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Abstract 

Cutaneous T-cell lymphoma (CTCL) is a group of lymphoproliferative disorders consisting 

of two main subtypes: mycosis fungoides (MF) and Sézary syndrome (SS). Due to the lack of 

robust histological markers, it remains a challenge to establish an accurate diagnosis and 

offer long term prognostication for CTCL. In addition, the molecular pathogenesis of CTCL 

is only partially understood. Previously our group discovered that early stage MF skin 

biopsies contained ectopic expression of TOX gene, which is essential for the early 

development of CD4
+
 T cells but normally is switched off in mature CD4

+
 T cells in the 

peripheral tissues. The objectives of my thesis research are to evaluate if TOX can be used to 

improve CTCL diagnosis and prognostication, and to characterize the functional role of TOX 

in the pathogenesis of CTCL.   

Using skin biopsies and clinical databases from Vancouver, Beijing and Boston, I 

confirmed that TOX expression levels were significantly upregulated in the full spectrum of 

MF and in SS. In addition, as a diagnostic marker, high TOX expression levels differentiated 

CTCL from non-CTCL controls with good sensitivity and specificity. Furthermore, as a 

prognostic marker, high TOX mRNA levels correlated with increased risks of disease 

progression and disease-specific mortality in MF, and increased risks of disease-specific 

mortality in SS. 

I also investigated the functional role of TOX in CTCL pathogenesis using multiple 

CTCL cell lines and a mouse xenograft model. TOX knockdown in three CTCL cell lines led 

to markedly increased apoptosis, reduced cell proliferation, and impaired tumorigenic ability. 

These effects were partially mediated by increased expression of two cell cycle regulators, 

CDKN1B and CDKN1C. In addition, transcriptome analysis between TOX-suppressed cells 
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and control CTCL cells uncovered additional potential molecules downstream of TOX, such 

as tumor suppressors FOXO3 and HBP1.  

Our results provide strong evidence that aberrant activation of TOX can serve as a 

diagnostic and prognostic biomarker for CTCL. Further, we demonstrated that TOX plays a 

crucial oncogenic role in CTCL pathogenesis, partially through regulating transcription of 

CDKN1B, CDKN1C and other downstream genes. Therefore TOX and/or its downstream 

genes may be promising therapeutic targets for CTCL. 
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Chapter 1: Introduction 

1.1 T-cell Biology and Function 

The key function of the immune system is to protect against extrinsic infectious organisms 

and intrinsic abnormalities. The human immune system has two branches, innate immunity 

and adaptive immunity. Innate immunity serves as the first-line defense when pathogens are 

encountered. It initiates immediate response in a non-specific manner, but does not offer 

long-lasting immunity to the host (Alam & Gorska, 2003; Larosa & Orange, 2008). Natural 

killer (NK) cells are important players in the innate immune system. During evolution, 

vertebrates developed a more sophisticated immune response, the adaptive response, which 

responds to the offending pathogen in an antigen-specific way using receptors with enormous 

diversity, and which forms long-term immunological memory (Larosa & Orange, 2008). T 

cells and B cells are critical players in adaptive immunity, defending respectively against 

intracellular (through cytotoxic T cells) and extracellular pathogens (through antibodies) 

(Alam & Gorska, 2003).    

Activation and proliferation of naïve T cells start with their interaction with antigen 

presenting cells (APCs), a process called priming. T cells can only recognize specific 

antigens processed and presented by the major histocompatibility (MHC) molecules on the 

surface of APCs. There are two classes of MHCs, MHC I and MHC II.  MHC class I is 

present in all nucleated cells, and MHC class II is expressed by professional APCs, such as 

dendritic cells (DCs), B cells, and monocyte/macrophages. CD4
+
 T cells bind to antigens 

presented by MHC class II molecules, while CD8
+
 T cells bind to antigens presented by 

MHC I molecules (Alam & Gorska, 2003; Larosa & Orange, 2008). In addition to T cell 

receptor (TCR)-MHC-antigen interactions, coreceptors (CD4 or CD8) and costimulatory 
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signals through CD28 (on T cells) binding to B7 (on APCs) are required for naïve T cell 

activation, leading to interleukin (IL)-2 production by the activated T cells and subsequent 

clonal proliferation. Without costimulation, the T cells become anergic, demonstrated by the 

inability to produce IL-2 or proliferate, even with subsequent constimulatory signals (Larosa 

& Orange, 2008). Once naïve T cells become primed, they further differentiate into effector 

T cell subtypes.  

CD8
+
 T effector cells, upon priming, exert cytotoxicity by two major mechanisms. 

First, they secrete cytotoxic proteins perforin and granzyme B. Perforin forms pores in the 

cell membrane and allows granzyme B into the cytoplasm, which leads to both caspase-

dependent and caspase-independent apoptosis (Alam & Gorska, 2003). Second, activated 

CD8
+
 T cells may bind to Fas receptor on the target cells through their Fas ligand (FasL), 

leading to rapid apoptosis of the target cells (Russell & Ley, 2002). Unlike CD8
+
 T cells, 

primed naïve CD4
+
 T cells further differentiate into several subsets of cells with distinctive 

cytokine production profiles and functions, with T helper (Th)1, Th2, Th17, and T regulatory 

cells (Treg) being the major subtypes (Weaver et al, 2006; Zhu & Paul, 2008). Th1 cells 

produce interferon (IFN)-γ and IL-2, important in activating macrophages to fight against 

intracellular pathogens and establishing immunological memory in CD4
+
 T cells (Paul & 

Seder, 1994; Zhu & Paul, 2008). Th2 cells secrete IL-4, IL-5, IL-10, IL-13, and mediate 

defense mechanism against extracellular parasites (Larosa & Orange, 2008). Specifically, IL-

4 promotes B cell proliferation and antibody production, IL-5 facilitates eosinophil 

recruitment (Coffman et al, 1989), and IL-10 inhibits both dendritic cells and Th1 cells 

(Fiorentino et al, 1989; Moore et al, 2001). Th17 is a relatively newly identified subset of 

effector T cell subset that mediates defense against extracellular organisms as well as 
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autoimmunity, through secretion of IL-17A, IL-17F, IL-6, IL-21, and IL-22 (Bettelli et al, 

2007; Weaver et al, 2006). Finally, Treg cells produce transforming growth factor-β (TGF-β), 

IL-10, IL-35, and function as negative regulators of the immune response and important 

mediators for peripheral tolerance (Luckheeram et al, 2012; Zhu & Paul, 2008).      

Upon elimination of the offending pathogen, the immune response is attenuated to 

restore homeostasis through several mechanisms, including upregulation of inhibitory 

receptors, such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed death-1 

(PD-1) (Parry et al, 2005; Walunas et al, 1994), and clonal deletion by the activation-induced 

cell death (AICD) mechanism (Green et al, 2003). Despite clearance of the majority of 

activated lymphocytes, some antigen-specific T cells manage to survive and become memory 

T cells that are capable of mounting quicker and stronger response against the same pathogen 

in the second attack. There are two types of memory T cells, central memory T cells and 

effector memory T cells, distinguished by their surface markers and homing properties 

(Kaech et al, 2002). Central memory T cells express CD45RO, CD62L, and CCR7, and 

home to the lymph nodes. Effector memory T cells express CD45RO, but lack CD62L and 

CCR7, and circulate to the peripheral tissue where they provide constant surveillance and 

mount a rapid effector response when re-challenged (Alam & Gorska, 2003). 

Taken together, each of the T cell subtypes carries out specialized functions and they 

work together to mount and terminate an effective adaptive immunity response. 

Dysfunctional T cells may lead to inadequate defense against invading pathogens, inability to 

eliminate transformed cells, or reactivity against self-antigens, leading to uncontrolled 

infections, malignancies, or autoimmunity, respectively. Therefore, a normal T-cell 
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development process is crucial in eliminating abnormal thymocytes and ensuring only 

properly functional T cells are allowed to mature and exit the thymus.  

T cells play an essential role in defending exogenous pathogens and maintaining long-

term memory in epithelial barrier tissues, including skin, lung, brain, gastrointestinal tract, 

and reproductive tracts (Mackay et al, 2013; Wakim et al, 2012). Previously, tissue-tropic T 

cells were thought to be primarily residing in the circulation and they were only recruited to 

the tissues with infections in times of need. Upon the clearance of intruding pathogens, the T 

cells recruited either underwent apoptosis or returned to the circulation, leaving very few T 

cells in the peripheral tissues where pathogens were encountered (Clark, 2015). However, 

this idea was challenged by a series of experiments in the last two decades. It was observed 

that antigen-specific CD8
+
 T cells remained long-term memory cells in the peripheral tissues 

after Listeria and vesicular stomatitis virus infection (Masopust et al, 2001). Skin grafts of 

non-lesional skin from patients with psoriasis, when transplanted onto immunodeficient 

mice, generated active psoriatic skin lesions, showing strong evidence of the presence of 

resident pathogenic T cells in the non-lesional skin of psoriatic patients (Boyman et al, 2004). 

Subsequent studies conducted in human lung, gastrointestinal system, reproductive system, 

and peritoneum demonstrated the existence of a plethora of antigen-specific resident memory 

T cells (TRM) (Booth et al, 2014; Okhrimenko et al, 2014; Purwar et al, 2011; Roberts et al, 

2009; Turner et al, 2014).  

This notion of long-lived tissue-tropic TRM cells was further supported by a recent 

observation by Clark et al that the skin surface of a healthy adult was populated by around 20 

billion T cells, which was almost twice as much as those circulating in the peripheral blood. 

Under normal conditions, the vast majority (98%) of skin-tropic T cells resided in the skin, 
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and the remaining 2% located in the circulation (Clark et al, 2006). Furthermore, Watanabe 

et al. identified four populations of resident and recirculating T cells in the human skin, 

including: 1). CD103
+
 TRM , 2). CD103

-
 TRM, 3). CCR7

+
/L-selectin

+
 central memory T cells 

(TCM), and 4) CCR7
+
/L-selectin

-
 migratory memory T cells (TMM), each displaying distinct 

features in locations, cytokine production profiles and functional activities (Watanabe et al, 

2015). Further characterization of these resident and recirculating T cells would shed light on 

the healthy immune response, as well as pathological immune responses seen in 

inflammatory and autoimmune conditions.  

1.2 T-cell Development 

T-cell development takes place in the thymus. The thymus consists of two lobes, each with 

numerous lobules made of central medulla and surrounding cortex. The hematopoietic 

precursor cells enter the thymus at the cortico-medullary junction, and start their journey 

migrating towards the outer cortex first (Ciofani & Zuniga-Pflucker, 2007). These cells lack 

the expression of both CD4 and CD8 surface markers, and thus are called double negative 

(DN) cells. DN cells undergo four developmental stages (DN1-DN4) in the cortex (Godfrey 

et al, 1993), become double positive (DP) cells, and finally become single positive (SP) cells 

in the medulla before thymic exit to the circulation and peripheral tissues. T-cell 

development involves multiple dynamic steps whereby thymocyte progenitors migrate, 

mature and undergo stringent selections (Figure 1.1). 

There are several critical checkpoints during T-cell development. The earliest 

checkpoint the thymocytes face is β-selection, which starts during DN3 stage as the immature 

cells rearrange TCR-β chain genes and express preTCR on the surface. Recombination of 

TCR gene segments (α, β, γ, and δ) begins at the β, γ, and δ gene loci. 
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A minority of thymocytes complete successful TCRγδ gene rearrangement and 

commit to γδ T-cell lineage and leave the thymus with expression of CD4 or CD8 (Lauritsen 

et al, 2006). However, the majority of the thymocytes will express TCR-β chain, and 

subsequently pair with the surrogate primitive α receptor (pre-TCRα) to form the pre-TCR 

(Larosa & Orange, 2008). This process is crucial for further differentiation and expansion of 

thymocytes, known as β-selection. Without successful pairing with pre-Tα, the cells will die 

by neglect (Starr et al, 2003). The β-selected thymocytes further mature to the DN4 stage and 

start migrating inwards to the medulla. At this point, CD4 and CD8 are both upregulated, and 

the thymocytes obtain a DP phenotype, accompanied by the rearrangement of the α loci and 

the generation of mature TCRαβ. The expression of functional TCRαβ allows for interaction 

with peptide-bound MHC molecules on the surface of thymic epithelial cells, which is 

needed for the second checkpoint, positive selection. DP cells that interact with peptide-

MHC complexes with intermediate affinity are selected to live and undergo further 

differentiation, while those that do not are eliminated by apoptosis (Klein et al, 2009; Larosa 

& Orange, 2008). The surviving DP cells, upon TCR engagement, temporarily 

downregualate both CD4 and CD8 expression, and become a transitional subset of cells 

called double dull (DD) thymocytes (CD4
lo

CD8
lo

) (Adlam & Siu, 2003). A second 

transitional stage follows, characterized by the CD4 molecule being re-expressed, and the 

cells become CD4
+
CD8

lo
. These cells then commit to either CD4 SP or CD8 SP lineage, 

migrate to the medulla, where they are tested by the final checkpoint in T-cell development, 

negative selection. SP cells that react too strongly to the self-antigens presented by MHC 

molecules pose a significant risk of autoimmunity, and are eliminated by apoptosis 

(Lauritsen et al, 2006). The autoimmune regulator (AIRE) gene, a transcription factor that is 
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responsible for expressing tissue-specific antigens in the thymic epithelial cells, is critical in 

establishing central tolerance and preventing the T cells from attacking the “self” tissues 

(Anderson et al, 2002).  

Collectively, the stringent selection checkpoints during the development of 

thymocytes safeguard the quality of T cell production, thus only those T cells that are 

functionally capable of fighting against foreign intruders or intrinsic abnormal cells will 

mature, and the autoreactive T cells are effectively eliminated to prevent autoimmunity. 
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Figure 1.1 Overview of T-cell development in the thymus. 

The progenitor DN cells enter the thymus and undergo four developmental stages, DN1-

DN4. TCR gene rearrangement starts during DN2 stage and completes at DN3, when the 

cells undergo β-selection. These cells continue through DN4 and proceed to the DP stage, 

then undergo TCR-α rearrangement and fully express functional TCR. DP cells that interact 

with MHC molecules with sufficient affinity will be selected (positive selection). After two 

transitional stages, DD and CD4
+
CD8

lo
, the cells further commit to either CD4

+
 or CD8

+
 T 

cell lineages. The single positive CD4
+
 or CD8

+
 T cells then undergo negative selection, a 

process that eliminates those cells that react too strongly with self-peptides presented by 

MHC class II (recognized by CD4
+
 T cells) or MHC class I (recognized by CD8

+
 T cells). 

Finally, the thymocytes that successfully undergo all the selection process fully mature and 

exit the thymus.   
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1.3 Cutaneous T-cell Lymphoma (CTCL)  

CTCL is a group of lymphoproliferative disorders characterized by the homing and 

accumulation of malignant T lymphocytes in the skin. CTCL is classified as cutaneous T cell 

and NK/T cell lymphomas in the 2005 WHO-EORTC (World Health Organization-European 

Organization for Research and Treatment of Cancer) classification (Willemze et al, 2005), 

and as mature T-cell and NK-cell neoplasms in the 2008 WHO classification of tumors of 

hematopoietic and lymphoid tissues (Campo et al, 2011). According to a recent study in the 

US, the age-adjusted incidence of CTCL is 6.4 cases per million and continues to increase by 

2.9 cases per million per decade during 1973-2002, making it the second most common 

extranodal, non-Hodgkin lymphoma (Criscione & Weinstock, 2007). Currently, it is 

estimated that there are about 3000 new CTCL cases in the US per year, and a rough 

estimation of 25000 to 50000 people in the US are afflicted with CTCL (Wong et al, 2011).  

CTCL primarily affects the elderly (median age of onset 55-60 years) and the 

incidence increases rapidly with age, although it can occasionally be seen in children and 

adolescents (Kim et al, 2003a; van Doorn et al, 2000; Wain et al, 2003; Zackheim et al, 

1999). CTCL tends to affect males more than females (male-to-female ratio ~ 2:1), and 50% 

higher incidence is observed in black people, compared to white people (Criscione & 

Weinstock, 2007; Kim et al, 2003a).  

The etiology of CTCL is unknown, but has been linked to chronic antigenic 

stimulation (Girardi et al, 2004). Other etiologic factors include bacterial (staphylococcus 

aureus) and virus (Epstein-Barr virus and cytomegalovirus) infection (Herne et al, 2003; 

Talpur et al, 2008), immunosuppression (Ravat et al, 2006), and occupational exposure 
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(glass, pottery, ceramics) (Morales-Suarez-Varela et al, 2004), but there is minimal evidence 

supporting direct causative effects.  

CTCL is a highly heterogeneous disease presenting with diverse clinical 

manifestations, histopathological features, and disease courses. While many entities are 

included in the scope of CTCL, the two most common clinical variants of CTCL are mycosis 

fungoides (MF) and Sézary syndrome (SS), together accounting for 65-75% of total CTCL 

cases (Bradford et al, 2009; Willemze et al, 2005). These two disease entities are closely 

related while displaying distinct clinical as well as molecular characteristics. A recent study 

suggested that MF and SS arise from different subsets of memory T cells. MF cells are 

deficient in both L-selectin and CCR7 expression, a feature of TRM. In contrast, SS cells 

resemble TCM cells in that they express both L-selectin and CCR7, which is consistent with 

their presence in both skin and circulation (Campbell et al, 2010).    

