier tumor 

development compared with p53−/−PTP1B+/+ and p53−/−PTP1B+/− mice (Dube` et al. 

2005). Inhibition of PTP1B has shown to delay the onset of mammary carcinoma and 

lung metastasis in NDL2 transgenic mouse strain which is known to develop breast 

carcinoma (Julien et al. 2007). PTP1B is shown to PTP1B promote the proliferation 

and metastasis of non small cell lung carcinoma (Liu et al. 2015) 

 

1.3.3 NF-κB signaling pathway 

The NF-κB signaling has been implicated in the pathogenesis of various 

tumors. In HL, NF-κB is known to promote proliferation and blocks apoptosis (Bargou 

et al. 1997). HRS cells express cell surface receptors like CD30, CD40 and other 

cytokine receptors like CD71, interleukin 2 receptors like p55(CD25),  p75 and 

interleukin 6 receptors. HRS also secrete the ligands such as tumor necrosis factor –

α (TNF α), Lymphotoxin- α (LT- α), interleukin-1 (IL-1). Stimulation of CD30, CD40, 

TNFa, LTa, IL-1 receptors by their specific ligands results in activation of NF-κB 
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signaling (Gruss et al. 1996, Baeuerle & Henkel 1994).   The members of theNF-κB 

family include RELA (p65), RELB, c-REL, NF-κB1 (p50, p105) and NF-κB2 (p52, 

p100) NF-κb1/p105 and NF-κB2/p100 are inactive precursors of p50 and p52 

respectively. (Li & Verma. 2002, Hayden & Ghosh 2004).The NF-κB family contains 

the structurally conserved REL region which has a nuclear localization domain, DNA 

binding domain and a dimerization domain. Upon activation, p50 and p52 form 

homo/hetero dimers within themselves or with other family members which harbor the 

transactivating domain and it is translocated into the nucleus to transcribe the target 

genes.  

The p50 homodimers lacking the transactivating domain are thought to impose 

transcriptional repression. The activity of NF-κB is controlled by a family of regulatory 

proteins called inhibitors of kappa b (IκB) which have 6-7 ankyrin repeats. The IκB 

family comprises of 4 members namely IκBα, IκBβ, IκBε and BCL-3. Originally, 

IκBwas thought to inhibit NF-κB activity by retaining them in the cytoplasm bymasking 

their nuclear localization signals (NLS) but later discovery showed that IκBα and 

IκBεare capable of shuttling between the nucleus and the cytoplasm within the NF-

κB-IKB complexes and are capable of displacing NF-κB dimers from their target DNA 

sites and translocating them into the cytoplasm (Huang & Miyamoto 2001, Birbach et 

al. 2002). NF-κB signaling is regulated by signals that degrade IκB upon 

phosphorylation by activators of IκB kinase complex (IKK). Phosphorylation triggers 

ubiquitylation and release of NF-κB dimers which enters the nucleus to transcribeits 

target genes. The IKK complex consists of catalytic subunits IKKa and IKKb and a 

regulatory subunit IKKg which is also called NFkB essential modulator (NEMO).  

There are two main NFKB activating pathways existing in cells. The canonical 

pathway, triggered by stimuli from tumor necrosis factor receptor (TNFR), interleukin 

1 receptor (IL-1R) and, is dependent on IKKβ and NEMO which phosphorylate IκBα, 

leading tothe nuclear translocation of p65 containing heterodimers. On the other 

hand, the non-canonical pathway is triggered by stimuli from CD40 ligand, BAFF and 

lymphotoxin-β and, is dependent on IKKα-mediated phosphorylation of p100 

associated with RelB, leading to partial processing of p100 and the generation of 
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p52-RelB complexes, which enters the nucleus and activate transcription of its target 

genes (Hayden & Ghosh 2004).  

 

 

Figure 7: NF-κB signaling in cHL (Kuppers 2009; page 20) 

 

Several mechanisms are known to constitutively activate NF-κb signaling in 

HRS cells of cHL. NF-κB activation in HRS cells is mostly mediated by TNF-α 

receptor associated factor (TRAF) dependent mechanisms. CD30 receptor molecules 

on the surface of HRS cellsundergo self-oligomerization, recruiting TRAF2 and 

TRAF5 to their intracellular tail thereby activating IKKs and the downstream NF-κB 

signaling which contribute to the survival of the HRS cells (Horie et al. 2002). HRS 

cells coexpress RANK and its ligand RANK-L which activates NF-κB through TRAF2, 

TRAF5 and TRAF6 (Damay et al. 1998). The other TRAF mediated NF-kb signaling 

that is constitutively active in HRS cells is via CD40, the ligand of which is present on 

the CD4+ T cells in the microenvironment. The resulting oligomerization of CD40 
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recruits TRAF2 and TRAF5 to their intracellular tail, thereby activating IKKs and the 

downstream NF-κB signaling. Thus inactivating mutations of IκB genes also lead to 

constitutive activation of the NF-κB pathway. 

 

1.3.4 Other constitutively active signaling pathways 

Apart from JAK/STAT and NF-κB signaling, various other oncogenic survival 

signaling are active in cHL. 

 

PI3K pathway: 

The PI3K/AKT signaling is a major player supporting cell survival ad 

proliferation in various cancers. The PI3K family consist of classes I, II, and III 

enzymes and the class I enzymes have a key role in tumorigenesis. Class I enzymes 

are divided into classes IA and IB, depending on the structure of their regulatory 

subunits. The catalytic subunit mediates membrane localization and receptor binding 

while the catalytic subunit converts phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) 

to phosphatidylinositol-3,4,5-trisphosphate (PIP3), leading to the activation of AKT. 

Among the catalytic subunits, the isoforms p110α and p110β are ubiquitously 

expressed while the expression of p110γ and p110δ are restricted to the 

hematopoietic system and thus representing key players in the pathogenesis of 

various hematopoietic tumors (Dutton et al. 2005). In HL, the PI3K/AKT signaling has 

been shown to be constitutively active and  signaling through CD30, CD40, RANK 

and receptor tyrosine kinases on the HRS cell surfacehas been implicated in this 

process (Jabbour et al. 2014). Inhibition of AKT1 or PI3Kδ (using idelalisib) or PI3Kγ 

and PI3Kδ (using IPI-145) lead to the death of HL cells (Georgakis et al. 2006) and 

clinical trials to study the efficacy are underway (Meadows et al. 2012) 
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MAPK/ERK pathway: 

The mitogen activated protein kinase pathway is implicated in cell survival and 

proliferation across various tumors. The signaling is activated by various receptor 

tyrosine kinases and other cell surface receptors. In HL, the MAPK/ERK signaling 

was shown to be constitutively activated by CD40, CD30 and RANK apart from the 

involvement of other RTKs. Active forms of serine/threonine kinases of this pathway 

namely ERK1, ERK2, ERK3 were shown to be expressed in HRS cells. The MAPK 

signaling cascade signals through RAS mediated activation of RAF, leading to 

phosphorylation of MEK which in turn phosphorylates ERK which mediates 

transcription of various genes involved in cell proliferation and survival. The inhibition 

of ERK activity in HL cell lines demonstrated anti-proliferative effects. (Zheng et al. 

2005) 

 

Receptor tyrosine kinase (RTK) pathway 

Multiple receptor tyrosine kinases like platelet derived growth factor receptor-a 

(PDGFRa), epithelial discoidin domain-containing receptor 2 (DDR2),  macrophage 

stimulating protein receptor (MSPR) are expressed by HRS cells which could be 

probably activated by autocrine and/or paracrine signaling mechanisms (Renne C et 

al 2005). Activation of the RTKs results in downstream activation of PI3K/AKT and/or 

MAPK/ERK signaling thus promoting cHL cell survival.  

 

1.4 Reactive Oxygen Species (ROS) 

Reactive oxygen species are radicals, ions or molecules that have a single 

unpaired electron in their outermost electron shell. Superoxide (O2
.-), hydroxyl radical 

(.OH) and hydrogen peroxide (H2O2) are few examples of reactive oxygen species 

whichconsists of radical or non-radical oxygen species formed by partial reduction of 

oxygen (Ray et al. 2012). 
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1.4.1 Sources and generation of ROS within cells: 

ROS is generated in a cell due to cell extrinsic or cell intrinsic factors. The 

exogenous sources like irradiation from ultraviolet rays, X-rays and gamma –rays, 

spheric pollutants and harmful chemicals contribute to the formation of reactive 

oxygen species. For example, exposure to metabolites of polychlorinated biphenyls 

(PCBs) has been shown to increase ROS production in HL-60 cells (Srinivasan et al. 

2001).  

On the other hand, within the cell, aerobic respiration and oxidative 

phosphorylation which takes place in the mitochondria to release adenosine tri 

phosphate (ATP) through electron transport chain of redox reactions is the major 

source of reactive oxygen species (Halliwell 1991). The superoxide produced during 

the respiratory chain reaction is released into the mitochondrial matrix and 

intermembrane space where it is catalysed by superoxide dismutase into hydrogen 

peroxide which is later reduced to water. Both the superoxide and hydrogen peroxide 

can transit through voltage dependent anion channels (VDAC) or mitochondrial 

permiability transition pore (MPTP) into the cytosol where they are converted to water 

or used in cellular signaling (Assaly  2012).  

Peroxisomes generate hydrogen peroxide during the oxidative metabolism of 

fatty acids by utilising molecular oxygen. Neutrophils and macrophages possess 

oxygen dependent mechanism to fight against invading microorganisms (Alberts et al. 

2004).  Reactive oxygen species are also generated in the cytoplasm by NADPH 

oxidases (NOX) in response to cytokines and other growth factors. In non-phagocytic 

cells, activation of growth receptors like the receptor tyrosine kinases by platelet 

derived growth factor (Sudhersan et al. 1995), basic fibroblast growth factor (Lo et al. 

1995)  or epidermal growth factor (Bae et al. 1997), cytokines like TNFα, interleukins 

(Tiku et al. 1990) and interferon-γ (Meier  et al. 1989) results in ROS production.  
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Figure 8: Balance of ROS homeostatis during aerobic respiration (Sena and Chandel 

2012; page 159) 

 

1.4.2 Mechanisms involved in neutralization of ROS  

The generated ROS are detoxified by both enzymatic and non-enzymatic 

antioxidant systems. Superoxide dismutase (SOD) is the major detoxifying enzymes 

of superoxide into hydrogen peroxide and oxygen (Sena et al. 2012).  Three  isoforms 

of human SOD are identified in different cellular compartments, MnSOD (Maganese- 

containing superoxide dismutase, SOD2) is present in the mitochondria, CuZnSOD  

(copper- and zinc-containing superoxide dismutase, SOD1) is present in the 

cytoplasm of the cell and the extracellular SOD (EC-SOD, SOD3) (Oberlay et al. 

1979).  H2O2 is converted to water and molecular oxygen in the presence of catalase 

- a heme-based enzyme localised in the peroxisome, peroxiredoxin (PRX) and 

glutathione peroxidase (GPX) (Geou-Yarh et al. 2010). Mammalian cells express 6 

isoforms of PRX, out of which two are expressed in the mitochondria (PRX3 and 

PRX5) and eight isoforms of GPX. Peroxiredoxins undergo oxidation by H2O2 at an 
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active site cysteine which is then reduced by thioredoxin, thioredoxin reductase and 

NADPH. The glutathione peroxidases are oxidised by H2O2 and reduced to 

glutathione.  

Catalase catalyses the conversion of H2O2 to water and molecular oxygen in 

the peroxisomes (Sena et al. 2012). The non-enzymatic antioxidants are low 

molecular weight compunds like Vitamin C (Ascorbic acid), Vitamin E (α-Tocopheral), 

Glutathione, carotenoids (β-carotene) and uric acid. Vitamin C is a intracellular and 

exracellular aqueous phase antioxidant and its plasma levels have been shown to 

decrease with age (Mezzetti et al. 1996). The lipid soluble vitamin E scavenges ROS 

by donating electron to the peroxyl radical produced during lipid peroxidation and 

inhibits free radical formations (White et al. 1997). Glutathione detoxifies hydrogen 

peroxide and lipid peroxide by donating electron to H2O2, thereby converting it to 

water and oxygen. Gluthione protects cells against apoptosis by interacting with pro 

apoptotic and antiapoptotic signaling pathways (Masella et al. 2005).  Caroteniods 

interacts and detoxifies peroxy (ROO.), hydroxy (.OH) and superoxide (O2-.) radicals 

(El-Agamey et al. 2004).  

A balance between the generation and detoxification of ROS is essential for 

the cells because an increase in ROS production or a decrease in ROS-scavenging 

capacity due to exogenous stimuli or endogenous metabolic alterations can disrupt 

redox homeostasis, leading to a variety of pathological conditions including cancer, 

neurodegenerative diseases and aging (Trachootham et al. 2008).  Under oxidative 

stress these reactive oxygen species constantly affect the cellular proteins, DNA and 

lipids causing a severe damage. Cells exposed to ROS can show increased 

proliferation, halted cell cycle, senescence and apoptosis or necrosis (Halliwell 2007). 
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Figure 9: Source and cellular response to ROS (Rahman et al. 2012; page 1000) 

 

1.4.3 ROS mediated damage to nucleic acids, lipids and proteins 

Hydroxyl radical (.OH) is known to damage DNA by modifying nucleic acids 

bases. It modifies guanine, formimg 8-hydroxyguanine which mispairs with adenine 

instead of cytosine producing GC to TA transversion mutation. Thyamine gets 

modified to 5-hydroxymethyluracil which could mispair with guanine instead of 

adenine. 8-hydroxyadenine, a ROS derived product of adenine mispairs with guanine, 

similarly 5-hydroxycytosine mispairs with adenine producing a CT transition 
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mutations. There are more than 20 ROS mediated DNA leisions identified (Reddy & 

Glaros 2007).  

Peroxyl radicals (ROO.) of ROS modify poly unsaturated fatty acid residues of 

phospholipids producing Malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) by 

peroxidation reaction. MDA is mutagenic in bacterial and mamalian cells and 

carcinogenic in rats. HNE is weakly mutagenic but a major toxic product of lipid 

peroxidation.  

Amino acid side chain residues of proteins, in particular cysteine and 

methionine residues of proteins are highly susceptible to oxidation by hydroxyl 

radicals or a mixture of hydroxyl/superoxide radicals (Stadtman ER 2004). Oxidation 

of cysteine residues causes reversible formation of mixed disulphides between 

protein thiol groups (-SH) and low molecular weight thiols like (GSH) S-glutathiolation. 

Oxidation of cysteine and methionine residues results in inactivation of protein activity 

and impairment of its function (Friguet 2006).  

 

1.4.4 Role of Reactive oxygen species in cancer 

As mentioned earlier, ROS affects poly unsaturated fatty acid residues and 

produces HNE which conjugates with protein. HNE protein conjugates has been 

detected in various cancers including human kidney cancer (Oberlay et al. 1999), 

colon cancer (Zanetti et al. 2003), colorectal cancer (Skrzydlewska et al. 2001) and 

tumors of the brain (Juric-Sekhar et al. 2009), indicating a possible role of ROS on 

pathogenesis.  Alterations in nucleic acid base pairs due to oxidative damage causes 

cancer as elevated levels of oxidative DNA lesions have been noted in various 

tumors.  

In summary, carcinogenesis initiation and malignant transformation could 

occur due to ROS-mediated DNA damage causing genomic instability, alterations in 

gene expresssion including activation of proto-oncogenes and inativation of tumor-

supressor genes (Halliwell 2007).  This imples that the role of ROS in cancer as a 

double edged sword since it initates cancer formation, progression/cell proliferation 
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and survival (Weinberg et al. 2010) while excessive levels of ROS leads to cell cycle 

arrest , apoptosis and senescence (Moon et al. 2010). 

 

 

Figure 10: ROS in tumor promotion and inhibition (Liou and Storz 2010; page 31) 

ROS in cancer is generated due to increased metabolic activity, constitutively 

activated cellular signaling, oncogene activation and cross talk with infiltrating 

immune cells (Liou and Storz 2010). Elevated levels of ROS have been detected in 

various cancers and treatment with antioxidants inhibits its proliferation, which 

confirms that ROS plays an inportant role in tumor cell proliferation. Ectopic 

expression of MnSOD inhibits the cell proliferation of human pancreatic cancer 

(Zhang et al. 2002) similarily overexpression of CuZnSOD inhibits the proliferation of 

human glioma cells (Osada et al. 2008).  
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Cells from Hairy cell leukemia cells were analyzed for the production of ROS 

since they have a number of constituvely active signaling molecules like protein 

kinase C, GTP bound Rac1 and Src family kinases and were found to have an 

increased ROS generation when compared to normal mature B cells (Kamigutti et al. 