Currently, the staging of CTCL patients relies on the Tumor-Node-Metastasis-Blood 

(TNMB) system, first proposed in 1978 at a National Cancer Institute Workshop (Lamberg & 

Bunn, 1979), and revised in 2007 by the International Society for Cutaneous Lymphomas 

(ISCL)/EORTC. The staging system incorporates the extent of skin lesion (T1-T4), 

involvement of lymph nodes (N0-N3), visceral metastasis (M0-M1), and presence of Sézary 

cells in the peripheral blood (B0-B2). Clinical stages are determined on these 4 components 

(Olsen et al, 2007).  

1.3.1 Mycosis Fungoides (MF) 

MF is by far the most common type of CTCL, accounting for 50-72% of CTCL (Criscione & 

Weinstock, 2007; Willemze et al, 2005). MF has various clinical presentations (Figure 1.2), 

including patches, infiltrating plaques, tumors and erythroderma. Most MF patients (~70%) 
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present with early stage (stage IA to IIA, patch and plaque) lesions, classically distributed in 

sun-protected areas such as the buttocks, trunk, and proximal extremities (Talpur et al, 2012). 

In 10-20% of the patients, the patches may evolve to plaques and tumors (Agar et al, 2010). 

However, more infiltrating tumors and erythroderma are the presenting lesions in about one 

third of MF patients, without previous patches or plaques (Kim et al, 2003a).  

Morphologically, the skin-infiltrating malignant MF cells are small- to medium- sized 

lymphocytes with hyperconvoluted cerebriform nuclei (Willemze et al, 2005). 

Immunophenotypically, these cells are predominantly CD4
+
CD45RO

+
 mature memory T 

cells, although CD8
+
 CTCL cases have been infrequently reported, mostly in children 

(Crowley et al, 1998). Both types of cells also express cutaneous lymphocyte antigen (CLA) 

and CC-chemokine receptor 4 (CCR4) (Kim et al, 2005). Ancillary findings in CTCL include 

loss of certain T-cell surface markers, such as CD2, CD3, CD5, and CD7 (Willemze et al, 

2005).   

In addition to compatible clinical manifestations, the diagnosis of MF depends on 

histological confirmation on a lesional biopsy. Classic MF displays two characteristics: (1). 

Epidermotropism, defined by the band-like infiltration of atypical lymphocytes into the 

epidermis without epidermal edema; (2). Pautrier’s microabcess, characterized by several 

atypical lymphocytes clustering around Langerhans cells, the skin antigen presenting cells. 

Although Pautrier’s microabcess is the hallmark of CTCL, it is only present in 25% of cases 

(Willemze et al, 2005). In addition, the lesions have much elevated CD4
+
 to CD8

+
 T 

lymphocyte ratios (>4:1) (Kim et al, 2005).  

It is often difficult to accurately diagnose MF, especially in its early stages, which 

resemble many benign inflammatory dermatoses in clinical, histopathological, and molecular 
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features (Kim et al, 2005). Currently, the diagnosis of MF relies on a combination of clinical-

pathological parameters in four categories (ISCL criteria, 2005) (Pimpinelli et al, 2005): (1) 

clinical presentations; (2) histopathologic features; (3) presence of clonal TCR gene 

rearrangement; (4) immunopathologic features. The diagnosis of MF requires 4 points of the 

above criteria. Further modifications to this system have been proposed by Ferrara et al. 

(Ferrara et al, 2008). While this diagnostic system offers an improved standardization, it may 

take a long period of time for clinicians to fully evaluate its validity (Zhang et al, 2012). It is 

noteworthy that the features included in the ISCL criteria are not universally or exclusively 

present in MF. For example, the loss of surface T-cell antigens (CD3, CD5, CD7, and CD26) 

has been observed in CTCL (Robson, 2010). However, reduced expression of CD5, CD7, 

and CD26 may be seen in reactive inflammatory T cells in benign skin conditions (Murphy et 

al, 2002). In addition, the confirmatory diagnostic feature for MF, TCR clonality, can be seen 

in patients with benign inflammatory dermatoses (BID), such as lichen planus and pityriasis 

lichenoides chronica (Dereure et al, 2000a; Lukowsky et al, 2000; Schiller et al, 2000). 

Finally, the markers proposed in the ISCL immunopathologic criteria are all negative 

markers: MF is considered more likely with the absence of cellular markers, such as CD2, 

CD3, CD5, and CD7. There has been no positive marker in clinical use for MF.  

MF is typically an indolent disease, which tend to progress slowly over many years or 

even decades (Jawed et al, 2014a). Patients with limited (<10% total body area) 

patch/plaques have a life expectancy similar to that of the age-, race- and sex-adjusted 

general population. However, disease-specific survival rates drop as stages advance. For 

example, 5-year disease-specific survival rates were around 100% for patients with stage-IA 
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MF (<10% skin involvement), about 50% for patients with tumor(s), and as low as around 

20% for patients with visceral involvement (Agar et al, 2010).  

Currently, the prognosis of MF patients depends primarily on the clinical stage. It has 

been reported that prognostic factors for increased mortality include old age, elevated lactate 

dehydrogenase (LDH), large cell transformation, and folliculotropic MF, although most of 

these studies were of relatively small sample sizes and applied only univariate models (Agar 

et al, 2010; Diamandidou et al, 1998; Diamandidou et al, 1999; Kim et al, 2003a; Talpur et 

al, 2012). At present there is no molecular marker with prognostic value being used 

clinically. Having a highly specific and sensitive molecular marker for MF would greatly 

facilitate patient stratification according to risk of disease progression and mortality, and 

would allow appropriate treatment regimens to be administered to improve patient outcomes.  

1.3.2 Sézary Syndrome (SS) 

SS is a leukemia variant of CTCL, which accounts for 2.5% of CTCL cases (Criscione & 

Weinstock, 2007). SS often develops abruptly without precedent lesions. The classic clinical 

triad of SS consists of lymphoadenopathy, generalized erythroderma, and the presence of 

Sézary cells in the circulation. Clinically, SS may present as mild erythema or widespread 

erythroderma (Figure 1.2D), often accompanied by severe pruritus. Extensive exfoliation, 

edema, hyperkeratosis in the palms and soles, alopecia, and nail dystrophy are frequently 

seen (Wieselthier & Koh, 1990).  

The histological features of SS may be similar to those of MF, but could be non-

specific in up to one-third of the patients. Also, more monotonous lymphocyte infiltration 

and less or absent epidermotropism is often seen in SS biopsies (Trotter et al, 1997). 

Immunophenotyping shows malignant CD3
+
CD4

+
CD8

-
 cells in the skin, the affected lymph 
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nodes, and the peripheral blood. Loss of CD7 and CD26 is frequently seen in circulating 

Sézary cells (Vonderheid et al, 2002).           

The diagnosis of SS is not straightforward. Exfoliative erythroderma with pruritus can 

be attributed to aging in the elderly, and many benign skin conditions, such as psoriasis, drug 

eruptions, generalized seborrheic dermatitis etc., may have similar skin appearances with SS 

(Jawed et al, 2014a). The histological diagnostic feature for Sézary cells is the presence of 

cerebriform nucleus. However, this morphological feature can be difficult to differentiate 

from the enlarged, and often multi-lobular, nuclear structure of T lymphocytes after 

activation. Furthermore, while the absence of CD7 and CD26 is supportive of a diagnosis of 

SS, similar immunophenotypic features may be seen in BID (Harmon et al, 1996; Jones et al, 

2001; Ortonne et al, 2006). Finally, the TCR clonality diagnostic criteria proposed by the 

ISCL may not only be seen in SS, but also in patients with systemic sclerosis and healthy 

people (Marie et al, 2005; Vonderheid et al, 2002).  Collectively, the overlapping features in 

the clinical, histopathological, and molecular findings between SS and BID poses a 

significant challenge in SS diagnosis. Novel markers with good sensitivity and specificity for 

the identification of Sézary cells would enhance the diagnostic accuracy of SS.  

Unlike most MF cases, SS has an aggressive clinical course, with only 24% 5-year 

survival rate and a mean survival time of 2-4 years (Scarisbrick et al, 2001; Willemze et al, 

2005), despite the use of multiple treatment modalities. Most SS patients die of opportunistic 

infections due to severe immunosuppression. More effective treatments with minimal 

toxicities are needed.  
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Figure 1.2 Clinical manifestations of mycosis fungoides and Sézary syndrome 

(A) Patch-stage mycosis fungoies. (B) Plaque-stage mycosis fungoies. (C) Tumor-stage 

mycosis fungoies. Ulceration is frequently present. (D) Erythroderma in a patient with Sézary 

syndrome. Over 80% of his body surface area is affected. Photos courtesy of Dr. Youwen 

Zhou.  
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1.3.3 Disease Pathogenesis  

The development of CTCL is a multistep process involving deregulated cytokine production, 

host immune response, and skin-homing of malignant T cells.  

In early CTCL lesions there are sparse malignant CD4
+
 T cells in the skin and the 

host antitumor immune response is strong. There is an abundance of cytotoxic CD8
+
 T cells, 

which share a Th1 cytokine profile (IL-2, IL-12, IFN-γ) and play an important role in cell-

mediated immunity (Saed et al, 1994). As the disease progresses, the infiltrating malignant 

CD4
+
 T cells continue to accumulate, and the Th2 cytokines they produce (IL-4, IL-5, IL-10, 

IL-13) gradually predominate in the skin, causing a Th1 to Th2 profile switch in more 

advanced stages (Wong et al, 2011). The cytokine pattern change is also evidenced by gene 

expression analysis in the peripheral blood mononuclear cell (PBMC) in various stages of 

MF (Chong et al, 2008). The Th2-specific transcription factors, such as GATA3 and JunB, 

are over-expressed in SS (Kari et al, 2003).  

The increase in Th2 cytokine production is accompanied by a profound decrease in 

DC and host antitumor response. The increase in tumor burden of malignant T cells in the 

circulation has been associated with a decrease in both myeloid DCs and plasmatoid DCs, 

and a decline in the cytokines they produce (IL-12 and IFN-α) (Wysocka et al, 2002). A 

decline in myeloid DCs could also result in reduced IL-15 and IL-18, both important 

stimulating agents for IFN-γ and Th1 responses. A marked reduction in cellular immunity 

has been observed during disease progression from early to more advanced CTCL. Both the 

number and activity of CD56
+
 NK cells declines during disease progression. Similarly, 

circulating tumor burden inversely correlates with the number of CD8
+
 T cells in the 

peripheral blood (Yoo et al, 2001). In addition, certain immunosuppressive molecules are 
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overexpressed in CTCL, including PD-1, FasL, and CTLA-4 (Ni et al, 2001; Wong et al, 

2006; Zhang et al, 2012), highlighting the potential of harnessing these molecules for 

therapeutic purpose. Furthermore, reduced complexity of TCR repertoire occurs across all 

stages of CTCL, especially in later stages (Yawalkar et al, 2003). Together, these findings 

highlight the profound immunosuppression which occurs in advanced CTCL patients, who 

are prone to opportunistic infections and developing secondary skin cancers (Axelrod et al, 

1992; Evans et al, 2004).    

Other immunological abnormalities which occurs during disease progression include 

the development of eosinophilia and increased serum Immunoglobin (Ig)E levels (Molin et 

al, 1978; Vowels et al, 1992), which may be attributed to the elevated IL5 levels and might 

contribute to the intense pruritus experienced by CTCL patients (Suchin et al, 2001). Other 

cytokines involved in the immunopathogenesis of CTCL have recently been identified, 

including IL-17A/F, IL-21, IL-22, produced by Th17 cells, a newly discovered CD4
+
 T cell 

subset.  IL-17A, IL-17F, and IL-17 receptor were up-regulated in MF skin lesions, and IL-

17A was increased in the peripheral blood of SS patient. The elevation of IL-17 was under 

the regulation of the Janus kinase/Signal transducer and activator of transcription 3 

(JAK/STAT3) pathway. Importantly, high IL-17F expression levels correlated with increased 

risk of disease progression (Krejsgaard et al, 2013).  

What initiates the skin-directed homing of the malignant T cells remains elusive, but 

it could be partially due to their expression of certain cytokine receptors. Of particular 

importance in mediating the migration of malignant T cells are CLA, CCR4, and CCR10 

(Kim et al, 2005). Endothelial cells express E-selectin and chemokine (C-C motif) ligand 

(CCL) 17, ligands for CLA and CCR4 respectively, allowing malignant T cells to migrate 
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through the blood vessels. CCL17, which is also produced by activated keratinocytes and 

dendritic cells, and CCL27 (ligand for CCR10), which is produced by keratinocytes, further 

attract the malignant T cells to migrate into the dermis and epidermis (Hwang et al, 2008). In 

advanced stages, such as tumor stage MF, the malignant cells lose the skin-homing CCR4 

and gain expression of CCR7, a critical receptor for lymphatic migration, leading to less 

epidermotropism and more systemic involvement (Kallinich et al, 2003).  

1.3.4 Chromosomal, Genetic and Molecular Findings of CTCL 

Unlike myeloid leukemias and B-cell lymphomas, CTCL has not been linked with a 

distinctive hallmark chromosomal dislocation. A few genetic studies were conducted in MF 

and SS in search for recurrent chromosomal alterations in CTCL, and revealed genomic gain 

or loss in certain chromosomes (chromosomes 1, 6, 7, 8, 9, 10, and 17) (Izykowska & 

Przybylski, 2011; Mohr et al, 1996). MF and SS showed different patterns of chromosomal 

abnormalities. Using comparative genomic hybridization (CGH) technique, MF showed gain 

of 1q, 7p or 7q and loss of 9p21, while SS showed gain of 8q and17q, and loss of 10p and 

17p (Laharanne et al, 2010). The genes involved in these genomic regions have not been 

characterized. Gain of certain oncogenes was identified, such as Myc and STAT3 (Vermeer 

et al, 2008). However, these studies have not yielded consistent findings, and no abnormal 

gene hotspot has been uncovered. Instead, the involvement of many chromosomal regions 

highlights the underlying genomic instability in CTCL (Wong et al, 2011).  

Abnormal epigenetic changes have been shown in many cancers, including CTCL. 

Epigenetic CGH in CTCL revealed methylation in several tumor suppressor genes, such as 

TP73, cyclin-dependent kinase inhibitor (CDKN)2A (p16), and CDKN2B (p15) (van Doorn 

et al, 2005). In support of this notion, mutations involving the epigenetic regulation 



 19 

machinery, including MLL2, SETD1A, and RNF20, have recently been identified (McGirt et 

al, 2015).  

Mutation profiling in CTCL has provided insights into abnormal pathways leading to 

malignant transformation. By profiling 396 somatic mutations in 33 genes in 90 CTCL 

samples, Kiessling et al. identified oncogenic mutations in KRAS and NRAS in 4 samples, 

hinting at the RAS pathway being disrupted in CTCL development (Kiessling et al, 2011). 

However, the mutations seemed to be a rare event. Recent development of high throughput 

sequencing has allowed for more detailed and thorough assessment of the mutation landscape 

in cancer cells. Whole exome sequencing in 11 CTCL samples has identified recurrent point 

mutations in TNFRSF1B in 18% of samples. TNFRSF1B encodes the tumor necrosis factor 

receptor, TNFR2, and the expression of a specific mutation TNFR2Thr337Ile led to 

activation of non-canonical nuclear factor of kappa light polypeptide gene enhancer in B-

cells (NF-κB) pathway. In addition, the same group identified a recurrent CTLA4-CD28 

fusion, and Jurkat cells (an acute T-cell leukemia cell line) expressing this fusion product 

proliferated faster than the control cells, supporting the oncogenic role of this novel fusion 

protein (Ungewickell et al, 2015). Genomic profiling in 37 SS patients uncovered profound 

disruptions in cell cycle control and T-cell development pathways, with frequent mutations 

found in TP53, CARD11, CCR4, PLCG1, CDKN2A, ARID1A, RPS6KA1 and ZEB1 (Wang 

et al, 2015). Whole exome sequencing in 42 CTCL (SS = 25, other CTCL = 17) discovered a 

list of mutated genes involved in epigenetic regulation and TCR stimulation (da Silva 

Almeida et al, 2015). Kiel et al found recurrent mutations in epigenetic modifiers and 

JAK/STAT genes, as well as numerous novel fusion genes in SS, including MYBL1-TOX 

and EZH2-FOXP1 (Kiel et al, 2015). Another recent study applied whole genome 
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sequencing in 5 MF tumors and normal skin revealed activating mutations in JAK3, which is 

part of the IL2 signaling pathway. Taken together, these genomic studies revealed aberrant 

signaling pathways and provided promising therapeutic targets for CTCL.  

Dysregulated cell cycle control has been implicated in CTCL disease development. 