2005). Tissue samples from oral cancer patients were found to have increased lipid 

peroxidation and decreased anitoxidant status when assayed using 

spectrophotometric methods (Patel et al. 2007). TP53 mutations or the loss of p53 

are seen in over 50% of human cancers and are associated with increased ROS 

stress and aggressive tumor growth (Attardi & Donehower 2005) 

ROS has been shown to function as a secondary messenger in signaling 

pathways which are involved in cell growth/proliferation, differentiation, protein 

synthesis, glucose metabolism, cell survival and inflammation (Storz 2005). ROS 

mediated regulation of MAPK/ERK pathway impacts both cancer cell proliferation as 

well as cancer cell survival. H2O2 which is produced as a byproduct of estrogen 

metabolism in breast carcinoma activates Erk1/2 causing an increase in cell 

proliferation (Reddy & Glaros 2007). Several upstream activators of Erk1/2 are 

regulated by ROS leading to increased cell proliferation. Ras is activated directly by 

oxidative modificaton at its cysteine 118 residue, leading to the inhibition of GDP/GTP 

exchange (Lander et al. 1997) and p90RSK an upstream kinase of ERK1/2 is also 

activated by ROS.   

An increased activity of Erk1/2 is observed in ovarion cancer in the presence 

of high concentration of endogenous ROS produced due to constant ubiquitination 

and loss of endogenous MKP3 (mitogen activated protein kinase phosphatase 3) 

which negatively regulates Erk1/2 activity (Chan et al. 2008). The effect of ROS in 

cancer cell survival is cell type specific, when breast cancer cell lines MCF-7 and 

MDA-MB 435 were treated with ROS scanvengers caused an increase in apoptosis 

and cell adhesion (Ostrakhovitch & Cherian 2005). In an animal model for skin 

cancer, murine keratinocytes lacking TiamI, an upstream activator of Erk1/2 shows 

low ROS levels. Furthermore, deprivation of EGF and insulin lead to increase 
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apoptosis suggesting that endogenous ROS levels are essential for Erk1/ activation 

(Rygiel et al. 2008).  

ROS activates NF-κB in the cytoplasm whereas inactivates it in the nucleus. 

When breast cancer cell line MCF-7 is treated with TNFa, IL-1b produces ROS which 

activates NF-κB and increased cell proliferation (Li et al. 2006, Manna et al. 1998).  

Many members of the JAK/STAT signaling pathway are regulated by ROS. In 

Rat-1 fibroblast as well as other fibroblast and A-431 epithelial cells activation of 

STAT1 and STAT3 by H2O2 occurs within minutes independent of new protein 

synthesis (Simon et al. 1998). Oxidation of cysteine residues at the catalytic domains 

of JAK inhibits its kinase activity, STAT3 is directly  sensitive to intracellular oxidants 

which oxidises the conserved cysteine residues and inhibits STAT3 DNA binding and 

transcriptional activity without affecting tyrosine phosphorylation (Bourgeais et al. 

2013). Protein tyrosine phosphatase 1B which is one of the negative regulators of 

JAK/STAT pathway can be directly inactivated by ROS-induced reversible oxidation 

of its catalytic site Cys215 and this has been proposed as a mechanism for EGF 

mediated mitogenic signaling (Lee et al. 1998).  

ROS generation has shown to activate PI3K/Akt signaling in breast carcinoma 

and in ovarian cancer cells. Inhibition of ROS in pancreatic tumor cell line Panc-1 

reduced the levels of phosphorylated Akt and induced apoptosis. Loss of PTEN 

(phosphatse and tensin homolog deleted on chromosome 10) decreases the 

expression of various antioxidant enzymes like peroxiredoxins and superoxide 

dismutase causing an increase in basal levels of hydrogen peroxide and superoxide 

which activates Akt  and also oxidative stress mediated activation of its upstream 

kinases (Liu et al. 2006, Mochizuki et al. 2006, Hou et al. 2008).  
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1.5 Aims of the work 

 

Classical Hodgkin‘s lymphoma (cHL) is characterized by constitutive activation of 

various oncogenic signaling pathways including JAK/STAT, NF-κB, PI3K-AKT and 

MAPK pathways therefore we hypothesized that cHL cells to be associated with high 

levels of ROS which might play a role as secondary messenger by sustaining the pro-

survival signaling. Accordingly, the work had the following specific aims, 

 

1. To analyze if cHL cells are associated with the presence of intra-cellular ROS 

 

2. To analyze transcriptional levels of genes involved in generation and 

scavenging of ROS to understand the biology of ROS in cHL cells 

 

3. Inhibition of intracellular ROS using antioxidants and NOX inhibitors (BHA, DPI 

and Apocynin) to study the importance of ROS in cHL survival 

 

4. To identify cell signaling pathways affected upon inhibition of ROS in cHL cell 

lines 

 

5. Functional analysis of mechanisms involved in regulation of cell signaling 

pathways by ROS in cHL 
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2. Materials and Methods 

2.1 Materials 

2.1.1. Cell lines 

Cell Line Description 
DMSZ 

Number 

SUDHL-4 
Human diffuse large B-Cell 

lymphoma cell line 

ACC 495 

 

OCI-LY3 
Human diffuse large B-Cell 

lymphoma cell line 

ACC 761 

 

KM-H2 
Human classical Hodgkins 

lymphoma cell line 
ACC-8 

L-1236 
Human classical Hodgkins 

lymphoma cell line 
ACC 530 

L-428 
Human classical Hodgkins 

lymphoma cell line 
ACC 197 

SUP-HD1 
Human classical Hodgkins 

lymphoma cell line 
ACC 574 

UHO1 
Human classical Hodgkins 

lymphoma cell line 

ACC 626 

 

HDLM-2 
Human classical Hodgkins 

lymphoma cell line 
ACC 17 

 

2.1.2 Primers and Oligos 

Primer/Gene name Sequence 5` to 3` Application 

Human NADPH oxidase 3 

(NOX3) 

Forward 

Primer 

TCT TCA ACC TGG AAC 

GCT AC 
qRT-PCR 

Reverse 

primer 

GAC GCC TGC TAT TGT 

CCT TA 

Human NADPH Oxidase, 

EF hand calcium binding 

Forward 

Primer  

CTA CAT CGA TGG GCC 

TTA TG 
qRT-PCR 
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domain 5 (NOX5) Reverse 

primer 

TTG TCT TGG ACA CCT 

TCG AT 

Human NADPH oxidase 1 

(NOX1) 

Forward 

Primer 

TTC CTG GTT CAA CAA 

CCT GT 
qRT-PCR 

Reverse 

primer 

GGG TGG GAG GTA GCT 

ATT GT 

Human Superoxide 

dismutase 1 (SOD1) 

Forward 

Primer 

TCA GGA GAC CAT TGC 

ATC AT 
qRT-PCR 

Reverse 

primer 

GAA TGT TTA TTG GGC 

GAT CC 

Human Superoxide 

dismutase 2 (SOD2) 

Forward 

Primer 

TGT CAC CCA GTG GTT 

TTT GT 
qRT-PCR 

Reverse 

primer 

GCC CTG CAA ATA AAC 

ATC CT 

Human Glutathione 

peroxidase 1 (GPX1) 

Forward 

Primer 

GCT TCC AGA CCA TTG 

ACA TC 
qRT-PCR 

Reverse 

primer 

GTG TTC CTC CCT CGT 

AGG TT 

Human Interleukin 8 (IL8) 

Forward 

Primer 

TAG CAA AAT TGA GGC 

CAA GG 
qRT-PCR 

Reverse 

primer 

AGC AGA CTA GGG TTG 

CCA GA 

Human Interleukin 6 (IL6) 

Forward 

Primer 

ATG CAA TAA CCA CCC 

CTG AC 
qRT-PCR 

Reverse 

primer 

GAG GTG CCC ATG CTA 

CAT TT 

Human Interleukin 1A (IL1A) 

Forward 

Primer 

ATC AGT ACC TCA CGG 

CTG CT 
qRT-PCR 

Reverse 

primer 

TGG GTA TCT CAG GCA 

TCT CC 
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Human Interleukin 1B (IL1B) 

Forward 

Primer 

TTC GAC ACA TGG GAT 

AAC GA 
qRT-PCR 

Reverse 

primer 

TCT TTC AAC ACG CAG 

GAC AG 

 

   

2.1.3 Plasmids 

Plasmid Antibiotic resistance Application 

pcDNA 3.1  G418 sulfate Cloning 

pcDNA 3.1 STAT6VT G418 sulfate Cloning 

pcDNA 3.1 PTPN1 WT G418 sulfate Cloning 

pcDNA 3.1 PTPN1 c215s G418 sulfate Cloning 

STAT 6 reporter  Luciferase assay 

Actin renilla  Luciferase assay 

 

2.1.4 Inhibitors and Enzymes 

Inhibitors Supplier 

JAK2 Inhibitor, CEP-701 hydrate  Sigma Aldrich, USA  

Butylated hydroxyanisole (BHA) Sigma Aldrich, USA 

Diphenyliodonium chloride (DPI) Sigma Aldrich, USA 

Acetovanillone  (Apocyanin) Sigma Aldrich, USA 

RNase A Sigma Aldrich, USA 
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2.1.5 Chemicals and Biochemicals 

Reagent Supplier 

AlamarBlue dye  AbD Serotec, Kidlington, United Kingdom 

Vi Cell solutions  Beckman Coulter, USA 

PI Thermo Fischer scentific, USA 

Agarose Sigma Aldrich, USA 

Annexin V-PE BD Pharmingen, USA 

DTT (dithiothreitol) Thermoscentific , USA 

Ethanol Sigma Aldrich, USA 

Methanol Sigma Aldrich, USA 

Ethidium bromide Merck , Germany 

Tween 20 VWR, France 

NP40 Merck, Germany 

Tris Sigma Aldrich, USA 

Nacl Sigma Aldrich, USA 

Milk powder Sigma Aldrich, USA 

Beta- mercaptoethanol  AppliChem, Germany 

PBS Lonza, Belgium 

TEMED AppliChem, Germany 

NEM Sigma Aldrich, USA 

Acetic acid 100% VWR , France 

Acrylamide  Applichem, Germany 

Agar- agar Carl Roth GmbH, Germany 

 

 

 

 

 

https://en.wikipedia.org/wiki/Ethidium_bromide
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2.1.6 Antibodies 

Antibody Company Application 

STAT6 
Santa Cruz Biotechnology, 

USA 

WB; 1:1000 

IP; 1:200 

Phospho STAT6 Cell Signaling, USA WB; 1:1000 

Phospho STAT5 Cell Signaling, USA WB; 1:1000 

Beta- actin Cell Signaling, USA WB; 1:1000 

ERK2 
Santa Cruz Biotechnology, 

USA 
WB; 1:1000 

PTP1B Sigma Aldrich, USA WB; 1:1000 

TC-PTP Abcam, UK WB; 1:1000 

Anti mouse IgG-HRP 
Santa cruz Biotechnology, 

USA 
WB : 1:10000 

Anti rabbit IgG-HRP Sigma Aldrich, USA WB : 1:10000 

 

2.1.7 Kits 

Kit Supplier 

PTP1B activity assay R & D biosystems, USA 

RNeasy mini kit Quiagen, USA 

iQTM SYBR green Supermix PCR kit BioRad, USA 

Dual – Luciferase Reporter assay Promega, USA 

Pierce ECL western blotting substrate Thermo Scientific, USA 

Superscript II reverse transcriptase  Invitrogen, USA 
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2.1.8 Cell culture material 

Material  Supplier 

Iscove‘s Modified Dulbecco‘s Medium 

(IMDM) 
Lonza, Belgium 

RPMI 1640 Lonza, Belgium 

Fetal calf serum Lonza, Belgium 

Glutamine Lonza, Belgium 

Penicillin/Streptomycin Lonza, Belgium 

 

2.1.9 Instruments 

Instrument Supplier 

SPECTRAMaxGeminiEM fluorometer Molecular devices, Sunnyvale, CA 

Cell counter Vi-Cell series Beckman Coulter, USA 

FACSCalibur BD Biosciences, Heidelberg 

Alpha Imager EP Alpha Innotech, Germany 

7900HT Fast Real-time PCR system Applied Biosystems, Darmstadt 

Centrifuge 5417C Eppendrof, Germany 

Centrifuge 5417R Eppendrof, Germany 

Electrophoresis power supply EPS300 
Amersham Pharmacia biotech inc, 

Sweden 

FB 12 Luminometer Berthold, Germany 

Heating block 2099DA Gebr. Liebisch, Germany 
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2.1.10 Software 

Software Provider 

SOFTMAXPro Molecular devices, Sunnyvale, CA 

Vi-Cell software Beckman Coulter, USA 

Cell quest Pro BD Biosciences, Heidelberg 

GraphPad Prism  GraphPad Software Inc., USA 

Cyflogic CyFlo Ltd. Finnland 

Mendeley Mendeley, USA 

 

2.1.11 Consumables 

Consuamble Supplier 

96- well multiply PCR plate Sarstedt, Germany 

Cover Slip  Thermo scientific, USA 

Cuvettes  Sarstedt, Germany 

Easy flask 260ml Thermo scientific, USA 

Falcon 15ml Sarstedt, Germany 

Falcon 50ml Sarstedt, Germany 

Filter cards Medite GmbH, Germany 

Glass Pipette Brand, Germany 

Microscope slide 76x26 mm Thermo Scientific, USA 

Pipette tips 10μl Sarstedt, Germany 

Pipette tips 100μl Sarstedt, Germany 

Pipette tips 100μl Sarstedt, Germany 

Sempercare premium latex gloves S Sempermed, Austria 

Serological Pipette 10ml Sarstedt, Germany 

Serological Pipette 25ml Sarstedt, Germany 

Serological Pipette 5ml Sarstedt, Germany 

Super RX Medical X-ray film  Fujifilm, Japan 

Surgical Disposable scalpel Brau Biotech, Germany 
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Tissue culture flask T25 suspension cells Sarstedt, Germany 

Tissue culture 24-well suspension cells Sarstedt, Germany 

Tissue culture 6-well suspension cells Sarstedt, Germany 

Tube 1.5ml Sarstedt, Germany 

Tube 15ml Sarstedt, Germany 

Whatman Gel blotting paper GB003  GE Healthcare, UK 

Whatman Protan BA83 GE Healthcare, UK 

 

2.1.12 Markers 

Markers Supplier 

SDS-PAGE: ColorPlus Prestained 

protein ladder, Broad range (10-230kDa), 

New England BioLabs, UK 

 

Agarose Gel: 1kb DNA ladder Invitrogen, USA 

 

2.1.13 Buffers and solutions 

Cell culture medium 

Components Quantity 

RPMI 1640 100ml 

IMDM 350ml  

FCS 50ml 

pencillin/streptromycin 5ml 

L-Glutamine 5ml  
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Western Blot  

Gel Casting: SDS-PAA-gel 10%   

Stacking gel   9.15 ml H2O 

2ml 40% PAA 

3.25ml Tris-HCl pH 6.8 

300μl 10% SDS 

150μl 10% APS 

15μl TEMED 

Resolving Gel 12ml H2O 

10ml 40% PAA 

7.5ml Tris-HCl pH 8.8 

150μl 10% SDS 

75μl 10% APS 

15μl TEMED 

 

Lysis Buffer 

 

TNT, pH 8 20mM Tris-HCl 

200mM Nacl 

1% Triton X100 

1mM DTT 

 

Nuclear and Cytoplasmic protein extraction 

Buffer A  10mM HEPES pH 7.9 

10mM KCl 

0.1mM EDTA 

0.1mM EGTA 

1mM DTT 
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0.5mM PMSF 

Buffer C  20mM HEPES pH 7.9 

0.4M KCl 

1mM EDTA 

1mM EGTA 

1mM DTT 

1mM PMSF 

 

Buffers for western blotting 

10x SDS running buffer 0.25M Tris-HCl 

2M Glycine 

35mM SDS 

1L H2O 

20x TBS, pH 7.6 0.4M Tris-HCl 

1.8M NaCl 

1L H2O 

TBST 50ml 20x TBS 

1ml Tween 20  

1L H2O 

10x SDS transfer buffer 0.5M  tris-HCl 

0.4M Glycine 

18.5 ml 20% SDS 

1L H2O 

1x SDS transfer buffer 100ml 10x SDS Transfer buffer 

100ml Methanol 

1L H2O 

Milk 5% 2.5g milk powder 

50ml TBST 
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Agarose gel buffers 

10x TAE, pH 8 0,4M Tris-HCl 

11.4ml Acetic acid 

5mM EDTA 

1L H2O  

Agarose Gel 1% 0.5g Agarose Standard 

50μl Ethidium Bromide 

50ml 1x TAE 

 

EMSA 

5% polyacrylamide gel 39ml H2O 

2.5ml 10x TBE 

8.4ml 30% Acrylamide 

500μl 10% APS 

3x Binding buffer for EMSA 60mM HEPES pH 7.9 

3mM DTT 

3mM EDTA 

150mM KCl 

12% Ficoll 

6xDNA binding buffer 80% Glycerin 

100mM EDTA 

0.025% Bromophenol blue 

0.025 Xylenexyanol F 

Binding reaction 1 μl of poly-dIdC (1 μg/μl in TE) 

2 μl of 5x binding buffer   

1 μl of labeled probe 

1 μl unlabeled DNA fragments 

0.1 μl 100x BSA 

5 μg protein total 

H2O to 10 μl final volume 
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2.2 Methods 

2.2.1 Cell culture methods 

2.2.1.1 Cell culture 

The cells in culture were viably frozen for long term storage using liquid 

nitrogen. The cells were grown to a very high confluence and pelleted. The pellets 

were resuspended in the freezing media (Medium with 10% DMSO), and aliquoted in 

the cyrovials and frozen at -80° C before transferring to the liquid nitrogen cylinder.  