Decreased expression of several important cell cycle regulators, including p14, p15, p16, and 

RB1, have been found in CTCL (Mao et al, 2006; Navas et al, 2000; Scarisbrick et al, 2002). 

Further, multiple cell cycle regulators, such as CDKN2A and CDKN1B, have been found 

deleted or mutated in CTCL samples by recent sequencing studies (da Silva Almeida et al, 

2015; Wang et al, 2015). Apoptosis resistance is another well-characterized feature in CTCL 

cells. Fas, one member of the death receptors, mediates apoptosis, and Fas reduction or 

defects have been associated with apoptosis resistance and disease aggressiveness (Contassot 

et al, 2008; Dereure et al, 2002; Dereure et al, 2000b; Wu et al, 2009). Potential mechanisms 

for Fas defects include gene mutations (Dereure et al, 2002), a non-functional splice variant 

(van Doorn et al, 2002), and promoter hypermethylation (Jones et al, 2010). However, only a 

small number of cases have been studied. Another contributing factor for apoptosis resistance 

was overexpression of c-FLIP, an inhibitor of death-receptor mediated apoptosis (Contassot 

et al, 2008). Recently, the loss of a tumor suppressor gene, BIN1, has been shown to lead to 

c-FLIP upregulation in CTCL (Esmailzadeh et al, 2015), uncovering new molecular 

mechanism of the apoptosis resistance in CTCL. Little is known about other pathways 

involved in apoptosis regulation. The exact molecular mechanisms leading to the cell cycle 

control and apoptosis defects in CTCL are not completely understood.  
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1.3.5 Biomarkers of CTCL 

Biomarkers can aid accurate diagnosis and guide appropriate management for the patients. In 

addition, specific biomarkers can provide valuable insights into disease pathogenesis, and 

pinpoint potential therapeutic targets. In the last decade, much effort has been devoted to the 

identification of useful biomarkers for CTCL. Due to the disease rarity, most studies were 

performed on a small number of cases, and progress in biomarker identification has been 

slow.  

Transcriptome analysis is a powerful high throughput method that assesses gene 

expression profiles and allows for efficient identification of differentially expressed genes in 

CTCL samples compared to control cells. Among the transcriptional signatures identified by 

different groups, little overlap was seen, possibly due to the inherent heterogeneity of CTCL 

samples, the fact that various platforms were applied, differences in the types of samples 

used (skin biopsies versus peripheral blood), and differences in the control samples selected 

(Dulmage & Geskin, 2013; Wong et al, 2011).  

   Despite these limitations, a list of 20 gene changes has been consistently identified 

by more than two gene expression profiling studies. These include PLS3, DNM3, NEDD4L, 

KIR3DL2, TWIST1, CD52, PTPRCAP, JUNB, TNFSF7, TNFSF11, TOX, VCAN, EPHA4, 

BCL11A, SATB1, CD26, STAT3, STAT4, BCL2, and TGFBR2 (Dulmage & Geskin, 2013). 

Among these changes, some are shared by MF and SS, such as TWIST1, CD52, PTPRCAP, 

JUNB, and TOX, while others are present in only MF or SS (Dulmage & Geskin, 2013). 

Some genes showed differential expression patterns in MF, such as EPHA4 and STAT4, 

suggesting their involvement in disease pathogenesis is stage-dependent, but the factors 

affecting their expression change remain to be characterized.  
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To highlight the core pathways disrupted in CTCL, Dulmage et al (Dulmage & 

Geskin, 2013) applied Ingenuity Pathway Analysis to 12 recent gene expression studies in 

CTCL, which revealed pathway enrichment in the following four areas: (1). AICD, 

evidenced by decreased Fas, FasL, and SATB1 (positive regulator of FasL) (Wang et al, 

2011; Wu et al, 2009; Zoi-Toli et al, 2000). In addition, negative apoptosis regulators were 

found to be elevated, such as JUNB (negative regulator of FasL) and NF-κB (Lotem & 

Sachs, 1998; Sors et al, 2006); (2). Immune activation and Th2 predominance, supported by 

activation of Th2-specific transcription factors, JUNB and GATA3 (Gibson et al, 2013; 

Hartenstein et al, 2002), and loss of Th1-specific transcription factor, STAT4 (Nishikomori 

et al, 2002; van Doorn et al, 2004). JUNB also controls NFAT, which mediates T-cell 

activation and immune response (Bueno et al, 2002). (3). TGF-β signaling, highlighted by the 

loss of TGF-β receptor II protein, encoded by TGFBR2, a tumor suppressor gene with 

antiproliferative and proapoptotic activity, as well as loss of its downstream mediators, 

SMAD3 and SMAD7 (van Doorn et al, 2004); and (4). TNF signaling pathway, evidenced by 

increased expression of TNFSF7/CD70, TNFSF11/RANKL, and TNFSF5/CD40L, which are 

involved in T-cell proliferation, immune activation and T-cell migration (Storz et al, 2001; 

van Doorn et al, 2004). These core pathways are closely related and may collectively 

contribute to malignant cell transformation.     

Aberrant expression of microRNAs (miRNAs) has been implicated in many cancers 

(Hayes et al, 2014). Similarly, a number of differentially expressed miRNAs have been 

uncovered in CTCL by microarray analysis. Upregulation of miR-21 was identified in SS, 

and it is regulated by STAT3 through promoter binding (van der Fits et al, 2011). MiR-155 

elevation was found in CTCL (van Kester et al, 2011), which was driven by STAT5 that was 
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aberrantly turned on in the tumor cells (Kopp et al, 2013). Another overexpressed miRNA, 

miR-122, reduced sensitivities of CTCL cells to chemotherapy (Manfe et al, 2012). 

Downregulation of miR-342, miR-17-5q was reported in SS, the correction of which 

sensitized CTCL cells to apoptosis (Ballabio et al, 2010). MiR-223, which regulates several 

oncogenes (E2F1, MEF2C, and TOX), was decreased in MF (McGirt et al, 2014). 

Interestingly, a combination of 5 miRNAs (miR-326, miR-663b, miR-711, miR-203, miR-

205) could distinguish CTCL from benign skin conditions with >90% accuracy, and could 

have diagnostic value (Ralfkiaer et al, 2011). These studies highlight the importance of 

miRNAs in CTCL pathogenesis and offer potential therapeutic opportunities.  

Interestingly, certain physical properties of the malignant T cells can also serve as an 

identification marker for CTCL. Clark et al reported that a unique population of T cells with 

increased forward and side scatter, the high-scatter T cells, could be used as a biomarker for 

CTCL and an indicator for response to treatment (Clark et al, 2011).  

Molecular prognostic biomarkers are less studied than diagnostic markers, partially 

due to limited CTCL cohorts with long-term clinical follow up data. Several molecular 

markers have been described to be of potential prognostic value. For MF prognosis, 

persistence of the same CD4
+
 T cell clone over time in skin biopsies correlated with an 

aggressive disease course (Vega et al, 2002). Loss of BCL7A expression predicted 

aggressive disease course in patients with early stage CTCL (Litvinov et al, 2013). 

Downregulation of CDKN1C was associated with worse prognosis in CTCL in a set of 60 

patients (Litvinov et al, 2012). Specifically for tumor stage MF, presence of chromosomal 

alterations on 9p21, 8q24, 10q26qter and 1q21-1q22 often indicates a poor prognosis 

(Salgado et al, 2010; van Doorn et al, 2009). Molecular prognostic markers for SS are largely 
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lacking. For SS, the presence of the same peripheral T cell clone indicated poor prognosis 

(Fraser-Andrews et al, 2000). A list of 14 microRNAs, including miR-21, may predict patient 

survival in SS (Narducci et al, 2011). Using a combination of 10 genes, Kari et al. can predict 

SS patient survival regardless of tumor burden (Kari et al, 2003). The clinical utility of these 

markers needs further evaluation in larger studies, and to date there is no molecular 

prognostic marker used in the clinical setting.  

1.3.6 Treatment of CTCL 

CTCL is rarely curable, and the purpose of treatment is to relieve symptoms, prevent 

progression, and improve the quality of life. Despite the plethora of treatments being 

introduced and improvement of care, it remains very difficult to treat CTCL in the advanced 

stages, and the prognosis is poor.  

In early stage MF (IA-IIA), topical treatments are the mainstay modalities, including 

topical corticosteroids, nitrogen mustard, and retinoids. Topical corticosteroids are the most 

frequently used treatment for early MF, and it is a common adjunct modality in more 

advanced stages. However, response was not sustainable after drug discontinuation 

(Zackheim et al, 1998). Nitrogen mustard is an alkylating agent, and when applied topically, 

it works by affecting T cell interactions with keratinocytes and Langerhans cells (Kim et al, 

2003b). Topical nitrogen mustard is associated with common cutaneous side effects (burning, 

allergy, irritation) and increased risk of developing nonmelanoma skin cancers (de 

Quatrebarbes et al, 2005; Lindahl et al, 2013). Retinoids are immunomodulating agents 

affecting cell differentiation and inducing apoptosis (Querfeld et al, 2006). Topical retinoids 

commonly used include bexarotene and tazarotene. Other modalities commonly used in early 

stage MF include phototherapy, in the form of either 8-methyoxypsoralen with UVA 
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irradiation (PUVA) or UVB irradiation, and total skin electron beam therapy (TSEBT) 

(Jawed et al, 2014b). For refractory early stage MF, a combination of phototherapy and either 

low-dose IFN-α or bexarotene may be used (Jawed et al, 2014b).     

In advanced MF and SS, treatment is more challenging, and generally requires a 

combination of modalities. A combination of two of three modalities (IFN-α, retinoids, and 

phototherapy) may be applied (Jawed et al, 2014b). Extracorporeal photopheresis (ECP) is 

primarily useful in erythrodermic CTCL, but complete response rates were merely around 

20% (Dani & Knobler, 2009; Duvic et al, 2003; Duvic et al, 1996; Edelson, 1999; Knobler et 

al, 2012). Histone deacetylase inhibitors (HDACis), include vorinostat and romidepsin, were 

approved by the US Food and Drug Administration (FDA) for refractory advanced stage 

CTCL (Jawed et al, 2014b). Systematic chemotherapy is usually reserved for patients with 

rapidly progressing advanced CTCL. Single-agent chemotherapies include antifolates 

(methotrexate and pralatraxate), gemcitabine, and pegylated doxorubicin (Dummer et al, 

2012; Duvic et al, 2006; Izbicka et al, 2009). Multi-agent regimens include 

cyclophosphamide, doxorubicin, vincristine, and prednisone (Olsen et al, 2011). Systematic 

toxicity is the main issue with chemotherapy. Finally, stem cell transplantation may be 

curative in refractory advanced CTCL cases, although no large case studies are available 

(Duarte et al, 2008; Duvic et al, 2010).         

In the search for more effective therapies for CTCL, some experimental therapies 

have been explored, such as Toll-like receptor agonists (Kim et al, 2010), proteasome 

inhibitors (eg. bortezomib) (Zinzani et al, 2007), and CCR4 blocking antibodies (Chang et al, 

2012; Yano et al, 2007), but the therapeutic benefits and long-term side effects of these 

agents are still under investigation. Since CTLA-4 and PD-1 are upregulated in CTCL (Wong 
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et al, 2006; Zhang et al, 2012), they also represent promising therapeutic targets. Recently, 

immune-checkpoint blocking therapies targeting CTLA-4 and/or PD-1 pathways using 

antibodies have emerged as a promising antitumor approach, with durable response observed 

in both solid and hematological malignancies, such as metastatic melanoma, colorectal 

cancer, lymphoma, and leukemia (Ansell et al, 2015; Berger et al, 2008; Brahmer et al, 2010; 

Larkin et al, 2015). Ipilimumab (anti-CTLA-4), the first checkpoint inhibitor, was approved 

by the US FDA in 2010 for advanced melanoma. More recently, pembrolizumab and 

nivolumab, two anti-PD-1 antibodies, were approved by US FDA for advanced melanoma in 

2014 (Ascierto & Marincola, 2015). Studies are warranted to evaluate the clinical benefits 

and safety of immune-checkpoint blocking therapies in CTCL, especially for advanced stage 

and treatment-refractory patients. To date, the treatment for advanced stage CTCL is largely 

unsatisfactory, and novel effective therapies with minimal toxicity are needed.  

1.4 TOX, a Critical T-cell Regulator 

A member of the high mobility group (HMG)-box family of proteins, thymocyte associated 

HMG box protein (TOX) was first discovered in 2002 as a murine homologue of the protein 

encoded by the human gene KIAA0808, initially isolated from human brain tissue (Nagase et 

al, 1998). The mouse and human homologues shared about 90% nucleotide and amino acid 

sequences identity (Wilkinson et al, 2002). HMG-box proteins are important gene expression 

regulators which act by modifying chromatin structures (Bustin, 1999). The DNA-binding 

motif HMG box was first identified in non-histone chromosomal protein HMGB1, and 

consists of 70-80 amino acids (Baxevanis & Landsman, 1995). Upon binding to the minor 

groove of the DNA helix, HMG-box mediates DNA structural changes and potentially allows 

for the binding of other regulatory factors (Bewley et al, 1998). Interestingly, the HMG box 
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may also mediate protein-protein interactions (Aidinis et al, 1999), further contributing to its 

functional diversity in regulating gene expression. TOX plays multiple roles in the immune 

system, most notably in regulating T-cell development (Aliahmad et al, 2012).  

1.4.1 TOX Structure and Expression 

The human TOX gene is located on chromosome 8 (8q12.1) and consists of 9 exons spanning 

over 300 kilobase (kb) (O'Flaherty & Kaye, 2003). So far a single human TOX transcript of 

4131 bases has been identified, according to the ensembl database (ENSG00000198846). 

The TOX protein is 526 amino acids in length, with a molecular weight of 57 kDa. In 

addition, a 63 kDa form has also been detected, which is thought to be due to post-

translational modification (Wilkinson et al, 2002). Indeed, the TOX protein contains several 

predicted phosphorylation sites (Artegiani et al, 2015).  

The TOX protein contains four important domains (Figure 1.3), including: 1). the 

centrally located HMG box domain (for DNA-binding), 2). an N-terminal domain with 

transactivation activity, 3). a lysine-rich potential nuclear localization sequence (NLS) 

immediately upstream of the HMG box, and 4). a C-terminal domain rich in proline and 

glutamine, which may be involved in protein-protein interactions (Aliahmad et al, 2012; 

O'Flaherty & Kaye, 2003). As expected, TOX is primarily located in the nucleus, as 

demonstrated by immunofluorescence staining in both T-cell lines and the infiltrating T cells 

seen in human skin biopsies (Aliahmad & Kaye, 2006; Zhang et al, 2012). Structural analysis 

of the HMG box component of TOX showed an L-shaped structure formed by three α-

helices, a common feature of HMG box proteins (Aliahmad et al, 2012). Generally, HMG 

box family members bind to DNA in either a sequence-dependent manner (eg. transcription 

factor LEF-1) or a structure-dependent manner (eg. HMGB proteins). Sequence analysis of 
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TOX revealed that it most likely binds to DNA in a structure-dependent fashion (O'Flaherty 

& Kaye, 2003). In line with this prediction, TOX is able to bind to distorted DNA structures 

such as cisplatinated DNA (Aliahmad et al, 2012).  

TOX defines a small family of 4 members, including TOX, TOX2, TOX3, and 

TOX4, characterized by a nearly identical HMG box and other shared features (Figure 1.3). 

TOX family members are highly conserved in both mouse and human. The HMG box and 

NLS domains of these 4 family members are well conserved, and the remaining amino acids 

shared about 20-30% identical sequences (O'Flaherty & Kaye, 2003). The N-terminus of 

these four proteins have around 30-40% sequence identity, whereas the C-terminal regions 

show significant variations (Aliahmad et al, 2012), suggesting differences in gene functions. 

While TOX’s role in the immune system is best-characterized, the functions of the other 

three family members are largely unknown. Previous studies reported that TOX2 may be 

involved in the reproductive system (Kajitani et al, 2004). TOX3 has been implicated in 

breast cancer susceptibility (Easton et al, 2007a) and neuronal survival (Dittmer et al, 2011). 

Finally, TOX4 was shown to be associated with a phosphatase complex regulating chromatin 

structure and cell cycle progression (Lee et al, 2010). TOX4 can also interact with platinated 

DNA, pointing to its potential role in mediating cellular response after chemotherapy 

(Bounaix Morand du Puch et al, 2011).   

In the mouse, TOX mRNA is most abundant in the thymus, followed by the liver and 

brain, with low or absent expression in other tissues (Wilkinson et al, 2002). Similarly, TOX 

is highly abundant in the human thymus (Su et al, 2002). TOX was initially found to be 

upregulated in DP thymocytes after TCR stimulation for 6 hours, indicating its involvement 

in positive selection (Wilkinson et al, 2002). Using a mouse model, in vivo studies supported 
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this notion, in that TOX was highly expressed in CD69
+
 (ie. activated) DP T cells as well as 

in CD4
+
CD8

lo
 transitional cells. Further exploration of its expression in the earliest stages of 

thymocyte development revealed that TOX was also elevated during β-selection during the 

DN3 stage (Wilkinson et al, 2002). The expression of TOX is stage-dependent, since by the 

end of positive selection, TOX is effectively turned-off as T cells commit to the CD4 or CD8 

lineage, and remains lowly expressed in the peripheral tissues after T cells have exited the 

thymus (Wilkinson et al, 2002).  

 



 30 

 

 

TOX

TOX2

TOX3

TOX4

Transactivation NLS HMG-box 
(DNA binding)

Interaction?

 

Figure 1.3 The TOX subfamily of HMG-box proteins.  

TOX contains an HMG-box DNA-binding domain that is highly conserved in three 

additional proteins TOX2, TOX3, and TOX4. An adjacent lysine-rich region may serve as 

the nuclear localization signal (NLS) as well as influence the interaction with DNA. The N-

terminal domains of these proteins show approximately 30–40% sequence identity and have 

transactivation activity, while the C-terminal domains differ greatly between family 

members. Modified from Aliahmad et al. 2012, with permission to reprint. 
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1.4.2 TOX Involvement in T-cell Development 

Initially, TOX was found to be specifically upregulated during β-selection and positive 

selection stages in developing thymocytes (Figure 1.4) (Wilkinson et al, 2002). Since then, 

both transgenic and gene knockout strategies have been applied in mouse models to uncover 

the role of TOX in thymocyte development.   

In TOX-transgenic (TOX-Tg) mice, driven by the lck proximal promoter, forced 

expression of TOX during the DN stage was able to initiate coreceptor changes, such as CD4 

and CD8 upregulation. Overexpression of TOX in the DP stage led to up-regulation of 

RUNX3, a CD4 gene silencer, and downregulation of CD4. TOX-Tg mice showed a much 

expanded population of CD8 SP thymocytes, and a reduced CD4 SP population. This lineage 

commitment bias was linked to reduced effectiveness of TCR signaling, which favors CD8 

lineage (Wilkinson et al, 2002). Interestingly, calcineurin signaling was shown to be 

upstream of TOX expression in this process (Aliahmad et al, 2004). It should be noted that 

although more CD8 SP thymocytes were produced in the thymuses of TOX-Tg mice, their 

maturation was impaired, in that they were unable to exit the thymus, and they failed to 

express some of the markers normally present on wildtype CD8 SP cells (Aliahmad et al, 

2004). This suggests that factors other than TOX are needed to fully initiate the signaling 

pathway leading to CD8 SP thymocyte maturation and thymic exit.  

In a TOX knockout (TOX
-/-

) mouse model, the results were somewhat surprising 

since here CD8 SP thymocytes developed normally, while CD4 SP lineages failed to form 

(Aliahmad & Kaye, 2008). The production of all CD4 T lineage cells was blocked, including 

T helper, FOXP3
+ 

T regulatory, and NK T cells. All of these lineages are required to go 

through a DP stage and then positive selection. This developmental block happened at a 
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specific stage, as positive selection was successfully initiated, but later on the DD 

CD4
lo

CD8
lo

 populations failed to progress to the CD4
+
CD8

lo
 transitional stage. CD8 SP 

thymocytes, however, were able to develop, migrate to the peripheral lymphoid tissue and 

carry out cytolylic functions (Aliahmad & Kaye, 2008). These results suggest that there is an 

alternative pathway for CD8 SP thymocytes to develop, other than going through the 

CD4
+
CD8

lo
 transitional stage. Another interesting finding in TOX

-/- 
mice was that β-selection 

was not affected, as DN thymocytes were able to move on to the DP stage, indicating β-

selection is not TOX-dependent. One possible explanation for this result is that TOX2 is 

closely related to TOX, and is also highly expressed in the thymus (Su et al, 2002), therefore 

it could have overlapping functions with TOX in the thymus and compensate for the 

deficiency of TOX. This hypothesis remains to be tested.  

The discrepancy between the TOX-Tg and TOX
-/- 

mouse models suggested that TOX 

may have dual effects and/or context-dependent effects during thymocyte development. TOX 

may play a role in both the transition from DD to CD4
+
CD8

lo
 and the CD4

+
CD8

lo 
to CD8 SP 

‘coreceptor reversal’ process (Brugnera et al, 2000). In agreement with this notion, IL-7 

receptor was overexpressed in the CD8 SP thymocytes in TOX-Tg mice (Aliahmad & Kaye, 

2006). IL-7 signaling contributes to the ‘coreceptor reversal’ process (Brugnera et al, 2000), 

during which CD8SP thymocytes develop from the CD4
+
CD8

lo 
cells. The exact mechanisms 

underlying TOX’s role in T-cell lineage commitment warrant further investigation.   
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Figure 1.4 Mode of TOX expression during T-cell development. 

TOX is transiently upregulated during β-selection and positive selection. However, as T cells 

mature beyond the DP stage, it is gradually downregulated prior to T cells leaving the 

thymus. Subsequently, TOX remains at low levels in circulating T cells as well as those 

found in the peripheral lymphoid tissues.  
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1.4.3 TOX beyond T-cell Development 

In addition to its indispensable role in T-cell development, TOX appears to be a 

multifunctional player in NK cell, lymphoid tissue inducer (LTi), and neuron development.  

In their TOX
-/- 

mouse, Aliahmad et al. observed a complete absence of lymph nodes, 

and a drastic reduction in Peyer’s patches (both number and size). These deficiencies were 

due to the lack of LTi cells, which are vital for lymphoid tissue organogenesis (Aliahmad et 

al, 2010). In addition, the development of NK lineage cells was severely impaired. TOX is 

normally highly expressed in both immature and mature NK cells in the bone marrow. 

However, without TOX, the progenitor NK cells failed to progress to the immature NK cell 

stage (Aliahmad et al, 2010). Previously, two other transcription regulators, Ikaros and Id2, 

have also been shown to be involved in the development of both LTi and NK cells (Wang et 

al, 1996; Yokota et al, 1999). Intriguingly, Id2 expression was significantly reduced in NK 

cells from the TOX
-/- 

mice, suggesting that TOX could act as an upstream regulator of Id2 

expression. However, TOX knockdown experiments in human cord blood CD34
+
 cells using 

small interfering RNA (siRNA) showed no change in Id2 expression, possibly highlighting 

potential mechanistic differences in the role of TOX between human and murine immune 

systems.  

TOX is also highly expressed in the human brain, suggesting a role in the nervous 

system. Indeed, TOX was recently identified as a multifunctional player for brain 

development, neural stem cell differentiation, and neural cell outgrowth (Artegiani et al, 

2015). Furthermore, using the DNA adenine methytransferase identification method, 

Artegiani et al. demonstrated several downstream targets of TOX, including Sox2, Tbr2, and 

Prox1, among others (Artegiani et al, 2015). These results emphasize that TOX is a versatile 
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regulator in multiple developmental steps, and provide a springboard for future studies on the 

mechanistic role of TOX in cell fate.    

1.4.4 TOX in T-cell Malignancies 

Given TOX’s important role in the immune system, including all T-cell lineages, NK cells, 

and lymph node organogenesis, it is not surprising that if abnormally expressed, TOX may 

lead to malignant transformation. In fact, forced TOX expression caused increased IL-7 

receptor expression, amplifying a signaling pathway that promotes cell survival and 

proliferation (Aliahmad & Kaye, 2006). In addition, the oncogenic potential of TOX can be 

inferred by analogy with its family member, TOX3, which confers breast cancer 

susceptibility and associates with bone metastasis (Stacey et al, 2007).   

1.4.4.1 TOX in T-cell Acute Lymphoblastic Leukemia (T-ALL) 

TOX was genetically amplified and overexpressed in human T-cell Acute Lymphoblastic 

Leukemia (T-ALL) (Maser et al, 2007). Using a zebrafish transgenic model, Lobbardi et al. 

demonstrated that overexpressing TOX has a synergistic effect with both Myc and Notch in 

inducing T-ALL (Lobbardi et al, 2014). Further, overexpression of TOX was shown to 

inhibit a DNA repair protein complex KU70/KU80, which is essential in initiating Non-

Homologous End Joining (NHEJ) repair (Walker et al, 2001), thus inhibiting DNA repair and 

promoting genomic instability in T-ALL (Lobbardi et al, 2014). In the context of thymocyte 

development, TOX is first up-regulated during β-selection, when TCR rearrangement of the 

β，γ, and δ gene loci begins, which involves the NHEJ mechanism in segment joining. 

Possibly the activation of TOX at this stage could lead to inhibition of the NHEJ process and 

prolonged DNA repair time, promoting accurate recombination of segments that are located 
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distantly (Lobbardi et al, 2014). However, this mechanism is abnormally activated in T-ALL, 

contributing to accumulation of mutations and a subsequent pre-malignant state.    

1.4.4.2 TOX in MF 

The first evidence of TOX overexpression in MF came from our observation in early stage 

MF, where strong nuclear TOX staining was observed in CD4
+
 T cells in MF lesional skin. 

In contrast, little to no TOX staining was found in the CD4
+
 T cells from BID (Zhang et al, 

2012). McGirt et al. observed enhanced TOX expression in both early and advanced stage 

MF skin lesions, and demonstrated TOX as a downstream target of miR-223 (McGirt et al, 

2014). However, functional characterization of the role of TOX in CTCL has not been 

conducted, and whether TOX plays a role in the malignant transformation in CTCL is 

unknown.  

1.5 Thesis Outline 

1.5.1 Research Hypothesis 

The early recognition and accurate diagnosis of CTCL is essential for improving patient 

outcomes. However, due to the lack of robust molecular markers in this heterogeneous group 

of diseases, it is difficult to establish a diagnosis and start appropriate treatment. Moreover, 

the clinical course of CTCL is highly variable, and so far there is no molecular marker 

available to aid in prognosis and guide patient management. The marked enhancement of 

TOX expression that we observed in early MF lesions, but not in any normal skin or BID 

lesions, led us to propose that Aberrantly expressed TOX could serve as a diagnostic and 

prognostic marker for CTCL.  

Although considerable progress has been made into the molecular pathogenesis of 

CTCL, much is still unknown about what leads to uncontrolled proliferation and apoptosis 
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resistance in CTCL cells. Abundant evidence supports TOX playing a critical role in the 

regulation of thymocyte development, including affecting CD4 and CD8 lineage 

commitment, during which TOX suppresses the threshold of TCR signaling. However, TOX 

is downregulated before T cells exit the thymus, and it normally remains minimally 

expressed in the peripheral lymphoid tissues (Wilkinson et al, 2002). Thus the increased 

expression of TOX in CTCL is likely to be pathogenic. Interestingly, TOX3, one of the TOX 

family members, has been implicated in breast cancer susceptibility and bone metastasis, 

suggesting the oncogenic potential of TOX family members (Easton et al, 2007b; Stacey et 

al, 2007). We therefore hypothesize that TOX overexpression plays an oncogenic role in 

the pathogenesis of CTCL. 

1.5.2 Specific Aims 

Within the scope of this thesis we sought to fill knowledge gap with respect to molecular 

markers and disease pathogenesis of CTCL. I proposed two specific aims to test the above 

hypotheses. 

Specific Aim 1. To evaluate the potential value of TOX as a diagnostic and prognostic 

marker for CTCL.  

In Chapter 3, we assembled a panel of CTCL cases, measured TOX mRNA and protein 

levels, and correlated TOX levels with tumor burden and long term clinical outcomes in 

CTCL. We formulated the following sub-aims: 

1. To test if TOX is overexpressed in the full-spectrum of MF and in peripheral CD4
+
 T 

cells in SS patients; 

2. To examine if TOX transcript levels can differentiate CTCL from non-CTCL cases in 

large sample cohorts; 
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3. To assess if TOX transcript levels could be correlated with CTCL prognosis, 

including disease progression and disease-specific mortality 

Specific Aim 2. To investigate the pathogenic role of TOX overexpression in the 

development of CTCL. 

In Chapter 4, I systematically examined the biological and molecular effects of TOX 

knockdown in patient-derived CTCL cell lines, which show high TOX expression, and 

explored the mechanism of TOX’s action by identifying its downstream mediators. This 

section has the following sub-aims:  

1. To assess if specific knockdown of TOX in CTCL cell lines has an effect on cellular 

phenotypes, including cell viability, colony formation ability, and in vivo tumor 

formation ability; 

2. To investigate major molecular pathways affected by TOX knockdown in CTCL cell 

lines, including apoptosis and cell cycle progression; 

3. To explore potential downstream molecules of TOX in the context of CTCL, and 

validate their functional significance in the face of TOX loss; 

4. To explore potential mechanisms that are responsible for ectopic TOX activation in 

CTCL 
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Chapter 2: Materials and Methods 

2.1 Primary Human Samples 

Skin biopsies of 113 MF patients were included in this study (see Table 2.1 for summary, and 

Table 2.3 for individual information). These patients were prospectively collected as two 

cohorts from three clinical centers. Cohort 1 (n = 54) was recruited from the Skin Lymphoma 

Clinic of the British Columbia Cancer Agency (BCCA, Vancouver, Canada, n = 26), and 

Peking University First Hospital (Beijing, China, n = 28) over the period 2008-2012 (Huang 

et al, 2014). Cohort 2 (n = 59) was a well-characterized cohort collected from Harvard 

University with institutional approval, for which long-term clinical outcome data (up to 6 

years) was available. (Litvinov et al, 2010; Litvinov et al, 2012; Litvinov et al, 2013; Shin et 

al, 2007). For controls, 25 individuals with BID (psoriasis, n = 9; chronic dermatitis, n = 13; 

pityriasis rubra pilaris, n = 3) and 11 volunteers with normal healthy skin (HS) were recruited 

during the same interval from the outpatient dermatology clinic of the University of British 

Columbia (UBC, Vancouver, Canada). Full-thickness lesional skin or normal healthy skin 

samples were harvested by 3mm punches, which were immediately immersed in RNAlater, 

and stored at -20°C before RNA extraction (Zhang et al, 2012).  

Peripheral blood samples from 12 SS patients (see Table 2.2 for summary, and Table 

2.4 for individual information), 18 patients with BID (psoriasis, n = 8; rosacea, n = 5; 

vitiligo, n = 5), and 9 normal participants were collected from the Skin Lymphoma Clinic, 

BCCA, and the Skin Care Center of Vancouver General Hospital with informed consent, and 

with approval from the Clinical Ethics Board of University of British Columbia (H12-02653 

and C98-0493). The leukemic Sézary cells and normal blood cells were purified by negative 

selection with monoclonal antibodies directed against granulocytes, B cells, CD8
+
 and CD7

+
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T cells using a Rosette Sep kit (StemCell Technologies, Vancouver, BC, Canada). Over 90% 

purity of desired cells was confirmed by FACS analysis of most patient samples, using 

phycoerythrin (PE)-conjugated anti-CD7 antibody and fluorescein isothiocyanate (FITC)-

conjugated anti-CD4 antibody (Becton Dickinson Immunocytometry Systems, San Jose, CA, 

USA), as described previously (Su et al, 2003) (Ringrose et al, 2006).  

The diagnosis and clinical staging were established according to the diagnostic 

criteria of CTCL (Olsen et al, 2007), based on the clinical, histopathologic and 

immunopathologic features of each patient. Human T-cell leukemia virus-1 status was tested 

and confirmed to be negative in all patients. Every participant provided informed consent. 