For thawing the frozen cell lines, the cells were immersed in a 37°C waterbath 

until the sides are thawed but the center remains frozen. The pellets were 

resuspended by gradual addition of fresh medium containing the necessary 

supplements and centrifuged to remove DMSO, resuspended in fresh medium and 

maintained in culture.  

In order to maintain the cell lines in cell culture, they were grown in appropriate 

media supplemented with 10% FBS, 2mM L-Glutamine and penicillin/streptomycin at 

37°C and 5% CO2. Cells were split to optimal density every 2-3 days.  

 

2.2.1.2 Cell proliferation and viability assay: 

 The cell lines were treated with various concentrations of antioxidants or NOX 

inhibitors or drug for the specified period of time. Then equal volume of cells were 

incubated with 1:4 dilution of alarma blue® solution for 1-4 hours, after which the 

florescence intensity (excitation = 560 nm, emission = 590 nm) was measured using 

SPECTRAMaxGeminiEM fluorometer to determine the difference in proliferation of 

the cell lines compared to the control. Alarma blue® solution contains a cell 

permeable, non-toxic and weakly fluorescent blue indicator dye called resazurin that 

undergoes colorimetric change in response to cellular metabolic reduction, thereby 

generating a quantitative measure of cell proliferation. 
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For measuring cell viability, the samples were diluted 1:5 and the viable/dead 

cells were counted in the Vi-Cell cell counter series. All measurements were done in 

triplicates and the results were expressed as ± Standard error of mean. Alternatively, 

the samples were stained with trypan blue, loaded on a heamocytometer and the 

dead and the living cells were counted using a light microscope. Trypan blue is not 

absorbed by the living cells but it passes through the dead cell membrane, which is shown as 

a distinctive blue color under a microscope. 

 

2.2.1.3 Flow cytometry 

Annexin/PI Apoptosis analysis 

The cells to be analyzed after treatment with antioxidants or NOX inhibitors were 

washed twice with annexin binding buffer and then resuspended in 100μl of annexin 

binding buffer containing 5μl of Annexin V-PE and 5μl of PI. Annexin V-PE stains 

cells in the apoptotic stages while PI stains the dead cells. The samples were 

incubated at room temperature for at least 15 minutes and further diluted with 

annexin binding buffer if necessary and analyzed on FACSCalibur. Viable cells were 

negative for both Annexin V-PE and PI.  Annexin has high affinity towards cells 

expressing phosphatidylserine (PS) on their cell surface during early apoptosis. The 

DNA in the cell nucleus is stained with PI to distinguish live cells from cells 

undergoing apoptosis.  

 

ROS measurement 

The cells to be analyzed were pelleted and resuspended in plain medium 

containing 0.5 – 1μM CM-H2DCFDA. The cells were then incubated at 37°C for 30-40 

minutes in dark, then 5μl of PI is added to stain the dead cells and incubated for 

another 10 minutes at room temperature. After which they are analyzed on 

FACSCalibur. 10μM of H2O2 was used as a positive control. CM-H2DCFDA is a 

chloromethyl derivative of H2DCFDA, an indicator for reactive oxygen species (ROS) 
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in cells. CM-H2DCFDA passively diffuses into cells, where its acetate groups are 

cleaved by intracellular esterases and its thiol-reactive chloromethyl group reacts with 

intracellular glutathione and other thiols. Subsequent oxidation yields a fluorescent 

adduct that is trapped inside the cell. 

 

2.2.2 Protein analysis 

2.2.2.1 Whole cell lysate preparation 

The cells were lysed in ice cold 50-100μl of TNT lysis buffer supplemented 

with protease and phosphatase inhibitors and DTT. After incubating the lysates at 

least for 30 minutes at 4°C they were centrifuged at 13000rpm for 15 minutes at 4°C 

to pellet the cell debris and the supernatant were transferred to a fresh vial and 

subsequently analyzed by Bradford assay.  

Whole cell lysates were also prepared using Dignam C buffer and then by 

applying physical stress (rubbing on an eppi stand). Then the vials were frozen 

shortly in liquid nitrogen and thawed on ice, then again rubbed on an eppi stand. This 

was repeated twice. Now the lysates were centrifuged at 4°C at 13000 rpm for 15 

minutes. The supernatant was transferred to a fresh vial and stored in -80°C.  

 

2.2.2.2 Nuclear and cytoplasmic extracts 

The cell pellets were washed with ice cold PBS, suspended in 100-200μl of 

Buffer A and incubated on ice for 15 minutes. 5-10μl of NP-40 was added and the 

samples and incubated for another 5 minutes on ice. The samples were vortexed 

shortly and centrifuged at 8000rpm for 2 minutes. The supernatants containing the 

cytoplasmic extracts were collected in fresh vials. The pellets were washed once with 

buffer A and then resuspened in buffer C and incubated at a 4°C shaker for 30-45 

minutes. After incubation the samples were centrifuged at 13000rpm for 10 minutes 

and the supernatants containing the nuclear extracts were transferred to a fresh vial. 
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Both the nuclear and the cytoplasmic extracts were stored at -80°C until analyzed by 

Bradford and subjected to EMSA or western blotting. 

 

2.2.2.3 Bradford analysis to determine the protein concentration 

The total protein concentration of the cell lysates were determined by adding 

3ul of the cell lysate to 1ml of 1:5 diluted Bradford solution.  The absorbance of the 

sample was measured using a photometer at 595nm. The protein concentration was 

calculated from a premeasured BSA standard curve.  

 

2.2.2.4 Western Blotting 

Preparation of SDS gel 

Preparation of the gel involves arranging the glass plates on a multi gel casting 

camber or by clamping two glass plates. The resolving gel was casted first and then 

after it polymerizes the stacking gel was casted on top of it and the comb was placed 

to provide cavity to load the proteins in between the glass plates. The percentage of 

the resolving gel depends in the molecular weight of the protein to be analyzed. After 

polymerization the gel was assembled on the running chamber.  

 

Loading and separation   

Equal quantity of protein lysates were taken along with loading buffer and incubated 

at 95°C for 5 minutes before loading on the gel. 10-30ug of protein was used per lane 

to be analyzed using the SDS gel electrophoresis.  The reducing agents like DTT 

removes secondary and tertiary structure (e.g. disulfide bonds [S-S] to sulfhydryl 

groups [SH and SH]) and SDS maintains the denatured protein thus allows 

separation of proteins by their molecular weight. Sampled proteins become covered 

in the negatively charged SDS and move to the positively charged electrode through 

the acrylamide mesh of the gel. Smaller proteins migrate faster through this mesh 
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and the proteins are thus separated according to size. The concentration of 

acrylamide determines the resolution of the gel - the greater the acrylamide 

concentration, the better the resolution of lower molecular weight proteins. The lower 

the acrylamide concentration, the better is the resolution of higher molecular weight 

proteins.  

 

Immunoblotting 

 After the proteins are resolved on the gel they were transferred to a 

nitrocellulose membrane. Protein binding to the nitrocellulose membrane is based on 

the hydrophobic interactions, as well as charged interactions between the membrane 

and protein. The membrane was blocked in tris buffered saline containing 5% milk 

and 0.1 % tween-20. The blocked membrane was incubated overnight at 4°C with the 

appropriate primary antibody and washed thrice with TBS solution containing 0.1% 

Tween -20 and then incubated for one hour at room temperature with the 

corresponding horse radish peroxidase linked secondary antibody. The membrane 

was then washed and luminescence substrate was added to the membrane and the 

proteins were detected on photographic film.  

 

Immunoblotting to check for the oxidized PTP1B 

Approximately 6 million cells from culture were pelleted and lysed with TNT 

lysis buffer containing proteinase and phosphatase inhibitors, after allowing it to be at 

room temperature for 15 minutes, they were spun down and the supernatant were 

transferred to a fresh vial. PTP1B exists as in an active reduced state, when exposed 

to H2O2 it gets oxidatively inactivated, which can be reversible or irreversible 

(Salmeen A et al 2003).  Each sample were aliquoted into 2 tubes and to one of the 

aliquot 20mM of NEM is added and allowed to be on ice for 15 mins. The addition of 

NEM alkylates the active PTP and stabilizes it from further modification. Then the 

samples were further aliquot into two, to one of the aliquot DTT was added. Addition 

of DTT reduces the reversibly oxidized PTP. So now four aliquots of the same sample 

containing either DTT or NEM or both or none of the above was made. The protein 
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concentrations of the samples were measured and equal amount of the sample were 

loaded on the gel, the samples containing DTT were loaded on a separate gel. The 

gels were them immunoblotted against PTP1B and a loading control.  

 

2.2.2.5 Immunoprecipitation 

Immunoprecipitation for flag tagged protein: 

The cells were lysed with 200ul of TNT lysis buffer containing protease and 

phosphatase inhibitor cocktail tablets and DTT. They were centrifuged to remove the 

cell debris and the protein lysates were stored at -80°C until use. 5 - 15ul of the 

lysates were reserved for preIP.  

The 5ul of FLAG tagged beads (per sample) and 6ul of Protein G agarose 

beads (per sample) were washed twice with TNT lysis buffer and then resuspened in 

100ul of TNT lysis buffer and added to the protein lysates. The beads along with the 

protein lysates were incubated on a rotor at 4°C for 1hr. Then the beads were 

washed twice with TNT lysis buffer to remove the unbound proteins and then once 

with ice cold PBS. The beads were resuspended with 15ul of loading buffer and 

subjected to SDS PAGE, followed by immunoblotting. The samples reserved for 

preIP were also loaded on the same gel. 

 

Luciferase assay  

The cells were transfected with 1.2ug of STAT6VT or Empty vector, 2.4ug of 

3xSTAT6 luciferase reporter or 3x κB luciferase reporter and 0.2 mg of actin renilla 

luciferase. After 16-24 hours of transfection the cells were treated with NOX inhibitors 

or antioxidants.  After treatment for 24 hours the cells were lysed with 60ul of TNT 

lysis buffer and aliquoted into two vials 30ml each in order to measure in duplicates. 

To 1ml of renilla buffer 5ul of stopglow solution was added. The luminescence was 

measured by a luminometer. Luciferase buffer was added first to measure the 

luciferase activity followed by renilla buffer containing stopglo solution. The values 
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obtained for firefly luciferase activity were normalized to renilla activity in relation with 

the empty vector transfected cells.  

 

PTP1B activity assay 

PTP1B activity assay was carried out as instructed in the manual. In short it works on 

the principle as follows, the micro plates were coated with antibody which captures 

the phosphotase in the samples, and the unbound phosphatases were washed away. 

A synthetic phosphopeptide substrate which could be dephosphorylated by the active 

phosphatase to generate free phosphate and dephosphorylated peptide, the free 

phosphate is detected by malchite green dye. Calculating the rate of phosphate 

release will determine the amount of active phosphatase present. All measurements 

were done in triplicates and amount of active phosphatase was calculated from the 

phosphate standard.  

 

2.2.2.6 Protein / DNA interaction analysis by shift assay 

 Radioactive labeling of oligos was done by adding 10mM of dNTPS without 

dCTPs to 1ul of oligos, 5ul of 10x klenow buffer, 5ul of p32 labeled dCTPs, 35.5ul 

H20, 1ul Klenow fragment. This mixture was incubated at room temperature for one 

hour. The labeled oligos were added to the sigma spin post reaction columns after 

saturating the columns with STE buffer and centrifuged for 4 minutes at 750rpm to 

filter the oligos. The sepherose column captures the single dNTPs. 5-10ug of whole 

cell lysates or the nuclear extract were added to 0.5ul of the labeled oligo, 0.5ul of 

PDIC, 1ul of 10X BS buffer and 6ul of H2O. The radiolabelled lysates were subjected 

to PAGE using native gel. The gel is air dried and the protein bound to the radioactive 

labeled oligos was captured on a photographic film.  
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2.3 Transfection  

Transfection by AMAXA nucleofector Kit 

The required amount of cells was pelleted and the medium as completely 

removed. The pellets were resuspened with 18ul/sample of supplement solution and 

82 ul/sample of cell specific nucleofector solution. 2ug of plasmid or the optimized 

amount or siRNA were mixed with 1.5 million cells. The mixture is transferred to the 

amaxa certified cuvette without any air bubbles and the cuvette is closed and placed 

in the  cuvette holder on the nucleofection apparatus and choose the and start the 

program after positioning the cuvette. After the program is complete transfer is cells 

to the pre warmed culture medium on a 6 well plate.  

 

2.4 Nucleic acid extraction and analysis 

DNA and RNA were extracted from the cell lines using Qiagen Allprep 

DNA/RNA mini kit, as per manufacturer‘s instruction. DNA extracted was stored at -

20°C and RNA was stored at -80°C after aliquoting a few micro liters for 

quantification. 

 

Nucleic acid quantification 

 Concentrations of RNA and DNA were measured using spectrophotometry. 

Absorption was measured on a Nanodrop spectrophotometer based on absorption 

maximum at 260nm. Purity of nucleic acid extracted is measured using the ratio 

OD260/OD280. The ratio is 1.8 for pure DNA and that for RNA is 2.0. Contaminations 

by phenol or proteins cause a decrease in this value. 
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cDNA synthesis  

The RNA extracted was measured and 1μg of RNA was added to a vial containing 

1μl of oligos, 1μl of dNTPs. This was kept at 65°C for 5 mins after which a mixture 

containing 5X FS buffer (4μl), 0.1M DTT (2μl), Rnasin (1μl), Superscript reverse 

transcriptase 1μl was added. This reaction mixture was subjected to the specific 

program at the PCR machine, which is as follows 5mins at 25°C, 1h at 50°C, and 15 

minutes at 75°C. 

 

q-PCR analysis 

The cDNA thus synthesized was diluted and mixed with specific primer mix, SYBR 

green and subjected to real time PCR. Primers specific for housekeeping genes like 

beta actin were used for control. All samples were measured in triplicates, Ct- values 

obtained after the cycles were used to calculate the relative expression of gene of 

interest. The PCR cycle used is as follows  

Step Temperature Time 

Enzyme activation 95°C 5 mins 

Denaturation 

Annealing 

Extension 

95°C 

60°C 

72°C 

15 sec 

30 sec 

15 sec 

Final extension 72°C 5 mins 

Hold 4°C ∞ 

 

End point PCR 

The end point PCR was done using the 1:10 diluted cDNA, specific primer mix (2μl), 

dNTPs (0.5μl), Taq polymerase (0.5μl), 10x Buffer (2μl), the volume was made to 

20μl using sterile distilled water and the reaction mixture was subjected to the preset 

program suitable for the primers. The product was separated according to the size of 

the base pairs on an agarose gel (1% or 1.5%).  

40 cycles 
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Agarose gel elecrophoresis 

Nucleic acids were resolved using a 0.8% to 2% agarose gel. The gels were prepared 

using 1XTAE and resolution of DNA was done at 120V and detected using ethidium 

bromide, directly added to the gel. Bands were analyzed using Alpha imager EP.  
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3. Results 

Reactive oxygen species modulate a set of signaling pathways involved in the 

differentiation and proliferation of B cell progenitors (Giefing et al. 2013). Since 

classical Hodgkin‘s lymphoma (cHL) is derived from a crippled germinal center B cell 

(Kuppers et al. 2010), it was postulated that cHL cell lines are under ROS mediated 

oxidative stress which in turn plays a role in sustaining cell survival signaling. The role 

of ROS in cHL cell survival and the mechanisms involved were studied using cHL cell 

lines. 

Moreover, HRS cells and the reactive infiltrate in a cHL as well as cHL cell 

lines express a pleiotrophy of cytokine, chemokines and lymphokines. These 

messengers bind and activate in an autocrine or paracrine fashion their receptors 

giving rise to increased intracellular ROS levels due to a permanent recruitment and 

activation of NOX proteins.  

 

3.1 Sources of ROS in cHL 

3.1.1 Expression of ROS regulatory genes in cHL, DLBCL and LCL cell lines 

To elucidate the transcriptional landscape of the redox system in cHL cell 

lines, the expression of oxidative stress genes such as NOX1, NOX3 and NOX5 were 

analyzed and compared with that of DLBCL and LCL cell lines using real-time PCR 

method. The NADPH oxidase (NOX) family of enzymes has the capacity to transport 

electrons across plasma membrane to generate superoxide and other downstream 

reactive oxygen species (Bedard & Krause 2007). The expression of NOX genes did 

not vary much between the cHL and LCLs/DLBCL cell lines (Figure 3a, 3b, 3c).  

Additionally, the expression levels of superoxide dismutase, SOD1 and SOD2 were 

analyzed and compared with that of LCL/DLBCL cell lines. Superoxide dismutase 

(SOD) are enzymes that catalyze the dismutation of superoxide O2
- radicals to 

oxygen O2 and hydrogen peroxide H2O2 which acts a secondary messenger in 

various signaling pathways (Burdon 1995). Interestingly, the expression levels of 
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SOD1 and SOD2 were significantly increased in cHL cell lines with P values of 

0.0173 and 0.0043 respectively, when compared to LCL and DLBCL cell lines (Figure 

11d, 11e). The expression levels of glutathione peroxidase (GPX1) was also 

analyzed in cHL cell lines. GPX1 is an antioxidant enzyme that regulates 

hydroperoxide levels by detoxifying hydrogen peroxide (Flohe` RB et al 2013). Of 

note, the expression level of GPX1 was found to be significantly lower in cHL cell 

lines with a P value of 0.0043, compared to LCLs/DLBCLs (Figure 11f), indicating a 

defective H2O2 scavenging system. The expression of the genes were normalized to 

the expression of the housekeeping gene β-actin and RPL19.  

To compare NOX1, CYBB, NOX3, NOX4, NOX5, DUOX1 and DUOX2 expression 

levels in B cell lymphoma entities and in normal B cell subtypes we reanalyzed GEP 

data set  SE12453 (18794340) mined from GEO database 

(www.ncbi.nlm.nih.gov/geo/). The data set was reanalyzed with help of GeneSifter 

microarray data analysis software  

(www.genesifter.net, PerkinElmer, Waltham, MA). The data were 

RMA-normalized (Figure 11g). 
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Continued from previous page 
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Figure 11: a-f. mRNA expression levels of NOX1, NOX3, NOX5, SOD1, SOD2 and 

GPX1 were analyzed using real time PCR. The data were normalized to their 

respective housekeeping genes and P values were identified using Mann-Whitney 

test.   

 

 

c d 

e f 
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Figure 11g: Microarray data of the expression of NOX1, CYBB, NOX3, NOX4, NOX5, 

DUOX1 and DUOX2 from Genestifter. The results were RMA normalised 

  

3.2. Antioxidant treatment reduces cell proliferation of cHL cell lines:  

To test if treatment with antioxidants affects cHL cell proliferation, the cHL cell 

lines KM-H2, L-1236, L-428, SUP-HD1 and U-HO1 were treated with increasing 

concentrations of the antioxidant like BHA (100μM, 300μM, 500μM), which is a 

stabilizer of free radicals thereby preventing further reactions; NOX inhibitors (iNOX) 

like apocynin (100μM, 250μM, 500μM, 1mM), which inhibits the assembly of a 

functional NADPH-oxidase complex that is responsible for reactive oxygen species 

production and DPI (10μM, 25μM and 50μM), which inhibits NADPH oxidase and in 

addition functions as a free radical scavenger. After 48 hours equal volume of cell 

suspension were taken in triplicates and stained with alamar blue®. Treatment with 

antioxidants resulted in a dose dependent decrease in cell proliferation (Figure 12a, 

12b, 12c).  

g 
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Figure 12: The cHL cell lines KM-H2, L-1236, L-428, SUP-HD1 and U-HO1 were 

treated with increasing concentrations of antioxidants and NOX inhibitors such as, a. 

100μM, 250μM, 500μM, 1mM of apocynin, b. 100μM, 300μM and 500μM of BHA and 

c. 10μM, 25μM and 50μM of DPI. Cell proliferation was measured using alamar blue® 

after 48 hours. The figure shows a decrease in cell proliferation in dose dependent 

manner in response to antioxidants and NOX inhibitors. 
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L-428, L-1236 and SUP-HD1 showed a rapid decrease in cell proliferation in 

response whereas the U-HO1 cells showed the least sensitivity in response to both 

antioxidant and NOX inhibitor treatment. KM-H2 and U-H01 showed a slight increase 

in cell proliferation when treated with 100μM apocynin and then gradually decreasing 

with further increase in concentrations whereas the other cell lines showed a dose 

dependent decrease. Treatment with 300μM of BHA resulted in 50% decrease in cell 

proliferation. Treatment with 10μM of DPI showed 25% decrease in cell proliferation. 

 

3.3 Antioxidant treatment reduces cell viability of cHL cell lines:  

To verify if antioxidant treatment also leads to a decrease in cell viability, the cells 

were treated with increasing concentrations of the antioxidants and iNOX such as, 

apocynin (100μM, 250μM, 500μM, 1mM), BHA (100μM, 300μM, 500μM) and DPI 

(10μM, 25μM and 50μM) for 48 hours and cell viability was measured using trypan 

blue exclusion method. Trypan blue selectively stains for dead cells by traversing the 

membrane while viable cells cannot absorb trypan blue. A dose dependent decrease 

in cell viability was observed in all the cHL cell lines. Decrease in viability was 

corresponding to that of cell proliferation with L-1236 and SUP-HD1 showing the 

highest sensitivity and U-HO1 showing the least. SUP-HD1 and L-1236 showed more 

than 50% cell death with 500μM apocynin. All the cHL cell lines except U-HO1 

resulted in more than 50% cell death when treated with 300μM BHA. Treatment with 

DPI showed a gradual dose dependent increase in cell death.  
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Figure 13: The cHL cell lines KM-H2, L-1236, L-428, SUP-HD1 and U-HO1 were 

treated with increasing concentrations of antioxidants and NOX inhibitors such as a. 

100μM, 250μM, 500μM, 1mM of apocynin were used to treat the cells for 48hrs. b. 

100μM, 300μM and 500μM of BHA were used to treat the cells for 48hrs. c. 10μM, 

25μM and 50μM of DPI. The cells were stained with trypan blue and the dead and live 

cells were counted using ViCell Coulter. This figure shows an increase in cell death in 

a dose dependent manner in response to antioxidants and NOX inhibitors.  
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3.4 Inhibition of ROS in cHL cell lines induces apoptosis 

To verify if cell death occurs by apoptosis, the cell lines were treated with 

increasing concentrations of the antioxidants and NOX inhibitors like apocynin 

(100μM, 250μM, 500μM, 1mM), BHA (100μM, 300μM, 500μM) and DPI (10μM, 25μM 

and 50μM) for 48 hours and apoptosis was measured using annexinV/PI staining.  

A dose dependent increase in apoptosis was observed in all the cHL cell lines 

measured. The levels of apoptosis were corresponding to that of cell death assayed 

using trypan blue staining with L-1236 showing the highest apoptosis and UHO1 

showing the least induction of apoptosis following treatment with antioxidants.  
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Figure 14: The cell lines L-1236, L-428 and U-HO1 were treated with 300μM of BHA 

and 10μM of DPI for 24 hours. After 24 hrs the cells were stained for annexinV/PI and 

measured with FACS. 

To further verify if cHL cell lines treated with antioxidants undergo apoptosis, 

the cells were treated as above and protein lysates were analyzed for the levels of 

cleaved caspase 3, which is one of the key executioners of apoptosis by proteolytic 

processing and sequential activation of other caspases. Activation of caspase 3 

occurs when its inactive zymogen undergoes a proteolytic cleavage into activated 

p17 and p12 fragments. A dose dependent increase in caspase 3 cleavage was 
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observed. Also, the extent of caspase cleavage was corresponding to the increase in 

annexin V following antioxidant treatment, indicating that inhibition of ROS in cHL cell 

lines lead to apoptotic cell death. 

 

3.4.1 BHA treatment causes apoptosis mediated cell death in cHL cell lines 

 

 

Figure 15a: The cell lines KM-H2, L1236, L428, SUP-HD1 and U-HO1 were treated 

with 100μM, 300μM, 500μM of BHA. Proteins were isolated and analyzed using 

immunoblot analysis for the expression of cleaved caspase 3. Total ERK2 was used 

as a loading control. 
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L-1236, SUP-HD1 and KM-H2 cells showed a dose dependent increase in 

cleaved caspase 3 expression upon treatment with BHA. In L-428, the increase in 

cleaved caspase levels was observed only at high concentration of BHA at 24 and 

48hrs but after 72 hours of treatment with BHA there was a significant increase in 

cleaved caspase levels. U-HO1 showed an increase in cleaved caspase after 24hrs 

but after 48 and 72 hrs no much increase in cleaved caspase 3 was observed.  

 

3.4.2 DPI treatment causes apoptosis mediated cell death in cHL cell lines 

Following treatment with DPI, KM-H2 and L-1236 showed a dose dependent 

increase in cleaved caspase 3 after 24 hours of treatment, L-428 also showed a dose 

dependent increase in cleaved caspase 3 after 24 hours and 48 hours of treatment. 

SUP-HD1 showed a dose dependent increase in cleaved caspase, but at 72hrs the 

decrease in cleaved caspase expression could be because of increased cell death 

and very few viable cells available for analysis. U-HO1 showed an increase in 

cleaved caspase 3 after 24hrs but after 48 and 72 hrs not much increase in cleaved 

caspase 3 was observed.  
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Figure 15b: The cell lines KM-H2, L1236, L428, SUP-HD1 and U-HO1 were treated 

with 10μM, 25μM, 50μM of DPI. Proteins were isolated and analyzed for the 

expression of cleaved caspase3 using immunoblotting. Total β-actin was used as a 

loading control. 

 

3.5 JAK2 signaling inhibition 

 JAK/STAT signaling is one of very important signaling pathways for the 

survival of cHL. Many of the negative regulators of this pathway are mutated or 

inactivated in cHL and hence the pathway is constitutively activated. Moreover, the 

cytokines and the ligands that activate this pathway are secreted by the HRS cells 

itself and also by the immune cells in the microenvironment of cHL (Aldinucci et al. 

2010). In order to confirm that inhibiting this pathway would affect the cell survival and 

to compare the efficacy of JAK2 with the one of the antioxidants in respect to its 

cytotoxic effects, the cHL cell lines were treated with JAK2 inhibitor for 24 hours.  
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3.5.1 Cell viability after treatment with JAK2 inhibitor 

The cell lines L-1236, L-428, HD-LM2 and U-HO1 were treated with 30nM, 

100nM and 300nM of JAK2 inhibitor for 24hrs. The cells were stained with trypan blue 

and counted on a Neubauer chamber for live cells after 24hrs of treatment with the 

JAK2 inhibitor. All measurements were done in quadruplicates. L-1236 showed a very 

high decrease in cell viability (>50%) with even 100nM concentration of the inhibitor. 

HD-LM2, L-428 and U-HO1 showed a less dramatic effect. However, also with these 

cell lines a dose dependent decrease in cell viability was observed.  
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Figure 16: Decrease in viable cell numbers after treatment with the indicated 

concentrations of the JAK2 inhibitor. The quadruplicate values were normalized to the 

control. 

 

3.5.2 Cell cycle analysis after JAK2 inhibitor treatment: 

 Classical Hodgkin‘s lymphoma cell lines KM-H2, L-1236, L-428, SUP-HD1 and 

U-HO1 were treated with JAK2 inhibitor for 24 hours. The cells were then washed 

with PBS and fixed in ethanol and stained using propidium iodide after removal of 

RNA using RNase A. The KM-H2, L-428 and U-HO1 cells showed an increase in G1 

and G2 phases indicating a possibility of cells arresting in G1/S and G2/M, 

respectively upon treatment with JAK inhibitor.  While L1236 and SUPHD1 did not 
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Table 4 

show large changes in their cell cycle profiles between the DMSO treated and JAK 

inhibitor treatments.  

 

 

 

 

 

 

 

 

 

         Continued in next page 

Table 3 

Figure continued in next page 
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Table  5 

Table  6 

 

Figure continued in next page 

Continued from previous page 
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Table  7 

 

Figure 17: Cell cycle analysis after 24 hours of treatment with 30nM, 100nM and 

300nM of JAK2 inhibitor. The shaded light blue region shows the control cells, shaded 

orange region shows 30nM, shaded purple region shows 100nM and shaded green 

region shows 300nM JAK2 inhibitor treated cells. Additional tables summarize the 

changes in the cell cycle induced by the JAK2 inhibitor. 

Table 3 to 7 represents the percentage of cells in SubG1, G1, S and G2/M phase of 

cell cycle. 

 

3.5.3 Effect of JAK2 inhibitor in cell survival signaling: 

Since JAK/STAT signaling is one of the important signaling pathways for the survival 

of cHL, the changes in phosphorylated STAT proteins were checked after treatment 

with JAK2 inhibitor for 24 hours so as to analyse changes in these pathways upon 

JAK inhibition. Whole cell lysates were prepared using TNT lysis buffer containing 

proteinase and phosphatase inhibitors. Equal amount of protein were loaded on to 

the SDS gel and subjected to electrophoresis. The SDS PAGE separated proteins 

Continued from previous page 
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were transferred to blotting membrane and immunoblotted against pSTAT3, pSTAT5 

and pSTAT6. β-actin is used as a loading control. 

 

Figure 18: Immunoblot against pSTAT3, pSTAT5, pSTAT6 and β-actin used as 

loading control using lysates from L-1236, HD-LM2, U-HO1 and L-428 cells treated 

with the JAK2 inhibitor for 24 hours. 

 A dose dependent decrease in pSTAT3, pSTAT5 and pSTAT6after treatment 

with JAK2 inhibitor for 24 hours was observed. Thus the decrease in live cell numbers 

observed even after treatment with very low concentrations of the JAK2 inhibitor for 

24hrs could be due to the decrease in cell survival signaling as shown by 

phosphorylation status of STAT3, STAT5 and STAT6.  

 

3.6 Response of DLBCL and LCL cell lines to NOX inhibitors and antioxidants 

In order to determine the effect of antioxidants and NOX inhibitors on LCL cell 

(LCL Tanisha, LCL HO21) and DLBCL cell lines (HBL1 and SUPHDL1), two LCL cell 

lines and two DLBCL cell lines were treated with 250μM of apocynin, 300μM of BHA 

and 25μM of DPI after 24hrs of treatment the cells were stained with CM-H2DCFDA 

and the change in ROS levels were measured with FACS. No change in ROS levels 

were observed in LCL cell lines but a slight decrease in ROS levels were observed in 
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DLBCL cell lines when treated with BHA. Treatment with the NOX inhibitors led to 

subtle changes in the ROS levels in the DLBCL cell lines and the LCL cell lines also 

showed only minor changes in ROS levels compared to control.  

 

Figure 19: FACS overlays: Two LCL cell lines and two DLBCL cell lines were treated 

with 250μM of apocynin, 300μM of BHA and 25μM of DPI. The histogram overlay 

shows the change in ROS levels after 24hrs of treatment. The light blue shaded 

region indicates basal ROS level, red line, green line and the royal blue line shows the 

change in ROS levels after 250μM of apocynin, 300μM of BHA and 25μM of DPI 

 

3.7 Comparison of ROS levels in cHL cell lines and LCL, DLBCL cell lines 

following stimulation with H2O2: calibration of the system 

The HRS cells and the non-neoplastic cells surrounding the HRS cells produce a 

variety of cytokines and chemokines creating a highly reactive microenvironment 

which is capable of high ROS production in the case of primary cHL. The ability ofcHL 

cell lines to generate ROS in cell culture systems is unknown. Accordingly, the cell 

lines were stimulated with increasing concentrations of H2O2 (1μM, 10μM and 50μM) 

and the levels of ROS were measured using by flow cytometry after staining with CM-

H2DCFDA, which is a chloromethyl derivative of H2-DCFDA, an indicator of ROS in 

cells. 
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A dose dependent increase in ROS levels was observed in all the cHL cell 

lines. In general, the highest increase in ROS levels was observed in 50μM while the 

1μM showed only a minimal increase of ROS. L-428 and SUP-HD1 showed a robust 

increase in ROS levels even at lower concentrations of H2O2 (1μM) while U-HO1 

showed only minimal increase in ROS levels evenwith 50μM concentration (Fig. 20a). 

LCL cell lines and DLBCL cell lines were also stimulated by H2O2 but there is 

absolutely no increase in ROS levels in LCL cell lines but the DLBCL cell lines 

showed a mild increase upon H2O2 addition (Fig. 20b). 