The procedures used in this study were approved by the Research Ethics Board of the 

University of British Columbia, in accordance with the Declaration of Helsinki principles 

(H12-02653 and C98-0493).    
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Table 2.1 Summary of demographics for patients with MF (n = 113) 

 

 

Table 2.2 Summary of demographics for patients with SS (n = 12) 

Demographics No % 

Sex 
Male 6 50 

Female 6 50 

Age at diagnosis (years) 

Median 69.5 

Range 43-82 

Race 

Caucasian 11 92 

Japanese 1 8 

TCR Clonality 

Yes 7 58 

No 5 42 

Demographics  Cohort 1 (n=54) Cohort 2 (n=59) 
Sex 
    Male 40 (74%) 36 (61%) 
    Female 14 (26%) 23 (39%) 
Age at diagnosis (years) 
    Median (range) 50 (28-85) 62 (26-91) 
Race 
    Caucasian 17 (31%) 59 (100%) 
    Chinese 31 (57%)  
    Other 6 (11%)  
Clinical stage 
    I 31 (57%) 42 (71%) 
    II 16 (30%) 4 (7%) 
    III 5 (9%) 5 (8%) 
    IV 2 (4%) 8 (14%) 
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Table 2.3 Demographics and clinical characteristics of individual MF patients (n = 113) 

Samples ID Centre Eth Sex
#
 Age Lesion 

type 

 Stage TOX 

level* 

Death 

Status 

Total 

F/U 

(mo)  

Time to 1st 

Progression 

(mo)
a
 

Time 

to 

Death 

(mo) 

Cause 

of 

Death  

MF 00 Van Cau M 53 Plaque I 30.13 NA NA NA NA NA 

MF 01 Van Cau F 74 Patch I 11.03 NA NA NA NA NA 

MF 03 Van Chi M 43 Patch I 7.17 NA NA NA NA NA 

MF 05 Van Cau M 46 Plaque I 41.08 NA NA NA NA NA 

MF 06 Van Cau F 64 Plaque I 13.19 NA NA NA NA NA 

MF 07 Van Cau F 46 Plaque I 38.76 NA NA NA NA NA 

MF 08 Van Ind M 30 Plaque I 16.55 NA NA NA NA NA 

MF 09 Van Cau F 60 Plaque I 15.88 NA NA NA NA NA 

MF04A Van Cau M 78 Plaque I 7.60 NA NA NA NA NA 

MF04B Van Cau M 78 Plaque I 10.07 NA NA NA NA NA 

MF10 Van Cau F 55 Plaque IV 3.26 NA NA NA NA NA 

MF11 Van Cau M 30 Plaque I 1.18 NA NA NA NA NA 

MF12 Van Cau M 74 Plaque II 6.12 NA NA NA NA NA 

MF13 Van Ind M 49 Plaque II 20.01 NA NA NA NA NA 

MF14 Van Ind M 47 Plaque III 29.04 NA NA NA NA NA 

MF15 Van Asian F 40 Plaque I 81.95 NA NA NA NA NA 

MF16 Van Ind M 40 Plaque II 24.99 NA NA NA NA NA 

MF17 Van Cau M 60 Patch I 29.38 NA NA NA NA NA 

MF19F Van Chi M 54 Plaque III 3.44 NA NA NA NA NA 

MF19N Van Chi M 54 Tumor 

(LCT) 

III 7.95 NA NA NA NA NA 

MF20 Van Asian F 85 Plaque I 12.48 NA NA NA NA NA 

MF21 Van Cau M na Patch I 29.24 NA NA NA NA NA 
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Samples ID Centre Eth Sex
#
 Age Lesion 

type 

 Stage TOX 

level* 

Death 

Status 

Total 

F/U 

(mo)  

Time to 1st 

Progression 

(mo)
a
 

Time 

to 

Death 

(mo) 

Cause 

of 

Death  

MF22(1) Van Cau M na Patch I 4.51 NA NA NA NA NA 

MF22(2) Van Cau M na Patch I 9.15 NA NA NA NA NA 

MF23 Van Cau M 70 Patch I 4.53 NA NA NA NA NA 

MF24 Van Cau M 48 Patch I 11.86 NA NA NA NA NA 

CTCL009 BJ Chi M 30 Plaque I 42.92 NA NA NA NA NA 

CTCL016 BJ Chi M 28 Plaque I 47.64 NA NA NA NA NA 

CTCL021 BJ Chi M 61 Plaque III 102.12 NA NA NA NA NA 

CTCL023 BJ Chi M 52 Plaque I 34.21 NA NA NA NA NA 

CTCL024 BJ Chi F 64 Plaque II 183.16 NA NA NA NA NA 

CTCL025 BJ Chi F 47 Plaque I 29.28 NA NA NA NA NA 

CTCL028 BJ Chi M 55 Plaque II 76.42 NA NA NA NA NA 

CTCL033 BJ Chi M 52 Plaque III 4.74 NA NA NA NA NA 

CTCL037P BJ Chi F 44 Tumor II 19.27 NA NA NA NA NA 

CTCL037T BJ Chi F 44 Tumor II 82.76 NA NA NA NA NA 

CTCL038 BJ Chi F 48 Patch I 20.74 NA NA NA NA NA 

CTCL039 BJ Chi M 67 SS IV 21.54 NA NA NA NA NA 

CTCL040(1) BJ Chi M 58 Plaque II 159.84 NA NA NA NA NA 

CTCL040(2) BJ Chi M 58 Plaque II 203.36 NA NA NA NA NA 

CTCL041 BJ Chi F 37 Patch I 42.84 NA NA NA NA NA 

CTCL042 BJ Chi M 47 Tumor II 90.45 NA NA NA NA NA 

CTCL058 BJ Chi M 52 Tumor II 133.89 NA NA NA NA NA 

CTCL060 BJ Chi M 82 Plaque I 78.89 NA NA NA NA NA 

CTCL066 BJ Chi M 42 Patch I 10.16 NA NA NA NA NA 

CTCL069 BJ Chi M 37 Plaque II 71.23 NA NA NA NA NA 
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Samples ID Centre Eth Sex
#
 Age Lesion 

type 

 Stage TOX 

level* 

Death 

Status 

Total 

F/U 

(mo)  

Time to 1st 

Progression 

(mo)
a
 

Time 

to 

Death 

(mo) 

Cause 

of 

Death  

CTCL082 BJ Chi M 40 Plaque I 32.51 NA NA NA NA NA 

CTCL089 BJ Chi M 33 Patch I 8.65 NA NA NA NA NA 

CTCL093 BJ Chi F 43 Patch II 48.78 NA NA NA NA NA 

CTCL104 BJ Chi M 74 Plaque I 23.14 NA NA NA NA NA 

CTCL107 BJ Chi M 53 Tumor II 331.75 NA NA NA NA NA 

CTCL112 BJ Chi M 28 Tumor 

(LCT) 

II 126.25 NA NA NA NA NA 

CTCL116 BJ Chi M 35 Tumor 

(LCT) 

II 18.19 NA NA NA NA NA 

CTCL124 BJ Chi M 50 Plaque I 951.92 NA NA NA NA NA 

M1 MB Cau F 50 NA I 5.65 Alive 40       

M10 MB Cau F 56 NA I 1.32 Alive 52       

M11 MB Cau F 72 NA I 35.51 Alive 27       

M12 MB Cau M 77 NA III 0.80 Alive 65       

M13 MB Cau M 80 NA I 2.54 Alive 66       

M14 MB Cau M 64 NA I 5.22 Alive 4       

M15 MB Cau M 65 NA I 8.22 Alive 53       

M16 MB Cau M 62 NA IV 10.30 Dead 5 1 5 CTCL 

M17 MB Cau F 79 NA IV 4.62 Dead 36 3 36 CTCL 

M18 MB Cau M 72 NA I 1.81 Alive 41       

M19 MB Cau M 62 NA I 1.48 Alive 5 5     

M2 MB Cau F 79 NA II 3.64 Dead 14 14 14 CTCL 

M20 MB Cau F 72 NA III 3.88 Alive 3 3     

M21 MB Cau F 66 NA I 1.40 Alive 18       

M22 MB Cau F 73 NA IV 13.97 Dead 4 1 4 CTCL 
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Samples ID Centre Eth Sex
#
 Age Lesion 

type 

 Stage TOX 

level* 

Death 

Status 

Total 

F/U 

(mo)  

Time to 1st 

Progression 

(mo)
a
 

Time 

to 

Death 

(mo) 

Cause 

of 

Death  

M23 MB Cau M 62 NA I 5.25 Alive 63       

M24 MB Cau F 65 NA III 26.99 Alive 28 28     

M25 MB Cau M 91 NA I 5.07 Dead 32      Other 

M27 MB Cau M 90 NA I 3.08 Dead 11      Other 

M28 MB Cau M 58 NA I 3.55 Alive 61       

M29 MB Cau M 50 NA I 6.59 Alive 60       

M30 MB Cau F 30 NA I 6.27 Alive 61       

M31 MB Cau M 36 NA I 5.75 Alive 59       

M33 MB Cau M 42 NA I 5.25 Alive 55       

M34 MB Cau F 70 NA I 7.69 Alive 59       

M35 MB Cau F 90 NA IV 105.93 Dead 48 48 48 CTCL 

M36 MB Cau M 68 NA II 38.51 Alive 38       

M37 MB Cau F 75 NA I 3.99 Alive 40 40     

M38 MB Cau M 55 NA I 23.22 Alive 54       

M40 MB Cau M 62 NA I 75.80 Alive 8 8     

M41 MB Cau F 84 NA I 4.50 Alive 45 45     

M42 MB Cau F 54 NA I 4.17 Alive 53       

M43 MB Cau M 63 NA I 3.13 Alive 10       

M44 MB Cau M 56 NA I 23.07 Dead 36 12 36 CTCL 

M45 MB Cau F 40 NA I 3.66 Alive 53       

M46 MB Cau M 58 NA I 2.33 Alive 4 4     

M47 MB Cau F 74 NA IV 4.23 Alive 52       

M48 MB Cau M 63 NA III 39.22 Alive 9 9     

M49 MB Cau F 52 NA I 13.59 Alive 50       
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Samples ID Centre Eth Sex
#
 Age Lesion 

type 

 Stage TOX 

level* 

Death 

Status 

Total 

F/U 

(mo)  

Time to 1st 

Progression 

(mo)
a
 

Time 

to 

Death 

(mo) 

Cause 

of 

Death  

M50A MB Cau M 35 NA I 62.65 Alive 47       

M51 MB Cau M 48 NA II 41.14 Dead 49 48 49 CTCL 

M52 MB Cau M 62 NA I 37.09 Alive 31 31     

M53 MB Cau F 52 NA IV 91.99 Dead 10 9 10 CTCL 

M54 MB Cau F 66 NA IV 38.05 Dead 31 31 31 CTCL 

M55 MB Cau F 26 NA I 12.85 Alive 45       

M56 MB Cau M 43 NA I 5.66 Alive 47       

M57 MB Cau M 71 NA IV 149.00 Dead 4 4 4 CTCL 

M58 MB Cau M 80 NA I 13.59 Alive 45       

M59 MB Cau M 37 NA II 8.51 Dead 19 12 19 CTCL 

M5A MB Cau M 69 NA I 8.62 Alive 21       

M5E MB Cau M 68 NA I 2.27 Alive 21       

M60 MB Cau M 35 NA I 41.92 Alive 27       

M61 MB Cau M 57 NA I 16.58 Alive 44       

M62 MB Cau F 48 NA I 2.89 Alive 43       

M63 MB Cau M 42 NA I 97.34 Alive 38       

M64 MB Cau F 47 NA I 16.58 Alive 51       

M65 MB Cau M 55 NA III 37.22 Alive 40       

M8 MB Cau M 51 NA I 0.01 Alive 65       

M9 MB Cau M 51 NA I 12.38 Alive 64       

 

MB = Montreal/Boston; Van = Vancouver; BJ = Beijing; Ind = South Asian Indian; Cau = Caucasian; Chi = Chinese; Eth = ethnicity;  
#
 M = male; F = female; LCT = large cell transformation; F/U = follow up; mo = months; * = TOX mRNA level per 1000 ACTB;  

a 
= time between diagnosis and the first noted progression towards higher clinical stage; NA = not available 
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Table 2.4 Demographics and clinical characteristics of individual SS patients (n = 12) 

ID Eth Sex
#
 Age TOX 

level* 

Death 

Status 

Total 

F/U 

(mo) 

Time 

to 

Death 

(mo) 

Cause 

of 

Death  

Sézary 

cells 

(%) 

CD4
+
 

cells 

(%) 

CD4
+
 

CD7
-
 

cells 

(%) 

CD8
+
 

cells 

(%) 

CD4/

CD8 

Ratio 

TCR 

clonality 

SS1 Cau M 78 349.47 Dead 39 39 CTCL >5% 0.95 0.94 0.01 94 Yes 

SS3  Jap M 73 15.80 Dead 120 120 CTCL >5% 0.54 0.27 0.26 2.1 No 

SS4 Cau F 66 83.44 Alive 152     >5% 0.94 0.84 0.04 24 No 

SS5 Cau M 82 565.70 Dead 47 47 CTCL >5% 0.95 0.94 0.01 94 Yes 

SS6 Cau M 59 98.73 Dead 51 51 CTCL >5% NA NA NA NA No 

SS7 Cau F 77 52.85 Dead 14 14 CTCL >5% 0.88 0.8 0.01 88 No 

SS8 Cau M 52 18.60 Dead 34 34 Other >5%  0.85 0.03 0.08 10.6 Yes 

SS9 Cau F 82 145.29 Dead 27 27 CTCL >5% 80 0.68 4 20 Yes 

SS10  Cau F 74 166.05 Dead 20 20 CTCL >5% NA NA NA NA No 

SS11 Cau M 60 227.79 Dead 6 6 CTCL >5% 0.95 0.79 0.01 95 Yes 

SS12 Cau F 43 218.62 Alive 15     >5% 0.61 0.76 0.046 13.1 Yes 

SS13 Cau F 51 129.94 Alive 15     >5% 0.604 0.5 0.307 1.8 Yes 

 

SS patients were all from Vancouver centre.  

Eth = ethnicity; Cau = Caucasian; Jap = Japanese; 
#
 M = male; F = female; * = TOX mRNA level per 1000 GAPDH; F/U = follow up; 

mo = months; NA = not available 
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2.2 Cell Lines and Cell Culture 

Human CTCL cell line Hut78, HH (ATCC no. TIB-161, CRL-2105), SZ4 (a generous gift 

from Dr. James Herman at Johns Hopkins University), as well as a panel of CTCL cell lines 

(H9, Myla, Mac2A, PB2B, MJ, Sez4, and SeAx, a generous gift from Dr. Ivan Litvinov at 

the University of Ottawa) were used in this study. Generally, cells were cultured in Rosewell 

Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum 

(FBS), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10
−4

 M β-mercaptoethanol 

(STEMCELL Technologies, Vancouver, BC, Canada), at 37°C in a humidified cell culture 

incubator with 5% CO2. Sez4 and SeAx wells were cultured in the above culture media with 

the addition of 5 ng/mL recombinant human IL-2 and IL-4 (R&D Systems, Minneapolis, 

MN). For culture of transduced CTCL cells, vector-specific selection antibiotics (Invitrogen, 

Burlington, ON, Canada) were added to the above medium (puromycin for pLKO.1 puro, 

hygromycin for pLKO.1 hygro, and blasticidin for pLKO.1 blast). The working 

concentrations for selection antibiotics were determined by kill curves according to the 

manufacturer’s instructions. Briefly, untransduced cells were plated at 1 × 10
5
 cells/mL and a 

series of concentrations of antibiotics were added to the culture media. The minimum dosage 

that killed all of the cells within 5-7 days was determined as the working concentration for 

each cell line. Using this method, the working concentration of puromycin for all three cell 

lines was determined to be 1 ug/mL, the working concentrations of hygromycin for Hut78 

and HH were 750 μg/mL and 200 μg/mL, respectively, and the working concentrations of 

blasticidin for Hut78 and HH were 15 μg/mL and 10 μg/mL, respectively. Culture media for 

the cells was changed every 2-3 days, and the cell culture density was maintained at less at 1 

× 10
6
 cells/mL.  
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2.3 Lentiviral Vectors 

For TOX knockdown, pLKO.1 vector containing small hairpin RNA (shRNA) inserts that 

specifically target human TOX (SHCLNG-XM_376776, Sigma Aldrich, Saint Louis, MO, 

USA) were purchased, as well as a non-targeting shRNA control (SHC002, Sigma Aldrich). 

For CDKN1B and CDKN1C knockdown, the pLKO.1 hygro vector with U6 promoter was 

used (Addgene plasmid # 24150, a kind gift from Bob Weinberg). Briefly, annealed oligos 

containing shRNA sequences specifically targeting human CDKN1B and CDKN1C were 

ligated into the AgeI and EcoRI cloning sites on the pLKO.1 hygro vector using the Rapid 

DNA Dephos and Ligation Kit (Roche), followed by transformation of the ligation products 

into One Shot
®

 Stbl3
TM

 Chemically Competent E. coli (Invitrogen) following the 

manufacturer’s instructions. The transformation mixtures were plated on ampicillin (100 

μg/mL) selection plates overnight at 37°C, positive colonies were selected, expanded and 

verified by Sanger sequencing (the NAPS Unit, Michael Smith Laboratories, UBC). For 

SMAD3 knockdown, the pLKO.1 blast vector containing the U6 promoter was used 

(Addgene plasmid # 26655, a gift from Keith Mostov) (Bryant et al, 2010), and shRNA 

sequences specific for SMAD3 were cloned into the vector using the same method descrined 

above, and verified by Sanger sequencing. The oligonucleotides encoding the shRNAs are 

included in Table 2.5. 
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Table 2.5 Oligonucleotides encoding the shRNAs 

shRNA insert  Sequence  

Control-sh  CAACAAGATGAAGAGCACCAA 

TOX-sh1 CCCTGAAATCACAGTCTCCAA 

TOX-sh2 CGACTATCAGACTATTATCAA 

CDKN1B-sh1 GTAGGATAAGTGAAATGGATA 

CDKN1B-sh2 GCGCAAGTGGAATTTCGATTT 

CDKN1C-sh1 GTAAAGCTTTAAGAGTCATTT 

CDKN1C-sh2 GAACCGCTGGGATTACGACTT 

SMAD3-sh1  GCCTCAGTGACAGCGCTATTT  

SMAD3-sh2  GGATTGAGCTGCACCTGAATG  
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2.4 Production of Lentiviral Particles 

The polyethylenimine (PEI, Polyscience, PA, USA) transfection method was used to 

generate levtiviral particles. One day before transfection, 6 × 10
6
 293 T cells were seeded 

onto each 10-cm Falcon
®

 tissue culture dish in Dulbecco's Modified Eagle Medium (DMEM, 

HyClone, Utah, USA) with 10% FBS. Prior to transfection, all reagents were brought to 

room temperature (RT), and culture media was changed with 4.5 mL fresh media added to 

each plate. For each plate, a mixture of 40 μL PEI (1 μg/μL) and 13.5 μg DNA were added, 

including 6 μg lentiviral plasmid DNA, 3.9 μg ∆R, 1.5 μg REV, and 2.1 μg vesicular 

stomatitis virus glycoprotein (VSV-G) envelope constructs. The ∆R, REV, and VSVG 

plasmids were gifts from P. Leboulch (Harvard University, Boston, MA, USA). Forty-eight 

hours post-transfection, viral supernatant was harvested, filtered through 0.45 μm low protein 

binding filters, and concentrated by ultracentrifugation at 25,000 rpm for 90 mins. Another 5 

mL fresh media was added to each plate, and the viral supernatant was harvested again after 

a further 24 hours (72 hours post-transfection) using the same procedure mentioned above. 

The concentrated virus was stored at -80 °C until use. Generally, viral supernatant was 

concentrated 175 fold from 35 mL to 200 μL.    

2.5 Generation of Stably Transduced Cells 

CTCL cells were plated at a density of 2 × 10
5
 cells/mL in 1 mL culture media in 24-well 

plates. For each plate, 5 μL of the concentrated virus was added, followed by the addition of 

5 μL of 2 mg/mL protamine sulfate. Cell mixtures were incubated at 37 °C for 18-24 hours, 

washed with Dulbecco’s Phosphate Buffered Saline (PBS) (StemCell Technologies, 

Vancouver, BC) two times, and re-suspended in fresh culture media. After 24 hours, 

selection antibiotics were added to the cells to select stably transduced cell populations. Bulk 
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populations transduced either by control (CTR) or gene-specific shRNA viruses were used. 

Stable knockdown was confirmed by Western blotting 5-7 days after selection was started.  

2.6 Protein Extraction and Western Blotting 

Cells were pelleted, re-suspended in lysis buffer (1 μL for 3 × 10
4
 cells), and incubated at 4 

°C for an hour. The protein lysis buffer (per 1 mL) consisted of 10 μL 10% SDS, 100 μL of 

10% NP-40 Alternative Protein Grade Detergent (Calbiochem, Gibbstown, NJ), 10 μL 

200mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, Oakville, ON), 10 μL 

protease inhibitor cocktail (PIC) (Sigma-Aldrich, Oakville, ON), and 870 μL 

phosphorylation solubilization buffer (PSB). Supernatants were collected by centrifugation at 

12,000 rpm for 10 minutes, and stored at -80 °C.  Protein concentration was evaluated by 

Pierce™ BCA Protein Assay Kit (Thermo Scientific, MA, USA) according to the 

manufacturer’s instructions. The absorbance of protein samples at 562 nm was measured 

using Elx808 Absorbance Microplate Reader (BioTekk Instruments, Winooski, VT).  

Western blotting was used to evaluate protein expression. Briefly, protein lysates (20-

30 μg/lane) were incubated at 70 °C for 10 minutes, separated on 10%, 12% or 15% sodium 

dodecyl sulfate (SDS)-polyacrylamide gels and blotted onto Immobilon-P polyvinylidene 

fluoride 0.45-μm membrane (Millipore, Billerica, MA). The membranes were blocked in 5% 

skim milk in Tris-buffered saline containing 0.05% Tween-20 (TBST) for 1 hour at RT, 

washed in TBST for two times (5 minutes each), and incubated with primary antibody 

overnight at 4 °C. Then the membrane was washed in TBST two times (10 minutes each), 

and incubated with horseradish peroxidase–conjugated secondary antibody (1: 2000 dilution) 

for 1 hour at RT. Finally, after washing in TBST for three times (10 minutes each), the 

membrane was incubated with enhanced chemiluminescence reagent for 1 minute, and 
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exposed on KODAK
®

 BioMax
®

 XAR autoradiography film (VWR, Mississauga, ON, 

Canada) to visualize the proteins. The quantity of protein was measured against a human 

actin loading control. The primary and secondary antibodies are listed in Table 2.6. 

 

Table 2.6 Primary antibodies used in Western blotting 

Antibody  Host  Dilution  Supplier (Catalogue#)  

TOX  Rabbit (polyclonal)  1:500  Sigma Aldrich (HPA018322)  

p27 (C-19)  Rabbit (polyclonal)  1:100  Santa Cruz (sc-528)  

p57 (C-20)  Rabbit (polyclonal)  1:100  Santa Cruz (sc-1040)  

Caspase 3  Rabbit (polyclonal)  1:500  Cell Signaling Technology (9662)  

Caspase 9  Rabbit (polyclonal)  1:250  Cell Signaling Technology (9502)  

SMAD3  Rabbit (monoclonal)  1:1000  Cell Signaling Technology (9523)  

Actin (AC-40)  Mouse (monoclonal )  1: 2000  Sigma Aldrich (A3853)  

 

 

2.7 RNA Extraction and Reverse Transcription 

Total RNA was extracted by TRIzol (Invitrogen) or QIAzol (Qiagen) reagent following the 

manufacturer’s protocol. RNA was dissolved in RNAse free water (60 μL for 1× 10
6
 cells), 

and RNA concentration was measured by the nanodrop ND-100 spectrophotometer at 260 

nm. Subsequently, 100 ng of RNA was reverse transcribed into cDNA in a 20-μL reaction 

using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, 

USA) according to the manufacturer’s protocol.   

2.8 Real-time Quantitative Polymerase Chain Reaction 

Real-time quantitative polymerase chain reaction (qPCR) was performed using Fast SYBR
®

 

Green Master Mix (Applied Biosystems). Each reaction of 12 μL consisted of 6 μL Fast 

SYBR
®

 Green Master Mix reagent, 1 μL cDNA, 0.25 μL or 0.36 μL 10-μM gene-specific 

primers, and RNAse free water (to make up 12 μL). Reactions were run on the 7500 Real 



 54 

Time PCR System (Applied Biosystems) following the manufacturer’s instructions. Each 

primer set was tested for specificity and primer efficiency (90%-110%) prior to use. All 

experiments were run in duplicate or triplicate. To quantify gene expression, glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) or beta-actin (ACTB) was used as an endogenous 

control, and gene expression levels were expressed as mRNA copies per 1000 GAPDH or 

ACTB copies in all experiments, as described (Huang et al, 2014; Huang et al, 2015). The 

primers used in qPCR are listed in Table 2.7. 
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Table 2.7 Primers for qPCR 

Gene  Forward primer (5’→3’)  Reverse primer (5’→3’)  

TOX  GTGCAGAAATCCTCCCCCAC  TTTGTCCCTCTGCATGCCC  

CD4  AGCAGAGCGGATGTCTCAGATC  AAACCGGTGAGGACACTGGC  

CDKN1A  TGTCCGTCAGAACCCATGC  AAAGTCGAAGTTCCATCGCTC  

CDKN1B  TAATTGGGGCTCCGGCTAACT  TGCAGGTCGCTTCCTTATTCC  

CDKN1C  GCGGCGATCAAGAAGCTGT  GCTTGGCGAAGAAATCGGAGA  

CDK2  GTACCTCCCCTGGATGAAGAT  CGAAATCCGCTTGTTAGGGTC  

CDK4  TCAGCACAGTTCGTGAGGTG  GTCCATCAGCCGGACAACAT  

SMAD3  TGGACGCAGGTTCTCCAAAC  CCGGCTCGCAGTAGGTAAC  

FOXO3  CGGACAAACGGCTCACTCT  GGACCCGCATGAATCGACTAT  

HBP1  GCATTCACAAGGGCTATGGTT  ACAGACTCGCCAAATGATACAC  

CRTC1   TCAGTGGACAAACACGGACG  CAGGGCGGAGTCAGAATTG  

THAP1   TACTAATGCCGCCTCTTCAGA  TGCTGTTCTAGCTGATGAATCCT  

MED13L   TTGTCCGACCCTACGAAAAGG  GTGCTGGGCAATCTCCACA  

ITM2B   TACAAACTGCAACGCAGAGAA  AAATGCCGAATTGCGAAACAA  

TIAM2   TACCACCTGACGGAAGCACTA  ACACGGTCCCATAATCCTCATA  

BTBD7   AAAGCCCACAAGGCTGTTATT  TCTTCACCAGTTCGTATCCTCC  

FAM117A   CTGCCTCCCCTCGACCTAAT  CAAACACACGCACTTTCTCAC  

SLC26A11   CCGCTGTTCGACACCAAGAT  AGGATGCCGTACTGCACCT  

TNFRSF12A   CTCGCCCACTCATCATTCAT  TTGTGGTTGGAGGAGCTTG  

CGREF1   ACGATGACAGTGTTAATCCTGC  CCTAGTCCCTTTAGGTAGCTCTG  

PSMB5   AGGAACGCATCTCTGTAGCAG  AGGGCCTCTCTTATCCCAGC  

ERCC2   GTCGATGGGAAATGCCACAG  GTCATCCAGGTTGTAGATGCC  

FKBP4   GAAGGCGTGCTGAAGGTCAT  TGCCATCTAATAGCCAGCCAG  

CD3EAP   AGATACGGAGCTGTGGCTTAT  CCCATTGAAGCATTCTGGGG  

MRPL12   ATCCCCATAGCGAAAGAACGG  GGACGAGGTTGATGCCTTGG  

XPO5   CTGGGTGTCTATGAGTCACATCA  TTCCGGTCTTCCAACTTGCC  

MGAT4A   AAAATCCATGTAAACCCACCTGC  AGTCTCCAGCTATCGGTGTGA  

RAB3A   CCATCTATCGCAACGACAAGAG  CCATAGCGCCCCGGTAGTA  

GZMB   TACCATTGAGTTGTGCGTGGG  GCCATTGTTTCGTCCATAGGAGA  

GAPDH  CGCTCTCTGCTCCTCCTGTT  CCATGGTGTCTGAGCGATGT  

ACTB  CTGGAACGGTGAAGGTGACA  AAGGGACTTCCTGTAACAATGCA  
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2.9 Cell Viability Assay  

Viable cells were determined using trypan blue exclusion method. Cells were plated in 12-

well plates containing 2 mL culture medium at a density of 1.5 × 10
5
 cells/mL or 2.5 × 10

5
 

cells/mL, and incubated at 37 °C for 24, 48, 72, and 96 hours. For single TOX knockdown 

cells, puromycin (1 μg/mL) was added to RPMI 1640 culture medium. For co-knockdown of 

TOX and CDKN1B or CDKN1C, both puromycin (1 μg/mL) and hygromycin (750 μg/mL 

for Hut78; 200 μg/mL for HH) were added to the culture medium. At each time point, viable 

cell number in each well was determined. A minimum of three biological replicates were 

performed for each cell line, and each cell line was plated in duplicate or triplicate wells in a 

single assay.  

2.10 Colony-forming Cell Assay 

Colony-forming cell (CFC) assay was performed in fetal calf serum-containing 

methylcellulose (H4230; StemCell Technologies) with 1 μg/mL puromycin. First, the semi-

solid culture mixture was generated by adding 20 mL Iscove’s Media (StemCell 

Technologies) to 80 mL methylcellulose. Then, 600 cells were re-suspended evenly to 3 mL 

culture mixture, and plated into CFC plates in duplicate (1.2 mL each). Cells were cultured at 

37 °C for 12-14 days, before colonies were counted in each plate using standard scoring 

criteria (Kennah et al, 2009; Ringrose et al, 2006). Colony size was determined as big (>500 

cells), medium (50-500 cells), and small (20-50 cells).  

2.11 Activation of CD4
+
 T Cells 

Peripheral blood CD4
+
 T cells (StemCell Technologies) were activated either by addition of 

25ng/mL phorbol 12-myristate 13-acetate (PMA) and 50ng/mL ionomycin (Sigma Aldrich), 

or by CD3 (mouse anti-human) antibody with or without CD28 (mouse anti-human) 
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antibodies (BD Biosciences, Mississauga, ON, Canada), as described previously (Herold et 

al, 2003; Klemke et al, 2009; Lenardo, 1991; Wang et al, 2011). To account for non-specific 

binding, an isotope control antibody (BD Biosciences) was included.    

2.12 Fluorescence-activated Cell Sorting (FACS) Analysis 

FACS analysis was performed on a FACSCanto II or a Fortessa cell analyzer (BD 

Biosciences). Data was analyzed with FlowJo 7.6 software (Tree Star, Ashland, OR, USA). 

For human peripheral blood, cells in the lymphocyte gate were used. Rabbit anti-human TOX 

(PE-conjugated, eBioscience, San Diego, CA), and mouse anti-human CD4 (APC-eFluor 780 

-conjugated, eBiosience) were used to assess CD4 and TOX status.  

2.13 Apoptosis Assay 

Apoptosis assay was performed using an apoptosis detection kit (BD Biosciences) according 

to the manufacturer’s instructions. Total apoptotic cell numbers were calculated as total 

annexin V-positive cells.  

2.14 5-bromo-2'-deoxyuridine (BrdU) Incorporation Assay 

To determine the percentage and nature of the cells that are actively synthesizing DNA, 

BrdU incorporation assays were performed using a FITC BrdU Flow Kit (BD Biosicences) 

according to the manufacturer’s protocol. Briefly, transduced CTCL cells were pulsed with 

10 μM BrdU at 37 °C (45 minutes for Hut78; 2 hours for HH and SZ4). During this time, 

BrdU, which is an analogue of thymidine, was incorporated into newly synthesized DNA by 

cells that are actively progressing through DNA synthesis phase. The incorporated BrdU was 

then measured by FITC-conjugated anit-BrdU antibodies. In addition, 7-Aminoactinomycin 

D (7-AAD), which is a DNA-labeling fluorescence dye, was used to determine cell position 

in the cell cycle by 7-AAD intensities. Cells in the G2/M phase will have a 7-AAD intensity 



 58 

twice as much as that of cells in the G0/G1, whereas apoptotic cells (sub-G1) will have lower 

7-AAD intensities.    

2.15 Immunofluorescence (IF) Staining 

Skin biopsies and suspension cells were assessed by immunofluorescence (IF) staining. For 

skin biopsies, cryosections of MF lesions and control skin were fixed with 4% 

paraformaldehyde, permeabilized, and blocked. Then the slides were incubated with primary 

antibodies against TOX (rabbit polyclonal, Sigma Aldrich) and human CD4 (mouse 

monoclonal, Dako, Mississauga, ON, Canada) overnight at 4 °C, washed, and incubated with 

goat-anti-rabbit Alexa-594-conjugated secondary antibody (red; Life Technologies, 

Burlington, ON, Canada) and goat-anti-mouse Alexa-488-conjugated secondary antibody 

(green; Life Technologies). Finally, cell nuclei were counterstained with 4',6-Diamidino-2-

phenylindole (DAPI). For CTCL cells and CD4
+
 T cells, 1 × 10

6
 cells were pelleted, fixed, 

washed, and re-suspended in 50 μL PBS. Then 10 μL of the cell mixture was smeared onto 

one slide, blocked, and stained using the method as described above.  Slides were viewed 

under a Zeiss AxioVert 200M inverted fluorescence microscope (Carl Zeiss AG, Jena, 

Germany), and images were collected and processed using the Zeiss AxioVision 4.8 image 

acquisition and processing software (Carl Zeiss AG). Brightness and contrast were adjusted 

consistently across all images, as reported previously (Huang et al, 2015).    

2.16 Animals and Tumor Formation Assay 

Non-obese diabetic (NOD)/severe-combined inmmunodeficiency (SCID) interleukin-2 

receptor gamma chain deficiency (NSG) mice were bred and maintained at the British 

Columbia Cancer Research Center Animal Resource Centre. All procedures were performed 

according to the experimental protocol approved by the University of British Columbia 
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Animal Care Committee. NSG mice at 8 weeks of age were injected subcutaneously on both 

flanks with 1 × 10
6 

transduced Hut78 or HH (CTR = 6; TOXsh1 = 6; TOXsh2 = 6). Due to 

rapid cell death induced by TOX knockdown, transduced SZ4 cells could not accumulate 

enough cells to be assayed in the same manner. Mice were closely monitored for local tumor 

formation 3 times a week. When tumor formed, the tumor length and width were measured 

with a glide caliper, and tumor volume was calculated using the formula (length [mm] × 

width [mm]
2
) /2 (Krejsgaard et al, 2010).  

To examine the histopathological features, mouse tissues were fixed in 10% formalin, 

paraffin embedded, and stained with hematoxylin and eosin (H&E). Furthermore, 

immunohistochemistry (IHC) staining was performed on the mouse tissues using rabbit 

monoclonal anti-human CD3 antibody (SP7; Spring Bioscience, Pleasanton, CA) and 

UltraMap anti-rabbit horseradish peroxidase-conjugated secondary antibody (Ventana 

Medical Systems, Tucson, AZ). H&E and IHC staining was performed by Centre for 

Translational and Applied Genomics (Vancouver, BC, Canada). Histological images were 

acquired by a Zeiss Axioplan 2 Imaging Microscope (Carl Zeiss).  