 

 

Figure 20a: Measurement of ROS levels in cHL cell lines using H2O2. An overlay 

histogram showing the increasing levels of ROS with increasing concentration of 

H2O2. The light blue shaded region shows the basal level of ROS, royal blue line, 

green line and the maroon line represents the increase in ROS after 1μM, 10μM and 

50μM of H2O2, respectively.  
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Figure 20b: Measurement of ROS in two DLBCL cell lines (HBL1, SUDHL4) and two 

LCL cell lines (LCL Tan and LCL) using H2O2. An overlay histogram shows the levels 

of ROS generation after treatment with H2O2. The blue shaded region shows the 

basal level of ROS, royal blue line, green line and the maroon line represents the 

increase in ROS after 1μM, 10μM and 50μM of H2O2, respectively. 

 

3.8 Reduction of ROS levels in cHL cell lines by antioxidants and NOX 

inhibitors 

Since stimulation with H2O2 showed an increase in ROS levelsin combination 

withthe differential expression patterns of superoxide dismutase and glutathione 

peroxidase genes, the importance of ROS production for cHL survival was elucidated. 

Firstly, to examine whether ROS levels could be reduced by treatment with 

antioxidants, cHL cell lines were treated withapocynin (250μM), BHA (300μM), and 

DPI (10μM). ROS levels of cells exposed to antioxidants and iNOX were measured 
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by staining with CM-H2DCFDA at various time points. The levels of decrease in ROS 

varied between the different antioxidants tested.  

 

3.8.1 Decrease in ROS levels in response to apocynin 

 The cHL cell lines KM-H2, L-1236, L-428, SUP-HD1, and U-HO1 were treated 

with 250μM of apocynin. After 24hours the cells were stained with CM-H2DCFDA and 

measured for ROS levels using flow cytometer. There was a decrease in ROS levels 

in all the cHL cell lines analyzed except L428. 

 

Figure 21a: FACS histogram after apocynin treatment. The histogram shows the 

decrease in ROS levels. The blue shaded region indicates basal ROS level and the 

shift towards left represented by the red line shows the decrease in ROS after 

treatment with apocynin. The table describes the percentage of ROS+ and ROS- 

cells. 
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Table  8a 

 

KM-H2 L-1236 L-428 SUP-HD1 U-HO1 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

Control 87.78 12.20 82.38 17.60 92.92 7.05 91.73 8.25 50.82 49.17 

250μM 

apocynin 
55.58 44.39 74.65 25.33 93.67 6.31 42.87 57.12 45.39 54.6 

 

Table 8: Table representing the percentage of ROS + and ROS – cells after treatment 

with apocynin 

 

3.8.2 Decrease in ROS levels in response to BHA 

The cHL cell lines KM-H2, L-1236, L-428, SUP-HD1, and U-HO1 were treated with 

300μM of BHA. After 24hours the cells were stained with CM-H2DCFDA and ROS 

levels were measured using flow cytometer. There was a decrease in ROS levels in 

all the cHL cell lines analyzed except for U-HO1.  
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Figure 21b: FACS histogram after BHA treatment. The histogram shows the 

decrease in ROS levels. The blue shaded region indicates basal ROS level and the 

shift towards left represented by the green line shows the decrease in ROS after 

treatment with BHA.  

 

 

 

 

 

 



Results 

80 
 

Table  8b 

 KM-H2 L-1236 L-428 SUP-HD1 U-HO1 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

Control 87.7 12.2 82.3 17.6 92.9 7.0 91.7 8.2 50.8 49.1 

300μM BHA 54.2 45.6 58.6 41.3 59.9 40.0 54.1 45.8 50.8 51.8 

 

Table 8b: Table representing the percentage of ROS + and ROS – cells after 

treatment with BHA 

  

3.8.3 Decrease in ROS levels in response to DPI 

The cHL cell lines KM-H2, L-1236, L-428, SUP-HD1, and U-HO1 were treated with 

10μM of DPI. After 24hours the cells were stained with CM-H2DCFDA and ROS 

levels were measured using flow cytometer. There was no considerable decrease in 

ROS levels in all the cHL cell lines analyzed. However, there is always a decrease in 

cell numbers, which might affect the possibility to detect cHL cells with reduced ROS 

levels. 
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Table  8c 

 

Figure 21c: FACS histogram after DPI treatment. The histogram shows the 

decrease in ROS levels. The blue shaded region indicates basal ROS level and the 

royal blue line shows the level of ROS after treatment with DPI.  

 KM-H2 L-1236 L-428 SUP-HD1 U-HO1 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

ROS 

+ 

ROS 

- 

Control 87.7 12.2 82.3 17.6 92.9 7.0 91.7 8.2 50.8 49.1 

25μM DPI 81.0 18.8 80.3 19.6 88.6 11.2 83.6 16.3 50.8 54.2 

 

Table 8c: Table representing the percentage of ROS + and ROS – cells after 

treatment with DPI 
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3.9 Depletion of ROS inhibits JAK/STAT signaling in cHL cell lines: 

One of the major signaling pathways that are constitutively active in cHL is the 

JAK-STAT signaling pathway. The survival of the HRS cells of the cHL is greatly 

depend on this pathway (Figure 16) which is kept active by the increased cytokines 

and chemokines in the microenvironment of HRS cells. The highly reactive 

microenvironment and the constant activation of survival pathways in the HRS cells 

lead to an increase in ROS generation. Hydrogen peroxide acts as secondary 

messenger in many signaling pathways. Since inhibition of ROS caused decrease in 

cell proliferation and cell death through apoptosis, the question of interest was 

whether the decrease in cell proliferation and increase in apoptosis is due to inhibition 

of the constitutively active JAK-STAT signaling. To test this, the cHL cell lines were 

treated with increasing concentrations of the antioxidants apocynin (100μM, 250μM, 

and 500μM), BHA (100μM, 300μM and 500μM) and DPI (10μM, 25μM and 50μM) 

and the protein lysates were analyzed using western blotting for the levels of 

pSTAT3, pSTAT5 and pSTAT6. 

 

3.9.1 Treatment with apocynin causes decrease in phosphorylation of STAT 

proteins 

The cHL cell lines were treated with increasing concentrations of apocynin 

(100μM, 250μM, 500μM) and the control cells were treated with DMSO. Cell lysates 

were prepared using TNT lysis buffer containing proteinase and phosphatase 

inhibitors. After 24, 48 and 72hrs the lysates were immunoblotted against pSTAT6, 

STAT6 with β-actin as loading control.  All the cell lines showed a dose dependent 

decrease in pSTAT6 levels. The cell lines also showed a decrease in the level of total 

STAT6 expression only at the highest concentrations of apocynin. 
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Figure 22a: The cell lines KM-H2, L1236, L428, SUP-HD1 and U-HO1 were treated 

with 100μM, 250μM, 500μM of apocynin for 24, 48 and 72 hours. Proteins were 

isolated and analyzed using immunoblotting for the expression of pSTAT6 and 

STAT6. β-actin was used as a loading control. Immunoblot showing a dose 

dependent decrease in expression of pSTAT6 following treatment with apocynin. 

 

3.9.2 Treatment with BHA causes decrease in phosphorylation of STAT 

proteins 

 The cHL cell lines were treated with increasing concentration of BHA 

(100μM, 300μM, 500μM) and the control cells were treated with DMSO. Cell lysates 

were prepared using TNT lysis buffer containing proteinase and phosphatase 

inhibitors. After 24, 48 and 72hrs the lysates were immunoblotted against pSTAT6, 

pSTAT5 or pSTAT3 and ERK2 as loading control.   
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Figure 22b: The cell lines KM-H2, L1236, L428, SUP-HD1 and U-HO1 were treated 

with 100μM, 300μM, 500μM of BHA for 24, 48 and 72 hours. Immunoblots were 

performed to analyse expression of pSTAT proteins following treatment with BHA, as 

indicated. ERK2 was used as a loading control. A dose dependent decrease in 

expression of pSTAT was observed in all cell lines.  

 

Nearly all the cell lines showed a dose dependent decrease in pSTAT6 levels. 

KM-H2 which doesn‘t have STAT6 expression was immunoblotted against pSTAT5 

and pSTAT3, the expression of pSTAT5 showed a dose dependent decrease and at 

higher concentrations of BHA no pSTAT3 was detected.   

 

b 
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3.9.3 Treatment with DPI causes decrease in phosphorylation of STAT proteins 

The cHL cell lines were treated with increasing concentration of DPI (10μM, 25μM, 

50μM) and the control cells were treated with DMSO. 

 

Figure 22c: The cell lines KM-H2, L1236, L428, SUP-HD1 and U-HO1 were treated 

with 10μM, 25μM, 50μM of DPI for 24, 48 and 72 hours. Proteins were isolated and 

analyzed using immunoblotting for the expression of pSTAT and STAT proteins as 

indicated. β-actin was analyzed as a loading control.  

 

Cell lysates were prepared using TNT lysis buffer containing proteinase and 

phosphatase inhibitors. After 24, 48 and 72hrs the lysated were immunoblotted 

against pSTAT6, pSTAT5 and β-actin as loading control.  Nearly all the cell lines 

showed a dose dependent decrease in pSTAT levels. KM-H2, which doesn‘t express 

STAT6, was immunoblotted against pSTAT3. 

 

c 
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3.10 Treatment with antioxidants inhibits STAT activity in cHL cell lines: 

Since it was observed that JAK/STAT signaling is inhibited following 

antioxidant treatment in cHL cell lines, it was tested if ROS inhibition also affects the 

DNA binding activity of STAT proteins. Hence the cHL cell lines were treated 

antioxidants or iNOX for 24 hours and STAT activity was analyzed using 

electrophoretic mobility shift assay (EMSA). STAT binding site containing 

oligonucleotides are radiolabeled with 32P and mixed with nuclear extracts of the cells 

treated with BHA, apocynin or DPI.  

 

Figure 23: The cell lines KM-H2, L-1236, L-428, SUP-HD1, U-HO1 were treated with 

100μM and 250μM of apocynin or with 100μM and 300μM of BHA or with 10μM and 

25μM of DPI. After 24 hours of treatment nuclear proteins were extracted and were 

incubated with 32P labelled STAT specific oligonucleotides and subjected to 

electrophoresis on a native PAA gel 
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KM-H2, L1236, L428 and SUP-HD1 showed a dose dependent decrease in 

STAT activity upon treatment with apocynin, BHA and DPI. U-HO1 showed very 

minimal decrease in STAT activity after treatment with apocynin and BHA, but DPI 

treatment decreased STAT activity in U-HO1 cells distinctively. 

 

3.11 Alterations in NF-κB signaling following antioxidant treatment 

In order to check the activity of the NF-κB subunits in cHL cell lines 

dignamCwhole cell extracts were made from KM-H2, L-1236, L-428, SUP-HD1 and 

U-HO1. These lysates were incubated with 32P labelled NF-κB specific 

oligonucleotides and subjected to electrophoresis in a naïve 5% poly acryl-amide gel 

and the radioactivity was captured on a photo film. The results show that NF-κB 

signaling is active in cHL cell lines even without any stimulation.  

 

Figure 24: EMSA on cHL cell lines show a high basal NF-κB is activity. 

 

Since JAK/STAT signaling was found to be inhibited by antioxidant treatment, 

it was analyzed if inhibition of ROS also alters NF-κB signaling in cHL cell lines. 

Accordingly, cHL cell lines were treated with different concentrations of the 

antioxidants and iNOX, NF-κB activity was measured using EMSA. NF-κB specific 

bindings site containing oligonucleotides are radiolabeled with 32P and mixed with the 

nuclear extract of the cells treated with BHA, Apocyanin or DPI.  
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In contrast to JAK/STAT signaling where there was a general profound 

decrease in STAT activity following treatment with the antioxidants, the NF-κB DNA 

binding activity was not altered uniformly. While a moderate decrease was observed 

in Apocynin treated KMH-2 or SUP-HD1 cells, DNA binding of NF-κB was is 

augmented upon DPI and BHA treatment and upon apocynin treatment of L428 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: The cell lines KM-H2, L-1236, L-428, SUP-HD1, U-HO1 were treated with 

100μM and 250μM of apocynin or with 100μM and 300μM of BHA or with 10μM and 

25μM of DPI. After 24 hours of treatment nuclear proteins were extracted and were 

incubated with 32P labelled NF-κB specific oligonucleotides and subjected to 

electrophoresis on a naïve PAA gel 
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3.12 Rescue of cell death by stable expression of constitutively active STAT6 

3.12.1 Generation of constitutively active STAT6 expression in L428 cells  

To establish that the cytotoxic effects observed upon the decrease of ROS 

levels are mediated specifically by the inhibition of JAK/STAT signaling, the cHL cell 

line L428 was stably transfected with an expression vector expressing a constitutively 

active variant of STAT6, STAT6VT, or with the parental vector (empty vector, EV). 

The selection marker G418 sulfate (geneticin) was used to select for the transfected 

cells which carry the antibiotic resistance marker.  

 

 

 

 

 

 

 

 

 

Figure 26:a. Immunoprecipitation using the whole cell lysates from three empty 

pcDNA 3.1 vector transfected L-428 cells (EV2, EV3, EV4) and two pcDNA STAT6VT 

containing vector (STAT6VT – 1, STAT6VT – 2) transfected cells was done, 5μl of the 

lysates was used for the preIP.  ERK2 is used as a loading control. b. PCR to check 

the presence of the transgene in the stably transfected L-428 cellclones. 

An immunoprecipitation was done using anti-FLAG antibody coated beads to 

check for the presence of the ectopically expressed constitutively active STAT6. A 

PCR was also performed using primers spanning between the vector and STAT6 

gene to further confirm the presence of the STAT6VT transgene. And all the further 

b a 
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experiments were done with STAT6VT clone 1, which was found to express the 

ectopic STAT6VT containing vector by both immunoprecipitation and PCR. 

 

3.12.2 Response of L428 cells expressing constitutively active STAT6 to 

antioxidants  

The cells transfected with pcDNA 3.1 empty vector and pcDNA 3.1 STAT6VT 

were treated with BHA (300μM), apocynin (250μM) and DPI (10μM) for 24 hours. The 

cells were later stained with annexinV/PI and subjected to FACS analysis to measure 

apoptosis. The cells treated with Apocynin showed less than 3% apoptosis but with 

BHA and DPI treated cells a rescue of apoptosis in the cells transfected with 

STAT6VT containing vector was observed. After 24 hours of treatment whole cell 

lysates were prepared using TNT lysis buffer and subjected to SDS-PAGE followed 

by immunoblotting against phospho-STAT6, STAT6 and a loading control.   

      

 

 

 

 

 

 

 

Figure 27: a. FACS AnnexinV/PI staining followed by FACS measurement to check 

for apoptosis in the pcDNA3.1 and pcDNA3.1 STAT6VT transfected L-428 cells after 

treatment with 250μM apocynin, 300μM BHA and 25μM DPI.b: Immunoblotting: The 

cells treated with antioxidants and NOX inhibitors were lysed using TNT lysis buffer 

and immunoblot analysis using antibodies against pSTAT6 and STAT6 were 

performed, ERK2 and β-actin were used as loading controls 
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The phosphorylated STAT6 levels were found to be only moderately reduced 

in the pcDNA 3.1 STAT6VT transfected L428 cells after treatment with apocynin/BHA 

and a more pronounced decrease in phosphorylated STAT6 was observed in cells 

treated with DPI, whereas the empty vector transfected cells showed a steady 

decrease in pSTAT6 when treated with BHA and DPI. The total STAT6 levels 

remains almost unaltered in the STAT6VT transfected cells whereas the empty vector 

transfected cells showed decrease in the STAT6 protein levels after treatment with 

antioxidants and iNOX. 

 

3.12.3 Transcriptional STAT activity was increased in STAT6VT transduced 

cells   

  Luciferase assay was performed to check for the activity of STAT6 in the 

pcDNA 3.1 STAT6VT transfected L-428 cells vs. the pcDNA 3.1 empty vector 

transfected L-428 cells. The cells were transiently transfected with STAT6 dependent 

luciferase reporter (3xSTAT6 – luc) along with a plasmid encoding a Renilla 

luciferase under the control of human ubiquitin promoter to normalise the transfection 

efficiency.  

 

 

 

 

 

 

Figure 28: Luciferase activity of the control cells (Empty Vector) and the cells 

expressing constitutively active STAT6 (STAT6VT) without treatment (Control) or with 

antioxidants and NOX inhibitors, as indicated. The graph shows the values with ± 

SEM of normalised luciferase reading. 
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After 16-24 hours the cells were treated with 250μM apocynin, 300μM BHA and 

25μM DPI for 24 hours after which the cells were lysed with TNT lysis buffer and the 

luciferase activity was measured.Interestingly, luciferase activity was higher in 

samples treated with the DPI while apocynin and BHA treatments do not show a 

difference in STAT activity compared to that of control. 