2.17 Microarray Analysis 

Total RNA was extracted from transduced CTCL samples (Hut78-CTR = 3, Hut78-TOXsh = 

3, HH-CTR = 3, HH-TOXsh = 3) using TRIzol method (Invitrogen). A total of 100 ng RNA 

was reverse-transcribed into cDNA and linearly amplified by in vitro transcription using the 

Low RNA Input Linear Amplification Kit (Agilent Technologies, Mississauga, Canada). 

Each microarray was hybridized with each amplified cDNA labeled with Cy5 or Cy3. 

Hybridizations were performed on SurePrint G3 Human Gene Expression 8x60K v2 

Microarray slides (G4858A-039494; Agilent Technologies), and the slides were scanned and 



 60 

quantified. Red and green processed signals were then normalized and analyzed as 

previously described (Zhang et al, 2012). Microarray data were deposited at NCBI GEO 

database (accession number: GSE57122). Genomatix Pathway System (GePS, Genomatix 

software suite v3.0) and the Database for Annotation, Visualization and Integrated Discovery 

(DAVID, v6.7) software programs were applied to evaluate enriched biological processes 

(ranked by enrichment scores and Benjamini adjusted P values) in the differentially 

expressed genes upon TOX suppression (Huang da et al, 2009a; Huang da et al, 2009b). 

2.18 Statistical Analysis 

Statistical analyses were performed using SPSS 14 (Chicago, IL), GraphPad Prism 5.00 (San 

Diego, CA), X-tile (New Haven, CT), and Microsoft Excel programs. P values < 0.05 were 

considered to be statistically significant. Two-tailed t tests were used to compare continuous 

variables. Data are shown as mean ± standard error of mean (SEM). Receiver operating 

characteristic (ROC) method was used to determine whether TOX transcript levels could 

differentiate CTCL from non-CTCL (BID and healthy participants). Disease progression and 

disease-specific mortality were evaluated using the Kaplan-Meier curve and log-rank test. 

Using X-tile software (Camp et al, 2004), the optimal cut-off points (with the lowest P value) 

of TOX mRNA expression level were determined to be 8.2 for MF, and 129.9 for SS. 

Therefore, in our analysis, TOX high and TOX low groups were defined by the TOX 

expression levels higher and lower than 8.2 and 129.9 for MF and SS, respectively.  

Disease progression in MF patients was considered to be present when disease 

progressed to more advanced clinical stages and/or death due to MF (Litvinov et al, 2013). 

Individuals with multiple progressions (n > 1) were considered to have n progression events. 

Survival time was defined as the duration from date of presentation and sample collection to 
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death. A two-step approach was adopted when evaluating the association of TOX expression 

levels and disease outcome (progression and disease-specific mortality) in MF as reported 

(Huang et al, 2014). First, univariate analysis using the log-rank test was used to determine 

whether TOX mRNA levels correlated with disease outcome. Second, multivariate analyses 

using COX proportional hazards regression were used to evaluate the following prognostic 

factors: stage at diagnosis, TOX mRNA levels, age, and sex.     
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Chapter 3: The Potential of TOX as a Disease Marker for CTCL  

3.1 Background and Rationale  

CTCL is a highly heterogeneous disease with a wide variety of clinical and histopathological 

features. The two most common subtypes of CTCL are MF and SS (Bradford et al, 2009). 

Classical MF presents with erythematous patches and plaques with scales, typically on sun-

protected areas (trunk, buttocks, and proximal extremities) (Kim et al, 2005). Tumors and 

erythroderma are seen in advanced MF stages. SS is considered the leukemic stage of CTCL 

with circulating Sézary cells (malignant lymphocytes with hyper-convoluted, cerebriform 

nuclei) in the peripheral blood (Kim et al, 2005).  

It is challenging to reach a diagnosis for MF, particularly in its early stage, which 

contains only a small percentage of malignant cells admixed with a large number of reactive 

CD4
+
 T cells, therefore lacking the fully-developed characteristics of classical MF. Further, 

early MF mimics clinical, histopathologic, and even molecular (including TCR clonality) 

features of common benign inflammatory skin conditions (Glusac, 2003; Keehn et al, 2007; 

Olsen et al, 2007; Pimpinelli et al, 2005). It is therefore common to have diagnostic delays in 

MF, which sometimes may exceed a decade (Arai et al, 1991). The diagnostic challenges are 

not unique to early stage MF. Patients with late stage diseases, such as SS and erythrodermic 

CTCL, are also difficult to diagnose since there are no characteristic positive identification 

markers for circulating CTCL cells.  

Another challenge in managing CTCL patients stems from the difficulty to predict 

long term clinical outcome. MF typically has an indolent clinical course. However, 

approximately 9% of CTCL patients with limited patch and plaque disease, as well as 24% of 

patients with extensive patches or plaques, will develop end-stage disease, such as SS, which 
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has a high mortality (Kim et al, 1995; Kim et al, 1999). Identifying MF patients with high 

risk of disease progression or disease-specific mortality has valuable implications in that 

these patients may be managed more aggressively and monitored more frequently to slow or 

halt disease advancement. However, robust prognostic markers for CTCL are generally 

lacking, which hinders the proper prognostication.  

In previous attempts to identify disease-specific markers in CTCL, our group 

performed microarray analysis in early MF, and discovered a set of 19 genes that were highly 

elevated in early MF skin lesions, but not in benign control skins. Among these, TOX 

appeared to be the most enriched gene (Zhang et al, 2012). IF and IHC staining in skin 

biopsies confirmed strong nuclear TOX staining in a proportion of CD4
+
 T cells in MF, but 

not in BID lesions. This observation was subsequently validated in early as well as more 

advanced MF in a small patient population (n = 15) (McGirt et al, 2014). It remains to be 

examined if TOX is also upregulated in SS, the advanced CTCL. Based on these findings, we 

hypothesized that TOX is aberrantly activated in the full spectrum of CTCL (from various 

stages of MF to SS), and that TOX may be used as a marker for CTCL.  

3.2 Results 

3.2.1 TOX Is Upregulated in Skin Biopsies from MF Patients of All Stages 

To investigate the presence and extent of TOX overexpression in the full spectrum of MF, we 

assembled 113 individuals with MF, 25 with BID, and 11 with healthy skin (HS). TOX 

mRNA expression levels (mean ± SEM) were measured by qPCR. BID and HS were 

combined to form the non-MF controls (3.58 ± 0.75) as their TOX expression levels were not 

significantly different (3.77 ± 0.94 versus 3.15 ± 1.24, P = 0.70). MF cohort 1 (n = 54) had 

much increased TOX mRNA levels (64.21 ± 18.69), compared with the controls (P = 0.002). 
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Furthermore, an independent MF cohort 2 also showed much higher TOX mRNA level than 

that in the non-MF controls (20.64 ± 3.90 versus 3.58 ± 0.75, P < 0.0001) (Figure 3.1A).   

The observed increase reflected TOX mRNA levels in a mixture of cells, and may be 

due to a simple accumulation of the CD4
+
 T cells in the MF lesional skin. To test this, we 

normalized the TOX mRNA levels to CD4 mRNA levels. Upon normalization, TOX/CD4 

mRNA ratio remained highly increased in MF skin lesions, compared with non-MF controls 

(0.542 ± 0.182 versus 0.062 ± 0.014, P = 0.011) (Figure 3.1B). 

Next, we asked whether TOX levels were indicative of tumor burden in the skin. To 

test this, TOX levels were obtained in skin lesions with various morphologies, including 

patch (low tumor burden), plaque and tumor (high tumor burden). As shown in Figure 3.1C, 

thicker lesions (plaques and tumors) displayed higher TOX levels (74.91 ± 29.72 in plaques 

and 101.3 ± 37.23 in tumors) than those of the patches (18.31 ± 4.10, P = 0.018). Similar 

trend can be observed when TOX levels were normalized to CD4 levels, in that TOX/CD4 

ratios in thicker lesions (0.348 ± 0.065 in plaques and 1.870 ± 1.145 in tumors) were higher 

than those in thinner lesions (0.216 ± 0.055 in patches, P = 0.088) (Figure 3.1D).  

In addition to mRNA levels, we evaluated the TOX protein levels in MF skin biopsies 

by IF staining, using BID lesions as controls. While numerous CD4
+
 T cells can be seen in 

BID lesions, rarely was TOX detectable. In contrast, we observed strong TOX staining in MF 

biopsies, primarily in the nuclei of the CD4
+
 T lymphocytes. Furthermore, thicker MF skin 

lesions (plaques and tumors) demonstrated stronger TOX signals than patch lesions, which is 

in line with the mRNA expression results (Figure 3.2).
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Figure 3.1 TOX mRNA levels are increased in MF skin biopsies. 

(A) TOX mRNA in MF samples compared with BID and HS. **, P = 0.002, ***, P < 

0.0001. (B) The ratios of TOX mRNA/CD4 mRNA in samples of MF, BID and HS. *, P = 

0.011. (C) TOX mRNA in different types of MF lesions. *, P = 0.018. (D) The ratios of TOX 

mRNA/CD4 mRNA in different types of MF lesions. Horizontal bars denote the mean and 

SEM for each sample type analyzed. Two tailed t tests were used for comparison. NS=not 

significant.
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Figure 3.2 Ectopic TOX protein is detected in CD4
+
 T lymphocytes in MF skin lesions, 

but absent in BID. 

BID (shown here is chronic dermatitis) and MF skin biopsies were stained with antibodies 

against TOX (red, Alexa Fluor® 594) and CD4 (green, Alexa Fluor® 488). DAPI was used 

to stain the nuclei of cells. Dotted lines indicate the basement membranes in the skin. Insets: 

magnification from representative areas. Bars = 20 μm. 
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3.2.2 TOX Is Upregulated in Primary Sézary Cells and CTCL Cell Lines 

We next moved on to characterize the expression of TOX in SS patients. By qPCR, the TOX 

mRNA levels were quantified in the CD4
+
CD7

-
 T cells purified from the peripheral blood of 

12 SS patients, CD4
+
 T cells from 18 BID patients, and 9 healthy participants (HP). BID and 

HP CD4
+
 T cells expressed similar levels of TOX (33.66 ± 3.17 versus 44.75 ± 7.64, P = 

0.21), therefore they were combined as the non-SS controls (37.36 ± 3.38). Compared with 

non-SS, SS CD4
+
CD7

-
 T cells expressed much increased TOX levels (172.70 ± 45.20, P = 

0.012) (Figure 3.3A). 

As TCR clonality has been correlated with worse clinical outcome in SS patients 

(Assaf et al, 2005; Fierro et al, 2010), we assessed TOX expression levels in SS patients with 

and without TCR clonality. As shown in Figure 3.3B, among the 12 SS patients, SS with 

TCR clonality (n = 7, 236.5 ± 67.03) expressed higher TOX mRNA levels, compared with 

those without TCR clonality (n = 5, 83.37 ± 25.07, P = 0.070). Although this trend did not 

reach statistical significance, it may with a larger sample size.  
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Figure 3.3 TOX mRNA levels are increased in peripheral blood CD4
+
 T cells from SS 

patients.  

(A) TOX mRNA levels in peripheral blood CD4
+
 T cells from SS (n = 12), healthy 

participant (HP, n = 9), and BID (PSO, psoriasis, n = 8; ROS, rosacea, n = 5; VT, vitiligo, n 

= 5). (B) TOX mRNA levels in CD4
+
 T cells from SS patients with clonality (n = 7), 

compared with SS without clonality (n = 5). 
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To determine if the high TOX expression was retained in CTCL cell lines, TOX 

protein levels were examined in a panel of CTCL cell lines by Western blotting. In line with 

previous report, we detected two bands of TOX, 57 kDa and 63 kDa, which represent the 

predicted and the post-translationally modified form of TOX (Wilkinson et al, 2002). We 

found that 10 out of 11 CTCL cell lines expressed increased TOX protein, compared to 

normal CD4
+
 T cells, and the TOX quantities in the majority of CTCL cell lines were 

comparable to that of clinical Sézary cells (SS5) (Figure 3.4A and B). This finding 

demonstrated that highly deregulated expression of TOX was found not only in MF skin 

biopsy specimens as we previously reported (Zhang et al, 2012) but also in Sézary syndrome, 

the advanced stage of CTCL. Of note, Hut102, derived from MF (early CTCL), expressed 

much lower TOX protein compared to the more advanced CTCL cell lines (Figure 3.4B), 

derived from either SS (Hut78, SZ4) or non-MF/SS aggressive CTCL (HH), suggesting that 

overexpressed TOX may contribute to the disease progression. FACS analysis further 

confirmed the TOX increase in the peripheral CD4
+
 T cells from a patient with SS (SS12) 

and in CTCL cell lines (Hut78, HH, and SZ4), while normal CD4
+
 T cells displayed negative 

TOX staining (Figure 3.4C). Finally, IF staining using TOX and CD4 antibodies 

demonstrated strong nuclear TOX staining, in CTCL cell lines (Hut78, HH, and SZ4). In 

contrast, normal CD4
+
 T cells showed no obvious TOX staining (Figure 3.5). These findings 

indicate that CTCL cell lines that retain high TOX levels may be used as appropriate in vitro 

models to study the biological function of TOX in CTCL.  
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Figure 3.4 TOX protein levels are increased in SS CD4
+
 T cells and CTCL cell lines. 

(A) Western blotting showed marked TOX overexpression in the majority of CTCL cell 

lines, compared to peripheral CD4
+
 T cells from an HP (Ctr). (B) Western blotting 

demonstrated TOX increase in 4 CTCL cell lines, as well as CD4
+
 T cells from the peripheral 

blood of a patient with SS (SS5), compared to peripheral CD4
+
 T cells from an HP (Ctr 1) or 

a patient with BID (Ctr 2). (C) FACS analysis showed elevated TOX intensities in the 

peripheral CD4
+
 T cells from a patient with SS (SS12) and in the CTCL cell lines (Hut78, 

HH, and SZ4), whereas normal CD4
+
 T cells displayed negative TOX staining. The 

fluorescence-minus-one control was used as a negative control.  
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Figure 3.5 TOX expression is elevated in multiple CTCL cell lines. 

Immunoflurescence (IF) staining using TOX (red) and CD4 (green) antibodies showed strong 

nuclear TOX staining in CTCL cells (Hut78, HH, and SZ4), but not in normal CD4
+
 T cells. 

DAPI was used to stain the nuclei. For each cell line, 1 million cells were mounted onto the 

slide and subjected to staining. Bars represent 25uM.  
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3.2.3 Increased TOX Levels Differentiate CTCL from Benign Inflammatory 

Dermatoses 

Given the marked increase of TOX in both MF and SS, we asked whether TOX levels 

differentiate CTCL patients from patients with non-CTCL (BID and HP) subjects. In all MF 

patients (n = 113), ROC curve analysis (Figure 3.6A) showed an area under the curve (AUC) 

value of 0.87 (95% confidence interval 0.8–0.94, P < 0.0001), indicating that TOX mRNA 

levels had good discriminative power for MF as a whole. ROC curve also showed the 

tradeoff between sensitivity and specificity at different cutpoints. At a cut-off point of 2.99, 

TOX mRNA levels had a specificity of 90.3% and a sensitivity of 75.0% for MF.  

We next evaluated whether TOX mRNA levels could help with the discrimination 

between early stage MF and non-MF controls, given that it is most challenging to accurately 

diagnose early MF in the clinical setting. ROC curve analysis in 73 cases of stage-I MF 

demonstrated good discriminatory power with an AUC value of 0.85 (95% confidence 

interval 0.77-0.92, P < 0.0001, Figure 3.6B). At a cut-off point of 2.99, TOX mRNA levels 

had a specificity of 86.3% and a sensitivity of 75.0% for stage-I MF.  

Last, we applied ROC curve analysis to assess whether TOX mRNA levels may 

differentiate SS from non-SS control CD4
+
 T cells. An AUC of 0.82 (95% confidence 

interval 0.62-1.03, P = 0.001, Figure 3.6C) was obtained, suggesting that TOX mRNA levels 

may help improve the diagnosis of SS. When the cut-off point was set at 52.77, the 

specificity and sensitivity for TOX mRNA to differentiate SS were 85.2% and 83.3% 

respectively.  
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Figure 3.6 Increased TOX mRNA levels differentiate CTCL from non-CTCL.  