 

3.13 Mechanism of JAK/STAT inhibition following ROS inhibition in cHL 

Inhibition of ROS using antioxidant treatment inhibit aberrantly active 

JAK/STAT signaling in cHL cell lines (Figure 22a, 22b, 22c, 23). One of the key 

enzymes that are frequently deactivated in cHL cases is the phosphatase PTP1B. It 

negatively regulates JAK/STAT signaling by dephosphorylating the active forms of 

the STAT and JAK proteins, on specific tyrosine residues. PTP1B has been shown in 

primary cHL cases to be inhibited by mutations and is therefore a potential tumor 

suppressor in cHL. Moreover, PTP1B is transiently inactivated by a NOX-mediated 

ROS upregulation during cytokine receptor signaling. Thus, whether an iNOX or anti-

oxidant induced reduction of ROS reinstates active PTP1B in cHL cell lines thereby 

imparting a check on the JAK/STAT signaling was studied. 

 

3.13.1 PTP1B activity in cHL cell lines 

To understand the basal PTP1B activity in cHL cell lines the PTP1B activity assay kit 

from R&D systems was used. Briefly, whole cell lysates were prepared from the 5 

cHL cell lines, one normal B cell line (LCL) and lymphocytes from healthy individuals 

and the activity of PTP1B in these different lysates was assayed by its capability to 

remove phosphate from a specific phosphopeptide substrate. The released 

phosphate is measured by a change in absorption of malachite green dye. The 

analysis clearly showed that cHL cell lines have lower PTP1B activity compared to 

control B cells. 
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3.13.2 Inactivation of PTP1B by oxidation in cHL cell lines 

One possible mechanism by which the activity of PTP1B is regulated is the 

site-specific oxidation of a sulfhydryl group at the Cys215 of PTP1B. When 

encountered with ROS, the Cys215 residue at the active site of PTP1B is oxidized 

resulting in the inhibition of the PTP1B activity. To study the redox state of PTP1B in 

cHL cell lines, the cells were treated with N-ethyl maleimide (NEM) which alkylates 

the active PTP1B (reduced), rendering them resistant for further modification. The 

inactive (oxidized) PTP1B is unaltered by NEM and thus can be reduced using 

Dithiothreitol (DTT). The modified proteins are detected by western blotting. Using 

this assay, PTP1B was found to be inactivated (oxidized) in all 5 of the cHL cell lines 

tested (Figure 30).  
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Figure 29: PTP1B phosphatase 

activity assay. The bars represent 

the amount of released phosphate 
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Figure 30: Immunoblot against PTP1B using TNT lysates prepared with or without 

NEM/DTT treatment. 

 

3.14 Rescue of ROS mediated cell death by inhibition of PTP1B 

To determine whether the redox-dependent PTP1B re-activation contributes to 

the reduced JAK/STAT activation in iNOX or anti-oxidant treated cHL cell lines. The 

cHL cell line L-428 was pre-treated with a PTP1B inhibitor for 24 hours prior to a 

treatment with the antioxidant BHA. The numbers of dead and the living cells were 

determined after additional 24 hours. As shown in figure 31 treatment with the PTP1B 

inhibitor (PTP inhibitor XXII) alone had no effect, but there was a tendency of rescue 

in BHA treated L428 cells. 
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To further underscore the role of a PTP1B reactivation upon ROS reduction 

and to elucidate the role of another, potential redundant cellular protein tyrosine 

phosphatase, TC-PTP, a knock down experiment was performed. For this, L-428 

cells were transfected with siRNAs for PTPN1 or PTPN2 either alone or in 

combination using the amaxa nucleofector reagent Kit V. 48 hours after transfection 

the cells were treated with BHA (300µM) and DPI (10µM) and were incubated for 

another 24 hours prior to a staining with annexin V PE/PI. Subsequently, the cells 

were checked for apoptosis using flow cytometry. In DPI treated L428 knock down of 

either PTP1B or TC-PTP reduced the apoptotic cells. However, a combination of 

PTP1B and TC-PTP knock down had no further effect. In case of BHA treated L428 

both siRNAs caused a reduction of apoptosis. Moreover, a combination of both 

siRNAs caused an even stronger reduction of BHA induced L428 cells.  
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Figure 31: Cell death (%) of 

untreated or BHA treated L428 

cells, either pretreated with the 

indicated concentration of a 

PTP1B inhibitor or left 
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mean of triplicate values ± 

standard error of mean. 
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Figure 32:  FACS analysisof L-428 cells transfected withPTPN1 siRNA or PTPN2 

siRNA either alone or in combinationafter treatment with DPI and BHA. The bars 

represent mean of triplicate values ± standard error of mean. 

 

3.14.1 Inhibition of JAK/STAT signaling by antioxidants and NOX inhibitors is 

impaired following knockdown of PTPs 

TNT lysates were prepared from L-428 cells transfected with either control 

siRNA, PTPN1 siRNA, PTPN2 siRNA or a combination of both PTPN1 and PTPN2 

either left untreated or treated with 300μM BHA and 10μM DPI for 24 hours. The 

resulting whole cell extracts were subjected to immunoblot analyses against pSTAT6, 

PTP1B and TC-PTP. Treatment with BHA and DPI showed a decrease in pSTAT6 

levels compared to that of DMSO treatment. Transient knockdown of PTPN1 and 

combination of PTPN1 and PTPN2 followed by treatment with BHA showed an 

increase in pSTAT6 levels compared to that of control siRNA transfected cells. In the 

case of DPI treatment, knockdown of PTPN1 showed an increase in pSTAT6 levels 

compared to that of control siRNA. The results indicate impaired inhibition of 
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JAK/STAT signaling by antioxidants upon knockdown of PTPN1 or the combination of 

PTPN1 and PTPN2. 

 

Figure 33: Western blot analysis of L428 cells transfected with the indicated siRNAs 

using antibodies against pSTAT6, STAT6, PTP1B, TC-PTP and β-actin to ensure the 

equal protein loading. The cells were either left untreated or were stimulated with the 

indicated antioxidant or NOX inhibitor. 

 

3.14.2 Lentivirally transduced L-428 cells overexpressing C215S and wildtype 

PTPN1 rescues cell death induced by ROS inhibition 

 Another system to underscore the role of PTP1B in the iNOX or antioxidant 

induced cHL cell death are L-428 cells stably transduced with lentiviral vectors 
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encoding either PTP1B wild type (WT) and an enzymatic inactive PTP1B mutant 

harbouring a C215S substitution (Scapin G et al 2001). The stably transduced cells 

were treated with 300μM of BHA or 10 μM of DPI for 24 hours prior to an annexinV/PI 

staining and FACS for analysis. As shown in figure 34, L428 cell with an ectopic 

PTP1BC215S expression showed a decreased DPI induced cell death, but had no 

effect in BHA treated cells. Moreover, L428 cells overexpressing PTP1BWT displayed 

an increase in cell death upon BHA treatment, but not upon DPI treatment.  

 

 

 

 

 

 

 

 

 

 

3.15 Alterations in transcriptional levels of cytokines following antioxidant 

treatment    

To determine the effect of ROS decrease on NF-κB and JAK/STAT target 

gene, the expression levels of the cytokines IL-6, IL-8, IL-1A and IL-1B were analyzed 

in cHL cell lines following antioxidant treatment using RT-qPCR. Briefly, the cells 

were treated with 100 or 250 μM of apocynin or 100 or 300 μM of BHA or 10 or 25 

μM of DPI for 24 hours, after which the RNA was extracted. Subsequently, cDNA 

synthesis and RT-qPCR with specific primers was performed.  
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Figure 34: FACS analysis of BHA 

or DPI treated L-428 cells 

ectopically expressing either 

PTP1BWT or PTP1BC215S. The 

graph represents mean values of 

triplicates ± standard error of 

mean. 
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In summary, among the pro-survival cytokines, IL-6 was upregulated in L-

1236, SUP-HD1 and U-HO1 while IL-8 was upregulated in SUP-HD1 and U-HO1. IL-

1A which is associated with induction of TNFα mediated cell death was found to be 

upregulated in KM-H2, L-428 and SUP-HD1 and to a lower extent in U-HO1 cells. 

None of the cHL cell lines except KM-H2 expressed the cytokine IL-1B.  

  

3.15.1 Expression of IL-6 

 IL-6 is transcriptionally activated by NF-κB (Libermann & Baltimore 1990).It 

has been reported that interleukin-6-mediated activation of STAT3 is a principal 

pathway implicated in promoting tumorigenesis (Momoi 2013). HRS cells themselves 

secrete IL-6 that mediates activation of JAK/STAT signaling which augments its 

survival and proliferation. The expression of IL-6 after treatment with Apocyanin, BHA 

and DPI was measured using qPCR.  

 

 

 

 

 

 

 

 

 

 

 

K
M
H
2

L1
23

6

L4
28

S
U
P
H
D
1

U
H
O
1

0

2

4

6

8

10
100M Apocyanin

250M Apocyanin

F
o

ld
 d

if
fe

re
n

c
e

(n
o

rm
a

li
z
e

d
 t

o
 c

o
n

tr
o

l)

K
M

H
2

L12
36

L42
8

SU
PH

D
1

U
H
O

1

0

2

4

6

8

10 100M BHA

300M BHA

F
o

ld
 d

if
fe

re
n

c
e

(n
o

rm
a

liz
e

d
 t

o
 c

o
n

tr
o

l)

K
M

H
2

L12
36

L42
8

S
U
P
H
D
1

U
H
O
1

0

2

4

6

8

10
10M DPI

25M DPI

F
o

ld
 d

if
fe

re
n

c
e

(n
o

rm
a
liz

e
d

 t
o

 c
o

n
tr

o
l) Figure 35a: Expression of IL-6 after 

treatment with the indicated 

antioxidant and NOX inhibitors. The 

graph represents triplicate values of 

qPCR analysis with ± standard 

deviation. 

 



Results 

100 
 

3.15.2 Expression of IL-8 

Binding of IL-8 to the receptor tyrosine kinase leads to an autophosphorylation 

of the receptor bound JAK2 which activates STAT3 that dimerizes and translocates 

into the nucleus, binds to a GAS element in the IL-8 promoter, which regulates IL-8 

transcription (Gharavi et al. 2007). HRS cells themselves secrete IL-8 that mediates 

activation of JAK/STAT signaling which augments its survival and proliferation 

(Skinnider & Mak 2002). Since JAK/STAT signaling is affected by decrease in ROS, 

the expression of the STAT3 dependent IL-8 was measuredin Apocyanin, BHA, or 

DPI treated cHL cell lines.  
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Figure 35b: Expression of IL-8in the indicated cHL cell lines after treatement with 

antioxidant and NOX inhibitors. The graph represents triplicate values of qPCR 

analysis with ± standard deviation. 
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3.15.3 Expression of IL-1A 

 IL-1A is a proinflamatory cytokine which is involved in fibrosis and sclerosis 

induction in cHL (Xerri et al. 1992). HRS cells express IL-1A that mediates activation 

of NF-κB signaling promoting thereby survival and proliferation (Ree et al. 1987, 

Weber et al. 2010). The expression of IL-1A after treatment with Apocyanin, BHA and 

DPI was analyzed in the different cHL cell lines.  
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Figure 35c: Expression of IL-1A after treatement of the indicated cHL cell lines with 

antioxidant and NOX inhibitors. The graph represents triplicate values of qPCR 

analysis with ± standard deviation.  
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3.15.4 Expression of IL-1B 

 IL-1B is also involved in the pathogenesis of Hodgkin‘s lymphoma and its 

biological role is defined by its involvement in the induction of fibrosis and sclerosis 

(Steidl et al. 2011). Moreover, IL-1B expression iscontrolled by the NF-κB 

transcription factor. The expression of IL-1B after treatment with Apocyanin, BHA and 

DPI in all the cHL cell lines was analyzed. However, an IL-1B expression was only 

observed in the cHL cell line KM-H2.  
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Figure 35d:  Expression of IL-1B after treatement of KM-H2 cells with antioxidant and 

NOX inhibitors as indicated. The graph represents triplicate values of qPCR analysis 

with ± standard deviation.  
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4. Discussion 

 

4.1 Sources of reactive oxygen species in classical Hodgkin’s Lymphoma 

Classical Hodgkin‘s lymphoma (cHL) is characterized by the constitutive 

activation of various cell survival signaling pathways such as JAK/STAT, NF-κB and 

PI3K/AKT thus various intracellular and micro environmental factors may promote 

accumulation of ROS in cHL cells. Therefore it was hypothesized that ROS might 

play an important role in the biology of cHL. ROS has previously been shown to 

contribute to the pathogenesis of various leukemias and lymphomas. Genomic 

instability is an innate characteristic of B cells and their transformation to B cell 

lymphoma could be due to several inappropriate tumor associated mechanisms 

including formation of reactive oxygen species. Malignant B cells are under metabolic 

oxidative stress due to increased steady levels of reactive oxygen species from the 

mitochondrial metabolism and/or altered expression of antioxidant enzymes. For 

example, patients with chronic lymphocytic leukemia (CLL) show increased leukocytic 

H2O2, with reduced activity of catalase, superoxide dismutases (SODs) and glucose-

6-phosphate dehydrogenase (Al-Gayyar et al. 2007). In DLBCL, a low expression of 

SOD2, GPX1 and CAT has been associated with patients with poor prognosis and 

drug resistance (Andreadais et al. 2007). Similarly genetic polymorphisms and related 

oxidative stress has a role in the etiology of B cell NHL and FL (Lightfoot et al. 2006). 

Signaling events downstream of B cell receptors like B cell linker protein (BLNK) and 

spleen tyrosine kinases (Syk) are partially governed by oxidative stress (Tohyama et 

al 2004). Since HRS cells are derived from a crippled germinal center B cells 

(Kuppers et al. 1994) the possibility of ROS generation and prevalence of oxidative 

stress condition could be high. 

 One of the important clinical and pathological features of HRS cells is the 

expression of a variety of chemokines and cytokines which alters the composition and 

function of the cells in its vicinity (Skinnider & Mak 2002, Teruya-Feldstein et al. 

2000). The reactive cells in the tumor microenvironment including subsets of CD4+ T 

cells, B cells at various maturation stages, macrophages, fibroblasts and neutrophils, 
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secrete specific cytokines and chemokines that help maintain and amplify the 

intensity of the inflammatory reaction (Khan et al.2006). Such a reactive 

microenvironment is a niche for ROS generation (Fiaschi & Chiarugi 2012). 

 cHL cell lines were treated with hydrogen peroxide and ROS levels were 

measured  (Figure 20a). The most abundant endogenous ROS is H2O2, which is 

produced by dismutation of superoxide by superoxide dismutase, in the 

presence/absence of transition metal ions like iron or copper to produce the most 

aggressive hydroxyl radical. Glutathione peroxidase (GPX) elicits a glutathione (GSH) 

dependent anti-oxidative mechanism where hydrogen peroxide is reduced to water 

and dimeric glutathione to monomeric glutathione (Brigelius –Flohe & Maiorino 2013).  

Over expression of GPX1 in Ras-overexpressing pancreatic cancer cells or 

when injected in combination with MnSOD into nude mice reduced tumor cell growth 

or resulted in tumor growth suppression and animal survival (Liu et al. 2004) 

indicating that modulation of superoxide and H2O2 scavenging enzymes would 

decrease tumor growth. Glutathione peroxidase 1 (GPX1) is significantly down 

regulated in all of the cHL cell lines in comparison with DLBCLs with a P value of 

0.0043 (Figure 11f), which could be the reason for H2O2 accumulation resulting in 

oxidative stress of cHL cell lines.  

The constitutive activity of signaling pathways including JAK-STAT pathway, 

NF-κB pathway and receptor tyrosine kinase pathway is exemplified by the surplus 

supply of cytokines and chemokines, as well as by cell intrinsic mechanisms, leading 

to the proliferation and survival of HRS cells. This results in excess ROS generation 

(Fiaschi & Chiarugi 2012). Above all, the major source of ROS due to aerobic 

respiration in mitochondria should not be ruled out. 
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4.2 Reactive oxygen species regulate diverse signaling pathways in cancers  

ROS plays cell inhibitory as well as cell survival roles in various cancers. The 

imbalance between exogenous/endogenous sources of ROS and the cellular ability 

to scavenge them leads to oxidative stress which is manifested in most tumours 

(Weinberg & Chandel 2009). ROS is generated as a result of reduction of oxygen into 

hydrogen peroxide (H2O2), hydroxyl radical (.OH), and superoxide (.O2). Superoxide 

dismutases are the enzymes that convert superoxide to hydrogen peroxide. 

Glutathione peroxide and catalase convert hydrogen peroxide to water and molecular 

oxygen.  

Hydrogen peroxide can generate hydroxyl radicals when it reacts with metals 

like iron. Hydroxyl radicals are well known to cause DNA damage (Dizdaroglu & 

Jaruga  2002) generating multiple mutagenic purine, pyrimidine and 

deoxyribose as oxidation products. More than 20 oxidatively damaged DNA base 

lesions were identified (Cooke et al. 2003) and one of the most studied is 8-OHdG (8-

hydroxy-2‘-deoxyguanosine), because it is a relatively easily formed, mutagen and 

therefore a potential biomarker for carcinogenesis (Sova et al. 2010). But the DNA 

repair mechanisms eliminates the oxidised bases to maintain integrity in the 

replicated DNA, thus oxidative DNA damage is necessary but not sufficient for cancer 

development (Halliwell 2007). Cells that have an increased non-repairable oxidative 

DNA damage undergo a programmed cell death process called apoptosis (Oikawa et 

al. 1998).   

Apart from its role in induction of DNA damage and contribution to 

tumorigenesis, excessive production of ROS was also found to aid the proliferation 

and survival of cancer cells. Several lines of evidence suggest that the genes 

involved in tumor transformation, such as mutations in Ras, elevate superoxide levels 

through NADPH oxidase or mitochondria (Storz 2005). Moreover,  Bcr-Abl stimulates 

Rec2 GTPase, which regulates mitochondrial membrane potential and electron 

transfer in mitochondrial respiratory chain complex (Nieborowska-Skorska et al. 

2012), and c-myc – mediated activation of p53 could lead to the activation of p53 

target genes that are involved in oxidative metabolism and ROS production (Polyak et 
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al. 1997). Together, these processes, increase generation of ROS in cancer cells 

(Benrend et al. 2003).  

Also the levels of antioxidants were found to be altered in malignant cells 

(Oberlay et al. 1997) suggesting a pattern of redox imbalance there by facilitating 

tumor growth. Here, the presence of a similar imbalance in ROS homeostasis in cHL 

cell lines was reported and thus hypothesized that the cHL cells exploit this 

imbalance for keeping up with the cell survival signaling. 

Role of ROS as secondary messengers which positively affect cancer cell 

proliferation has been well studied. Induction of Rat-1 fibroblasts with H2O2 showed 

an increase in STAT DNA binding activity and it is independent of new protein 

synthesis. Apart from this, ROS has been shown to inactivate negative regulators of 

receptor tyrosine kinase signaling thereby imparting a positive impact on cell survival 

and proliferation (Lennicke et al. 2015).  

 

4.3 Status of reactive oxygen species and its probable role in cHL 

The cHL cell lines were associated with significantly higher expression of 

SOD1( P=0.0173; Figure 11d), SOD2 (P=0.0043; Figure. 11e) and lower expression 

of GPX1 (P= 0.0043; Figure. 11f) compared to that of DLBCL and LCL cell lines. 

Guven M et al (2000) have reported an increase in erythrocyte SOD activity levels 

and a decrease in erythrocyte and plasma GPX activity levels in patients with 

Hodgkin‘s disease. The increase in expression of SOD and decrease in GPX 

expression might result in H2O2 release, which by itself is not toxic but it interacts with 

superoxide anion in the presence of trace amounts of transition metal ions to form 

hydroxyl radical (.OH). Hydroxyl radicals cause DNA strand breakage, damage 

proteins and initiate lipid peroxidation (Giorgio et al. 2007). Therefore, low level of 

GPX together with the high level of SOD as shown, may favour accumulation of free 

radicals in cHL.  
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The expression of NOX1, CYBB, NOX3, NOX4, NOX5, DUOX1 and DUOX2 

from B cell lymphoma entities and normal B cell subtypes were reanalyzed from the 

GEP data set GSE12453 (18794340) (Figure. 11g). NADPH oxidase (NOX) is a 

multi-protein enzyme complex which mediates redox signaling mechanism in non-

phagocytic cells. It has 4 isoforms namely NOX1, NOX2, NOX3 and NOX4, each of 

which are composed of 6 subunits, a Rho guanosine triphosphatase (GTPase), and 

five phagocytic oxidase (phox) units, out of which p22-phox and Gp91phox are 

membrane bound and p47-phox, p67-phox and p40-phox are cytoplasmic subunits 

(Bedard & Krause 2007, Jiang et al. 2011). These phox proteins are encoded by 

CYBA, CYBB, NCF1, NCF2 and NCF4 genes respectively. Microarray expression 

analysis of the NADPH oxidase encoding genes was done in classical Hodgkin‘s 

lymphoma cell lines and primary samples. Interestingly, CYBA, NCF1 and NCF4 

were down regulated at mRNA level and NCF1 was found to be hypermethylated in 

all of the classical Hodgkin‘s lymphoma cell lines compared to normal mature B cells 

(Giefing et al. 2013).  

Also, real time PCR analysis of NADPH oxidase (NOX) genes like NOX1, 

NOX3 and NOX5 was performed. A relation between JAK/STAT, NF-κB signaling 

pathways and NOX1 expression has been previously described in colorectal cancer. 

Interferon gamma (IFNγ) induces NOX1 expression and O2
- production in colorectal 

carcinoma cell line, Caco-2, and this upregulation is mediated by distal STAT1 

element. The 5‘ region of NOX1 gene contains binding elements for STATs and NF-

κB transcription factor (Kuwano et al. 2006). Also, stimulation of smooth muscle cells 

(SMCs) with IFNγ lead to an upregulation of Nox activity and NOX1 mRNA and 

protein expression through a JAK/STAT dependent manner suggesting that 

JAK/STAT is an important regulator of NOX1 in human vascular SMCs (Manea et al. 

2010). Interferon gamma is produced by the HRS cells together with T-helper 1 (TH-

1) cells and is an important enhancer of macrophage function. The NOX1 and NOX5 

expression in cHL cell lines was found to have a P value of 0.9307 and 0.7922 

compared with DLBCL and LCL cell lines (Figure 11a, 11c). Expression of NOX3 was 

found to be slightly low compared with DLBCL and LCL cell lines with a P value of 
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0.2468 (Figure 11b). These results revealed no statistically significant differences 

between cHL, DLBCL and FL regarding the expression of the NOX mRNAs.  

Collectively, the data presented in this work and the previously published 

results imply that ROS might be part of the cytokine induced signaling program. As 

this would suggest a positive role of increased ROS levels for the signaling pathways 

which are essential for the survival and the proliferation of the HRS cells, cHL cell 

lines were treated with the antioxidant, butylated hydroxy anisole (BHA) and NADPH 

oxidase inhibitors like diphenyiodinium (DPI) and apocynin to clarify the role of 

intracellular ROS on survival and proliferation in cHL. The conjugated aromatic ring of 

BHA is able to stabilize free radicals by sequestering them and prevents further free 

radical reaction. For instance, BHA is shown to reduce the ROS levels in L929 

fibrosarcoma cell line (Festjens N et al 2005). Similarly, ROS levels were also found 

to be reduced in cHL cell lines upon treatment with BHA when analyzed using CM-

H2DCFDA and FACS (Figure 21b).  Apocyanin, which is widely known as a NOX 

inhibitor, also acts a weak free radical scavenger (Maicon et al. 2013. Heumuller et al. 

2008), was used to treat cHL cell lines and the ROS levels were analyzed using 

FACS, there was a decrease in ROS levels after treatment with apocynin (Figure 

21a). NOX and DUOX are flavoenzymes responsible for generating both intracellular 

and extracellular O2
. and H2O2. Diphenyliodinium (DPI) is an inhibitor of these 

flavoenzymes, thereby inhibiting H2O2 formation (Massart et al. 2014). cHL cell lines 

also showed a decrease in ROS levels when treated with DPI (Figure 21c), which 

could be due to the low levels of living cells after DPI treatment.  

Interestingly, this effect of the different antioxidants on intracellular ROS levels 

appears to be specific for cHL cell lines. Treatment of two DLBCL cell lines and two 

LCL cell lines with BHA, apocynin or DPI, for instance, resulted in no changes in ROS 

levels in LCL cell lines. A little decrease in ROS levels was observed in DLBCL cell 

lines only in the BHA treated cell lines but not in DPI or Apocyanin treated cell lines 

(Figure 19), which could be due to significantly (P value 0.0043; Figure. 11f) higher 

expression of GPX1 in these cells. 
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4.4 Depletion of ROS affects survival in cHL cells 

In order to determine, whether a reduction of intracellular ROS levels affect 

survival of cHL cell lines, a panel of cHL cell lines were treated with BHA and the 

NOX inhibitors Apocynin and DPI. Indeed, this treatment leads to an increase in cell 

death mediated by apoptosis. The apoptosis mediated cell death was observed using 

flow cytometric analysis (FACS) of the cHL cell lines after treatment with 

antioxidant/NOX inhibitors and staining for annexin/PI (Figure 14) and confirmed 

using western blotting. A dose dependent increase in cleaved caspase levels on 

immunoblotting the cell lysates made after treatment with antioxidants/NOX inhibitors 

was observed (Figure 15a, 15b, 15c). These finding are in line with the observed 

impaired cell survival in various cancers after inhibition of ROS production. For 

instance, treatment of freshly isolated rat hepatocytes with BHA resulted in apoptosis 

mediated cell death through release of cytochrome C which activates caspase 9, the 

initiator molecule of caspase cascade (Yu et al. 2000). Similar results were obtained 

when human monocytic leukemia U937 cells were treated with BHA (Okubo et al. 

2004). Interestingly, inhibition of ROS showed a similar efficacy as that of the 

inhibition of the constitutiely active JAK/STAT signaling using JAK2 inhibitor. 

In Hodgkin cells with 9p23-p24 amplification, fluorescence in situ hybridization 

revealed an increased copy number of chromosomal sequences spanning the 

tyrosine kinase gene JAK2 (Joos et al. 2000). Identification of SEC31A-JAK2 as a 

chromosomal aberration characteristic for cHL also provides evidence that JAK2 

rearrangements leads to constitutive activation of JAK-STAT signaling pathway 

(Roosbroeck et al. 2011). So the dependency on constant signaling via JAKs is very 

high in HRS cells of cHL which were also obvious in the cHL cell lines, based on their 

response to JAK inhibition (Figure 16). Decreases in phosphorylation of STAT 

proteins were also observed when JAK2 was inhibited (Figure 18). 

A decrease in cell proliferation when ROS is deprived in cHL cell lines with 

antioxidants and NOX inhibitors (Figure 12a, 12b, 12c) was observed. The cHL cell 

proliferation is also regulated by JAK-STAT signaling pathway which is constitutively 

activated and regulated by ROS at various grades. Janus kinases has 4 cysteine 
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residues in their catalytic domain which cooperatively maintains catalytic competency, 

oxidation of these cysteine residues modulates the kinase activity of JAK (Duhe` 

2013). Ligand binding to the associated receptor tyrosine kinases leads to JAK 

phosphorylation which activates STAT proteins which translocate in to the nucleus as 

homo or hetero dimers to transcribe its target genes. An increase in STAT activity 

was reported when Rat-1 fibroblast cells were induced with H2O2 and, simultaneous 

induction with H2O2 and treatment with antioxidants resulted in decrease in STAT 

activity (Simon et al. 1998). Stimulation of A549 cells with IL-4 resulted in generation 

of ROS and induction STAT activity, which is dependent on JAK phosphorylation 

(Sharma et al. 2008). ROS is able to directly and indirectly govern Janus kinase 

pathway. So the decrease in cell proliferation could be due to an impact on the 

otherwise active JAK/STAT signaling. Treatment with antioxidants showed a 

decrease in the phospho STAT levels of cHL cell lines (Figure 22a, 22b, 22c). The 

DNA binding activity of STAT was assessed by electrophoretic mobility shift assay 

which showed a decrease in STAT DNA binding activity upon antioxidant treatment 

(Figure 23). This suggests that the decrease in cell proliferation was due to the 

inactivation of JAK/STAT signaling in cHL cell lines upon antioxidant treatment.  

NF-κB signaling is another constitutively activated signaling pathway in cHL 

which is necessary for the survival and proliferation of cHL. Enhanced expression of 

NF-κB target genes including chemokines, cytokines and apoptosis regulators was 

shown in HRS cells and abolition of NF-κB signaling induced apoptosis in HRS cells 

(Hinz et al. 2002).  NF-κB subunit p50 is redox sensitive, oxidation of the Cys62 site 

inhibits its ability to bind to DNA (Mitomo et a.l 1994), which could be reversed and 

the DNA binding could be restored by its reduction by thioredoxin (Mathews et al. 

1992). Increased ROS activates IκB-kinase (IκK) which phosphorylates IκB liberating 

the NF-κB subunits to translocate into the nucleus and transcribes the cell survival 

genes (Jaspers et al. 2001). Histone deacetylase (HDAC) which catalyzes the 

removal of an acetyl group from histone can be inactivated by oxidative stress 

increasing the DNA accessibility for NF-κB (Rahman et al. 2004). Based on these 

evidences, the NF-κB activity of cHL cell lines after treatment with antioxidants and 
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NOX inhibitors was analyzed using EMSA and found that the DNA binding activity of 

NF-κB was also augmented when ROS is deprived (Figure 25) 

 

4.5 Activation of JAK/STAT signaling partially rescues antioxidant induced cell 

death 

Though the inhibition of ROS led to alterations in the NF-κB activity, the 

JAK/STAT signaling was universally down-modulated in all cHL cell lines tested. To 

prove that JAK/STAT was the key survival pathway affected upon ROS inhibition, 

constitutive activation of the pathway was performed using STAT6VT mutant. The 

SH2 domain of STAT family of transcription factors is essential for STAT binding to 

the phosphorylated JAK, dimerization and DNA binding. The substitution of two 

residues at positions 547 (V) and 548 (T) in the SH2 domain resulted in a STAT6 

mutant (STAT6VT). These mutations alter the confirmation of the protein such that it 

becomes phosphorylated, binds to DNA, and activates transcription of the target 

genes constitutively. STAT6VT is three times more active than the than wild-type 

STAT6 upon induction by a cytokine (Daniel et al. 2000). L428 cells were ectopically 

expressed with STAT6VT mutants, which would result in a sustained JAK/STAT 

signaling activation (Figure 26a, 26b). When these transfected cells were treated with 

antioxidants or NOX inhibitors, a reduction in cell death was observed when 

compared to that of the control vector transfected cells (Figure 27a). As anticipated, 

the pSTAT6 levels were also found to be unaltered in the STAT6VT transfected cells 

when compared to the empty vector transfected cells where there was an obvious 

decrease in phosphorylated STAT6 after treatment with NOX inhibitors and BHA 

(Figure 27b). This shows that the induction of apoptosis following reduction of ROS 

levels in cHL cell lines is chiefly mediated by the inhibition of JAK/STAT signaling, 

since enforced activation of the pathway decreases response to antioxidants.  This 

also implies that in cHL cell lines, ROS plays a key role in the maintenance of the 

JAK/STAT signaling. 
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4.6 Regulators of JAK/STAT signaling are inactivated / hyper-activated in cHL 

Since JAK/STAT signaling in cHL seems to be the main pathway affected 

upon ROS inhibition, the treatment of antioxidant might modulate the regulators of 

JAK/STAT signaling, causing an inhibition of cell survival. In cHL, JAK/STAT 

signaling is kept constitutively active either by enhanced activation of positive 

regulators of the signaling or by inactivation of negative regulators of the pathway. 

Hodgkin‘s Reed Sternberg cells secrete cytokines/chemokines and also express a 

variety of cytokine/chemokine receptors. IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, 

IL-13, IL-15, TGFβ, BAFF, APRIL, receptor activator of NF-κB ligand (RANKL) and 

NGF are the among the many cytokines secreted by HRS cells and influence the 

survival of HRS cells since the HRS cells also express the corresponding receptor 

(Skinnider & Mak 2002). IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-13 and IL-15 

are known to activate receptor associated Janus Kinases (Heim 1999).  

The other mechanism contributing to the sustained JAK-STAT signaling in cHL 

cell lines and primary samples is through frequent mutations in SOCS1 gene thereby 

expressing a partially non-functional hypothetical SOCS1 protein. The SH2 domain of 

the SOCS1 protein binds to the tyrosine phosphorylated JAKs and inhibits its activity. 

This non-functional SOCS1 might serve as one of the reasons for accumulation of 

phospho-STAT5 and nuclear accumulation of activated STAT5 in a subset of cHL 

cases (Weinger 2006). In a cohort of 105 cHL patients analyzed for SOCS1 

mutations on laser microdissected HRS cells, mutations were identified in about 60% 

of the cases, contemplating that mutated SOCS1could be one of the driver mutations 

in cHL. Thus SOCS1 mutation status in HRS cells may be considered as a single-

gene prognostic biomarker in cHL (Lennerz et al. 2015). Studies also show that 

SOCS family members are involved in degradation of signaling proteins through the 

ubiquitin-proteasome pathway.  

The other family of deregulated JAK/STAT inhibitors includes protein tyrosine 

phosphatases (PTPs), especially PTP1B which is encoded by PTPN1 gene. PTPs 

dephosphorylate their phosphorylated substrates. For example, PTP1B is known to 

dephosphorylate JAK2 and TYK2 (Myers MP et al 2001) and also STAT6 (Lu et al. 
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2008) and STAT5a/b (Aoki & Matsuda 2000), leading to inhibition of the pathway. 

PTPN1 is found to be mutated in classical Hodgkin‘s lymphoma both in the HRS cells 

as well as cell lines derived from cHL. A total of 12 mutations were discovered (6 in 

30 microdissected HRS cells and 6 in 9 cell lines screened, coding-sequence 

mutations in 30 of 119 (25%) clinical samples and cell lines of Hodgkin lymphoma 

and PMBCL, 18 (60%) missense mutations, 4 (13.3%) frameshift mutations, 3 (10%) 

single–amino acid deletions, 4 (13.3%) nonsense mutations and 1 (3.3%) promoter 

mutation. These mutations affect the phosphatase activity of PTP1B (Gunawardhana 

et al. 2014). An activity assay of PTP1B in all the cHL cell lines and compared it with 

peripheral blood lymphocytes and LCLs was performed and the activity of PTP1B 

was found to be low in cHL cell lines compared to their counterparts (Figure 29), 

which could be due to the mutation in all the cell lines tested (Gunawardhana et al. 

2014). 

 

4.7 PTP1B, the negative regulator of JAK/STAT signaling is oxidatively 

inactivated in cHL 

 PTP1B was shown to be of importance in cHL, as various mechanisms of 

inactivation have been identified. Apart from the presence of inactivating mutations 

and alternative splicing, oxidative inactivation of PTPs might be one strategy by which 

PTP1B is negatively regulated in cHL. Mass spectrometric analysis to assess the 

oxidation state of the catalytic cysteine residue of PTP1B showed that this residue 

can be reversibly or irreversibly oxidised in response to ROS. Oxidative inactivation of 

PTP1B is specific for catalytic cysteine residue (c215), as other Cys residues in the 

protein remain in the reduced state (Lou et al. 2007).  

To verify if PTP1B is also oxidatively inactivated in cHL cell lines, whole cell 

lysates with/without NEM and with/without DTT were prepared. N-ethylmalemide is 

used to alkylate cysteines in protein tyrosine phosphatases and stabilises the active 

PTPases. DTT is used to reduce and reactivate the reversibly oxidised PTPases, 

whereas the irreversibly inactivated PTPases remain unaltered (Barrett DM et al 

2005, Lu S et al 2002). When the protein lysates from cHL cell lines prepared with or 



Discussion 

114 
 

without NEM and DTT were immunoblotted against PTP1B, all the cHL cell lines 

showed a very high amount of oxidised PTP1B (Figure 30). Thus all cHL cell lines 

have oxidatively inactivated PTP1B and the degree of oxidation varies among the cell 

lines.  

 

4.8 PTP1B activation or inhibition alters cHL response to antioxidants 

 Thus far it was identified that treatment with antioxidants reduce the otherwise 

reversibly oxidised PTP1B rendering them active which might lead to inactivation of 

the constitutively active signaling pathways. To additionally confirm the role of ROS 

mediated inactivation of PTP1B in sustaining cell surviving signaling in cHL, 

knockdown and overexpression of PTPN1 experiments were performed, followed by 

treatment with antioxidants. The cHL cell lines when treated with antioxidants and the 

lysates from these cells were immunoblotted against phosphorylated STAT6, a 

decrease in phosphorylated STAT levels was observed, which could be due to 

reactivated/reduced PTP1B. PTP1B is a very important regulator of receptor 

associated protein tyrosine kinases for insulin (Kenner et al. 1996), colony stimulating 

factor 1, epidermal growth factor, platelet derived growth factor and cytokine 

mediated signaling (Gu et al. 2003). It dephosphorylates receptor associated 

activated JAK2 and TYK2 (Haj et al. 2002, Cheng et al. 2002). PTP1B also exerts its 

negative regulation of JAK/STAT pathway by dephosphorylation of phosphorylated 

STAT5a/b (Aoki & Matsuda 2000) and STAT6, thereby preventing the dimerization, 

nuclear localisation and DNA binding of STAT proteins (Lu et al. 2008). The decrease 

in phosphorylated STAT protein leads to a decrease in cytokine mediated cell 

proliferation signaling (Wurster et al. 2000).  

The inhibition of PTP1B by PTP1B inhibitors or siRNA mediated down 

regulation of PTPN1 would rescue the antioxidant mediated cell death. When the cHL 

cell line L-428 were pre-treated with PTP1B inhibitors and treated in combination with 

antioxidants, a rescue in cell death was observed (Figure 31). This rescue in cell 

death could be due to the increase in phosphorylated STAT proteins that might lead 

to an enhanced cell proliferation signals. The transient knockdown of PTPN1 using 
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siRNA also resulted in a rescue in cell death and an increase in phospho STAT levels 

(Figure 32a, 32b). All the results show that inactivation of PTP1B by reactive oxygen 

species could be one of the mechanisms adapted by cHL cell lines for their survival 

and proliferation via JAK/STAT signaling pathway. Hence, treatment with antioxidants 

reactivates oxidised PTP1B which dephosphorylates STAT proteins thereby inhibiting 

STAT dimerization, nuclear localisation, DNA binding and transcription of target 

genes. 

 

4.9  Oxidative inactivation of other protein tyrosine phosphatases in cHL 

Various protein tyrosine phosphatases play very important roles in regulation 

of cytokine signaling. Similar to PTP1B, yet another member of non-transmembrane 

PTP is TCPTP which is known to be involved in the dephosphorylation of various 

receptor associated tyrosine kinases and STAT proteins. T-cell protein tyrosine 

phosphatase (TCPTP) and PTP1B are two closely related proteins that share 74% 

homology in their catalytic domain (Bourdeau et al. 2005). IFNγ induction causes an 

increase in JAK1 phosphorylation in TCPTP negative macrophages (Simoncic PD et 

al 2002) showing that TCPTP can dephosphorylate JAK1. TCPTP was also shown to 

dephosphorylate nuclear STAT3 (Yamamoto et al. 2002), STAT5a/b (Aoki & Matsuda 

2002), STAT6 (Lu et al. 2007). TCPTP negative cells showed defect in nuclear 

dephosphorylation of STAT1 (ten-Hoeve et al. 2002). TCPTP also plays a tumor 

suppressor role in hematopoietic cells (Doode et al. 2009). Functional analysis of TC-

PTP gene PTPN2 showed that it acts as a classical tumor suppressor repressing the 

proliferation of T-cells by partial inhibition of JAK/STAT pathway. Accordingly, PTPN2 

was shown to be bi-allelically inactivated cHL cell line SUP-HD1, loss of one 

chromosome 18 (where PTPN2 is located) was shown in KM-H2 but did not have 

reduced PTPN2 protein expression (Kleppe et al. 2011).  

Two splice variants of TCPTP has been identified, namely TC45, a nuclear 

protein which dephosphorylates its substrates both in the nucleus and the cytoplasm 

and TC48, a predominantly ER bound protein dephosphorylating some of the TC45 
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substrates at the ER (Muppirala et al. 2013). The catalytic domain of the two splice 

variants are homologous (Tonks 2003, Zhang 1998). The architecture of the active 

site of the members of the PTP family is conserved and the catalytic cysteine residue 

is a potential target for ROS mediated regulation of these molecules (Salmeen et al. 

2004, Chiarugi & Cirri 2003) by reversible/irreversible oxidation inactivation (Meng et 

al. 2004). 

 

Figure 36: Scheme showing the reactive oxygen species mediated regulation 
of signaling pathways 
 

Since TCPTP could also be oxidatively inactivated in the presence of reactive 

oxygen species, would antioxidants and NOX inhibitors reactivate oxidatively 

inactivated TCPTP as well was speculated. So a transient knockdown of TCPTP 

using siRNA was done which would rescue antioxidant mediated cell death, and 

observed a decrease in cell death in the TCPTP knockdown cells compared to the 

control (Figure 32).  A combination of knockdown of TCPTP and PTP1B using siRNA 
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also showed an improved cell death rescue in comparison with the single target 

knockdown of either PTP1B or TCPTP. This shows that the other protein tyrosine 

phosphatases might also be oxidatively inactivated in cHL cell lines. 

 
4.10 Inhibition of ROS leads to augmented NF-κB signaling in cHL  

NF-κB signaling also constitutes a key survival pathway in cHL. Clonal 

mutation and deletions of IκBα gene thereby producing a non-functional IκBα protein 

results in constitutive expression of activated p50-p65 heterodimers in cHL cell lines 

as well as primary samples (Bargou et al. 1997). Apart from this, constitutive 

activation of IKKs (IκB kinase) induces rapid phosphorylation and degradation of 

IκBα, resulting in active NF-κB signaling (Jungnickel et al. 2000). The secretion of 

several cytokines like IL-2, IL-4, IL-5, IL-6, RANK and TGFβ by the HRS cells or by 

the cytokines like IL-8, CD-30 ligand, CD40 ligand secreted by the surrounding 

benign cells leads to the activation of NF-κB signaling in cHL. This constitutive 

activation of NF-κB leads to sustained cell proliferation and survival signals. NF-κB is 

also known to protect the cHL cell lines from stress induced apoptosis (Fiumara et al. 

2001). A high NF-κB DNA binding activity in KM-H2, L-1236, L-428, SUP-HD1 and U-

HO1 cHL cell lines was observed when analyzed using an electrophoretic mobility 

shift assay (EMSA) affirming that NF-κB signaling is active in these cell lines (Figure 

24). 

NF-κB is also known to manage and mediate oxidative stress, superoxide 

dismutases like MnSOD (SOD2) (Djaveheri-Mergny et al. 2004) and CuZnSOD  

(SOD1) (Rojo et al. 2004) are the targets of NF-κB. In cHL cell lines, SOD2 and 

SOD1 are significantly high compared to DLBCLs and LCLs cell line (Figure. 11d, 

11e). Glutathione peroxidase 1 (GPX1) is also a target for NF-κB, all five subunits of 

NF-κB is known to bind to the GPX1 promoter in U937 cells (Schreiber J et al 2006). 

Our results from the real time PCR analysis of cHL cell lines shows that GPX1 

expression is significantly down regulated in cHL cell lines (Figure 11f). Irrespective of 

the fact that NF-κB is persistently activated in cHL cells and GPX1 is a strong 
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transcriptional target of NF-κB, the reason for low expression levels of GPX1 in cHL is 

unknown.  

The Cys-62 of the p50 subunit of NF-κB is sensitive to oxidative stress and 

oxidation of this cysteine results in inhibition of the DNA binding activity of p50 

(Mathews et al. 1992).  The nuclear translocation of p50-RelA heterodimer occurs 

when the bound IκBα is phosphorylated leading to subsequent ubiquitination and 

degradation. H2O2 affects the phosphorylation of IκBα on Tyr42 or other tyrosine 

residues causing the inhibition of IκBα degradation (Canty et al. 1999). 

Glutathionylation of IκBα at the cysteine 189 prevents the phosphorylation and 

subsequent degradation of the protein (Kil IS et al 2008). Similarly IKKβ is found to be 

glutathionylated at Cys 179 when exposed to ROS, thus inactivating its kinase activity 

(Reyneart et al. 2006). Though all the evidences suggest that NF-κB could also be 

regulated by ROS, treatment of cHL cell lines with antioxidants showed a augmented 

effect on the DNA binding activity of the NF-κB proteins, analyzed using 

electrophoretic mobility shift assay (Figure 25), which may be due to the clonal 

mutation or deletion of IκBα gene in cHL cell lines KM-H2 and L-428 (Cabannes et al. 

1999), whose protein product is redox sensitive. 

NF-κB and STAT3 regulate downstream genes which are involved in cell 

apoptosis, proliferation and immune response, some of which overlap and require a 

co-effect of the two factors (Grivennikov & Karin 2010). Recently, it has been reported 

that maintenance of NF-κB activation in tumours requires STAT3. Inhibition of 

JAK/STAT signaling using a JAK2 inhibitor blocked the activation of NF-κB subunit 

p65, implicating that there is an interaction between STAT3 and NF-κB and that the 

STAT3 signaling pathway also regulates NF-κB through the p65 subunit. (Fang et al. 

2014). Interestingly, treatment with antioxidants showed an increase in IL6, IL8, and 

IL1A on a dose dependent manner and differences in the cytokine expression varied 

among cell lines (Figure 35a, 35b, 35c, 35d). In general, treatment with antioxidants 

led to an increase in levels of key chemokines which could be due to the augmented 

NF-κB signaling. 
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In summary, inhibition of ROS in the cHL cell lines KM-H2, L-1236, L-428, 

SUP-HD1 and U-HO1 led to induction of apoptosis. Constitutively active JAK/STAT 

signaling was found to be the key pathway affected upon ROS inhibition in cHL. 

Inhibition of JAK/STAT signaling in cHL cell lines by antioxidant treatment was found 

to be mediated by reduction and re-activation of the phosphatases PTP1B and 

TCPTP, which are kept inactive in cHL cells by ROS mediated oxidation. Thus the 

findings indicate a pivotal role of ROS in the pathogenesis of cHL, by oxidative 

inactivation of PTPs leading to sustained oncogenic JAK/STAT signaling.     
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5. Summary 

 

Hodgkin‘s lymphoma is one of the most frequent lymphomas in the western 

world, frequently occurring in relatively young patients with a median age of diagnosis 

at 38. The disease is characterized by the presence of mononucleated Hodgkin's 

cells and multinucleated Reed-Sternberg cells. Classical Hodgkin's lymphoma (cHL) 

derives survival signaling and evades immune surveillance by recruitment of various 

hematopoietic cells to the tumor microenvironment by secretion of various 

chemokines and cytokines. This highly reactive microenvironment results in an 

increased generation of reactive oxygen species (ROS) in cHL and therefore, the 

biological role of ROS in cHL was investigated using cHL cell lines.  

To identify cell intrinsic mechanism of ROS generation in cHL, the expression 

levels of the ROS regulatory genes such as NOX1, NOX3, NOX5, SOD1, SOD2 and 

GPX1 were analyzed. The expression levels of SOD1 and SOD2 were significantly 

higher in cHL cell lines compared to normal B cells (LCLs) and DLBCL cell lines while 

the expression of GPX1 which is involved in ROS scavenging was significantly lower 

in cHL. To evaluate if the presence of ROS was important for cHL cell survival, the 

cHL cell lines were treated with antioxidants and NOX inhibitors (iNOX) which 

resulted in cell death by apoptosis as shown by annexin V/PI FACS and caspase 3 

cleavage.  

Induction of cell death upon treatment with antioxidants and iNOX was found 

to be mediated by the blockage of the constitutively active JAK/STAT signaling, which 

is one of the key survival signaling pathways in cHL. Also, inhibition of ROS 

generation was found to augment NF-κB in cHL cell lines, indicating a crucial role of 

ROS in the regulation of JAK/STAT and NF-κB pathways. To further prove that 

antioxidants and iNOX treatment specifically targets JAK/STAT signaling, cells were 

transfected with constitutively active STAT6VT mutant, followed by antioxidant and 

iNOX treatment. Reinforced JAK/STAT activation was able to partly rescue cell death 

induced by reduction in ROS generation. 
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 To further characterize the mechanism leading to the attenuation of JAK/STAT 

signaling upon ROS inhibition, the negative regulators of JAK/STAT signaling were 

analyzed. One of the frequently inactivated negative regulators of JAK/STAT is 

PTP1B and therefore the redox regulation of PTP1B was verified. Analysis of PTP1B 

activity indicated that cHL cell lines have very low PTP1B activity compared to that of 

control LCL B cell lines and primary lymphocytes. Using NEM and DTT, the amount 

of oxidized (inactive) PTP1B in cHL cell lines was analyzed and all cHL cell lines 

except U-HO1 were found to be associated with high levels of PTP1B in the oxidized 

form, rendering them inactive. Therefore it was verified if the loss of PTP1B would 

impair cHL response to ROS reduction. Knockdown of PTPN1/PTP1B using siRNA 

led to a partial rescue of cell death following treatment with antioxidants and iNOX. 

Interestingly, also the knockdown of PTPN2/TC-PTP was found to have a similar 

effect as that of PTPN1 loss, indicating that ROS could oxidatively inactivate various 

protein tyrosine phosphatases in cHL. The augmentation of NF-κB signaling by the 

inhibition of ROS generation was reflected by changes in transcriptional levels of 

various cytokines relevant in cHL.  

Taken together, ROS in cHL mediates various key cell survival pathways 

chiefly by oxidative inactivation of the negative regulators of the signaling. Reduction 

in ROS also resulted in variations in NF-κB signaling and global changes in cytokine 

profiles. The results indicate an important pro-survival function of ROS which could 

potentially be exploited for treatment of cHL.     
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