(A) ROC curve analysis on MF as a whole (n = 113) and non-MF (n = 36) skin biopsies. (B) 

ROC curve analysis on stage-I MF (n = 73) and non-MF (n = 36) skin biopsies. (C) ROC 

curve analysis on Sézary cells (n = 12) and non-SS control CD4
+
 T cells (n = 27). AUC= area 

under the curve.  
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3.2.4 High TOX Levels Correlate with Increased Risk of Disease Progression and 

Disease-specific Mortality in MF Patients 

Having shown that TOX may be used as a potential diagnostic marker for CTCL, we 

speculated that varied TOX mRNA levels may also be correlated with divergent clinical 

outcome. For this purpose, we performed Kaplan-Meier curve in MF cohort 2 patients, for 

whom long-term (up to 6 years; median follow up time = 45 months) follow-up data were 

available. We found that high TOX mRNA levels in skin biopsies were associated with 

increased probability of disease progressing into a higher clinical stage during the follow up 

period (P = 0.003, Figure 3.7A), indicating its association with disease aggressiveness. In 

contrast, cases with low TOX expression levels had very low tendency to progress clinically 

during the follow up time. We next applied multivariate analysis to assess if TOX levels 

remained independent outcome indicator after adjusting other factors, including clinical 

stage, age, and sex. TOX expression remained significantly associated with disease 

progression (hazard ratio (HR) = 2.62, P = 0.028, Table 3.1).   

Furthermore, increased disease-specific mortality was observed in cases with higher 

TOX mRNA levels (P = 0.008, Figure 3.7B). Multivariate analysis defined high TOX as an 

independent predictor of worse survival (HR = 6.16, P = 0.027, Table 3.1) after adjusting for 

other variables, including clinical stage, age, and sex. Similar to prior reports (Agar et al, 

2010; Imam et al, 2013), clinical stage was shown to be an independent predictor of 

prognosis in our study.  

Taken together, these findings supported that high TOX levels could help define the 

subset of MF patients with increased risk of disease progression and disease-specific 

mortality.  
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Figure 3.7 Higher TOX mRNA levels correlate with worse clinical outcome in MF. 

Kaplan-Meier curves showed the relationship between TOX mRNA levels and (A) disease 

progression in MF patients; (B) disease-specific mortality in MF patients. Log-rank tests 

were used.  

 

Table 3.1 Multivariate analyses of disease progression and disease-specific survival in 

mycosis fungoides subjects using COX proportional hazards model 

Prognostic Factor  

Progression 
 

Disease-Specific  Survival 

HR 95.0% CI P 
 

HR 95.0% CI P 

TOX  2.62 1.1 to 6.2 0.028 
 

6.16 1.2 to 30.8 0.027 

Stage  3.57 1.6 to 7.9 0.002 
 

5.31 1.2 to 23.5 0.028 

Age  1.02 1.0 to 1.0 0.246 
 

1.00 1.0 to 1.0 0.989 

Sex  1.02 0.5 to 2.3 0.960 
 

0.55 0.1 to 2.1 0.386 

 

Abbreviations: HR = hazard ratio; CI = confidence interval 
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3.2.5 High TOX Levels Correlate with Increased Disease-specific Mortality in SS 

Next, we evaluated if high TOX levels influence the clinical outcome of SS patients. Kaplan-

Meier curve revealed a strong correlation between higher TOX mRNA levels and increased 

SS-related death (P = 0.039, log-rank test hazard ratio = 5.68, Figure 3.8). The median 

survival time in SS patients with higher TOX mRNA levels (> 129.9, n = 6) was 27 months, 

which was much shorter than that of SS with lower TOX mRNA levels (<129.9, n = 6, 120 

months). This finding suggested that increased TOX levels may serve as a prognostic 

predictor for SS.  
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Figure 3.8 Higher TOX mRNA levels correlate with increased disease-specific 

mortality in SS 

Kaplan-Meier curve showed the relationship between TOX mRNA levels and disease-

specific mortality in SS patients (n = 12). Log-rank test was used.  
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3.3 Discussion 

In the current study, we characterized the expression levels of TOX in a panel of MF and SS 

patients, and evaluated its potential as a disease marker to aid CTCL diagnosis and 

prognostication. The first evidence of abnormal TOX enrichment in MF came from our 

previous transcriptome analysis on early MF, which demonstrated that MF CD4
+
 T cells 

possessed high TOX, at both mRNA and protein levels, compared to the CD4
+
 T cells in BID 

(Zhang et al, 2012). In the research performed as part of this thesis research, I found that 

aberrant expression of TOX is a feature persisting in the entire spectrum of CTCL, including 

advanced stages of MF and SS.   

TOX is not induced by TCR signaling in mature T cells (Wilkinson et al, 2002). 

Hence its upregulation in CTCL cells is unlikely to be a result of T cell activation. Rather, 

this ectopic activation of TOX in MF and SS led us to propose that TOX is a disease marker 

with diagnostic and/or prognostic value for CTCL.   

We tested this hypothesis and provided evidence for its potential usefulness as a 

diagnostic and prognostic marker for CTCL. Our data not only confirmed enhanced TOX 

expression in early MF, but also showed that TOX aberrant activation is a common feature 

shared by the entire spectrum of MF and SS. Moreover, high TOX mRNA levels effectively 

differentiate MF (for both MF as a whole or stage-I MF alone) from non-MF controls, and 

SS from non-SS controls, with high sensitivity and specificity. High TOX mRNA levels also 

demonstrated prognostic value for MF in that they were strongly associated with increased 

risk of disease progression and disease-specific mortality in MF patients. Furthermore, we 

detected higher TOX levels in Sézary cells with positive TCR clonality, as compared with 

those without TCR clonality. Since TCR clonality, when present, is closely correlated with 
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worse clinical outcome of SS patients (Assaf et al, 2005; Fierro et al, 2010), we wondered 

whether TOX transcript levels are linked to disease outcome. Indeed, higher TOX expression 

levels in SS patients correlated with increased risk of SS-related death. 

MF clinically resembles the far more common, but clinically benign skin 

inflammatory diseases such as chronic dermatitis, psoriasis, and cutaneous reactions to drugs. 

Differentiating MF from these benign conditions is difficult, largely due to the lack of well-

defined molecular markers in the clinical setting. Although CD2, CD3, CD5, and CD7 

deficiency is included in ISCL criteria to define early MF, the loss of CD2, CD3, and/or CD5 

in T cells is only 10% sensitive, despite its 100% specificity. CD7 deficiency is about 40% 

sensitive and 80% specific in general (Pimpinelli et al, 2005). Therefore better markers with 

higher sensitivity and specificity are needed. Although a small number of markers have been 

reported for MF skin biopsies, including loss of CD13, ectopic expression of BLK gene, 

microRNAs (including miR-155, miR-203 and miR-205) (Bernier et al, 2007; Krejsgaard et 

al, 2009; Ralfkiaer et al, 2011), BCL7A (Carbone et al, 2008; Litvinov et al, 2013), AHI1 

(Litvinov et al, 2012), and CD158K/KIR3DL2 in transformed advanced MF (Ortonne et al, 

2012), few of these markers were tested in multicenter studies, or used in a clinical setting.  

Diagnosing SS could also be challenging, due to the lack of robust identification 

markers. While several novel biomarkers have been proposed in previous reports, there is a 

lack of consensus, which may partially be explained by the small sample sizes, various 

platforms used, and different type of samples (Wong et al, 2011). Some of the biomarkers for 

SS include increased PLS3 (Su et al, 2003), DNM3, NEDD4L (Booken et al, 2008),  

KIR3DL2 (Poszepczynska-Guigne et al, 2004), EPHA4, TWIST1 (van Doorn et al, 2004), 

JUNB (Mao et al, 2004), TNFSF11 (Booken et al, 2008); decreased SATB1 (Wang et al, 
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2011), DPP4, STAT4, and TGFBR2 (van Doorn et al, 2004). These markers will need to be 

tested in larger samples and multicentre setting before their clinical utility can be determined.  

The prognostic indicators for CTCL are mainly clinical (stage, extracutaneous 

presentations, and age) or histopathological factors (large cell transformation, presence of 

CD8
+
 T cells) (Kim et al, 2005). There is currently no molecular prognostic marker for 

CTCL in clinical use, which hinders the establishment of accurate prognostication for CTCL 

patients.  

In light of these, the current multi-center study consisting of patients with diverse 

ethnic origins demonstrated considerable potential of TOX to improve diagnosis and 

management for CTCL. TOX levels showed good discriminatory power for both MF and SS, 

which may be helpful in defining CTCL even in its earliest stage when other diagnostic 

criteria are not met. Kaplan-Meier curve analysis demonstrated that MF lesions, including 

early MF lesions, that contain no or low TOX mRNA expression had little tendency of 

disease progression or MF-related death. TOX as a marker can identify these low-risk 

patients for whom conservative management perhaps would be adequate rather than being 

subjected to more toxic treatments, such as topical nitrogen mustard, or carmustine. In 

contrast, MF patients with high levels of TOX expression may benefit from early and more 

aggressive treatment to prevent disease progression and to reduce MF-related mortality. 

Similarly, SS patients with high TOX levels shall be considered to be at high risk of SS-

related death, and may benefit for more frequent monitoring and more aggressive 

management.  

Despite the predictive potential of TOX for CTCL demonstrated in this study, caution 

needs to be taken while interpreting its clinical usefulness. Due to the rarity of this disease, 
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only a moderate sample size of 113 for MF and a small sample size of 12 for SS can be 

reached from three study centres from three countries. Additional confirmation in other 

centres is warranted to evaluate the true clinical relevance of TOX for CTCL diagnosis and 

prognostication.  

Notwithstanding this limitation, the multicenter nature of our study underscores the 

consistency of TOX up-regulation in patients from diverse ethnical and geographic 

backgrounds. Furthermore, TOX as a marker is highly robust and user-friendly, since it can 

be detected by a number of routine dermatopathologic tools, such as qPCR, IF, and IHC 

staining.  

Given TOX’s critical regulatory role in CD4
+
 T cell development and its aberrant 

overexpression in the majority of CTCL, it is highly likely that TOX activation plays a 

pathogenic role in CTCL. Further studies are therefore warranted to evaluate if TOX ectopic 

expression contributes to the development of CTCL. If proven to be true, TOX may emerge 

as a novel therapeutic target for MF in the future. It is noteworthy that TOX overexpression 

was retained in the majority of CTCL cell lines, including Hut78, HH, and SZ4, indicating 

that these cell lines could serve as appropriate in vitro models to study the biological 

functions of TOX in CTCL.  

In summary, TOX ectopic expression is readily and frequently detected in the 

malignant CD4
+
 T cells in MF skin biopsies and Sézary cells, including the most challenging 

early MF. Moreover, increased TOX expression levels define a group of CTCL patients with 

worse long term clinical outcome. Therefore, characterization of TOX expression status of 

CTCL patients may be valuable not only for diagnostic confirmation but also for guiding 

CTCL management in the future. 
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Chapter 4: The Role of TOX in the Development of CTCL  

4.1 Background and Rationale 

Although genetic studies have yielded some valuable insights, the exact pathogenesis of 

CTCL remains poorly understood. Recent studies into the disease mechanism of CTCL have 

suggested involvement of apoptosis resistance (Sors et al, 2006; Wang et al, 2011; Wu et al, 

2009) and uncontrolled cell cycle progression (Mao et al, 2006; Scarisbrick et al, 2002). 

Our recent study identified marked TOX overexpression in CTCL cells, compared to 

CD4
+
 T cells in BID lesions. In Chapter 3, we further confirmed this feature in the full 

spectrum of MF and SS. The presence of TOX activation in the earliest stage of MF 

suggested that TOX may be involved in disease initiation, and the observation that TOX 

expression levels paralleled tumor burden (thicker lesion contained more TOX) pointed to 

the possibility that TOX may contribute to disease progression as well.  

TOX is a critical player in thymocyte development. Deficiency of TOX in mouse 

studies showed profound disruption of normal CD4
+
 T-cell development, and absence of 

lymph nodes and Peyer’s patches in the small intestine (Aliahmad et al, 2010; Aliahmad & 

Kaye, 2008). Given TOX’s important functions in T cell development, we speculated that 

TOX plays a pathogenic role in the disease development of CTCL, a lymphoproliferative 

disorder primarily of CD4
+
 T cell origin. In the current study, we performed comprehensive 

in vitro and in vivo studies to characterize the biological significance of TOX aberration 

activation in CTCL oncogenesis.  
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4.2 Results 

4.2.1 Reduced TOX in CTCL Cells Results in Marked Reduction in Cellular 

Proliferation and Colony Formation in Vitro 

To investigate whether knockdown of TOX expression affected cell growth of CTCL cells, 

three CTCL cells lines (Hut78, HH, and SZ4) were transduced with lentiviruses containing 

either a non-targeting control sequences (CTR) or each of two shRNA sequences against 

human TOX. Knockdown of TOX (>90%) by two shRNA constructs (sh-1 and sh-2) was 

confirmed in all three CTCL cell lines by Western blotting analysis (Figure 4.1A). Viability 

assay (4 day duration, Figure 4.1B) showed that stable suppression of TOX resulted in 

significantly reduced cell growth in all three cell lines, compared with control cells (2~4-fold, 

P < 0.001). This growth inhibition was most dramatic in SZ4 cells, which rapidly died with 

TOX depletion.  

In addition to short term liquid culture, we subjected the transduced cells to semi-

solid long term culture to assess the effect of TOX suppression on the colony-forming ability 

of CTCL cells. TOX suppression resulted in marked reduction in CFC output in all three cell 

lines. In addition to reduction in colony numbers, the colonies generated by TOX-sh cells 

were much smaller and more dispersed than those generated by the control cells (Figure 4.2).  
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Figure 4.1 TOX inhibition confers growth disadvantage to CTCL cells. 

(A) TOX knockdown by 2 shRNAs (sh-1 and sh-2, both specifically target TOX gene), 

compared to control (CTR) CTCL (Hut78, HH, and SZ4) cells transduced by a non-targeting 

shRNA. Protein lysates were probed with antibodies against TOX after transduced cells were 

selected by puromycin (1 μg/mL) for 5 days. Actin was included as a protein loading control. 

(B) TOX-sh cells (transduced by sh-1 or sh-2) generated significantly reduced viable cells 

over a period of 4 days for all three CTCL cell lines (Hut78, HH, and SZ4), compared to 

CTR cells. On day 0, a total of 2.5 × 10
5
 cells were plated in 2 mL of full RPMI media, and 

viable cell numbers were determined every 24 hours by the trypan blue exclusion method. 

***, P < 0.001. Error bars denote SEM. Data shown are representative of at least 3 

independent experiments.  
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Figure 4.2 TOX suppression decreases the clonogenic ability of CTCL cells in long term 

culture.  

TOX-sh CTCL cells (Hut78, HH, and SZ4) cells generated fewer and smaller colonies in 3-

dimentional culture, compared to CTR cells. Three hundred cells were plated in 1.2 mL 

methycellulose media with 1 μg/mL puromycin. On day 12, the colony numbers and 

morphology were examined and recorded. Numbers of colonies of different sizes (big, 

medium, and small) were depicted. Photographs showing representative colonies were also 

shown. Original magnification × 10. **, P < 0.01 and ***, P < 0.001. Error bars indicate 

SEM. Data shown are from 3 independent experiments, and duplicates were performed for 

each experiment.  
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4.2.2 TOX Inhibition Abolishes or Halts Tumor Formation by CTCL Cells in Vivo 

To investigate whether deregulation of TOX in CTCL cells contributes to their ability to 

induce tumor in vivo, we injected transduced CTCL cells (Hut78 and HH) into NSG mice 

and monitored local tumor formation (TOX knockdown resulted in rapid death of SZ4 cells, 

which could not be assayed in the same fashion). Mice injected with Hut78 CTR or HH CTR 

(n = 6) cells started to form local tumors within 13 days. The tumors grew progressively and 

reached the maximum allowed tumor volume of 1700 mm
3
 (by 23 days, and 30 days 

respectively). In contrast, only 1 out of 6 mice injected with Hut78 TOX-sh cells, and 5 out 

of 6 mice injected with HH TOX-sh cells formed tumors, which were significantly smaller 

than the control tumors (Figure 4.3A and Bi-ii). Local tumors formed by CTR cells showed 

abnormal mitosis and more extensive destruction of subcutaneous tissues, compared to TOX-

sh cells (H&E staining, Figure 4.3Biii). The infiltrating tumor cells were positive for human 

CD3, confirming their origin in human helper T cells (Figure 4.3Biv). These findings 

indicated that stable suppression of TOX expression profoundly impaired the oncogenic 

ability of CTCL cells in vivo.   
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Figure 4.3 TOX inhibition impairs the tumor-forming ability of CTCL cells in vivo. 
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(A) Tumor volume comparison between mice injected with 1 million TOX-sh cells (n = 12) 

and control cells (n = 6) of Hut78 and HH. Mice were monitored for local tumor formation 

three times a week, and tumor sizes were measured with a glide caliper. Tumor volume was 

calculated using the formula V = (length [mm] × width [mm]
2
) ÷ 2. *, P < 0.05, **, P < 0.01. 

Error bars indicate SEM. (B) Gross appearances of mice representative of each injection 

group (i), appearances of tumor or normal skin (in mice injected with Hut78 TOX-sh, which 

did not form tumor) from representative mice (ii), H&E staining of tissue sections from 

corresponding tumors or normal skin (iii), and immunohistochemistry staining of human 

CD3 from corresponding tumors or normal skin (iv). Bars represent 1 cm (Bi-ii), 200 μm 

(Biii-iv), and 25 μm (Biii-iv insets).  



 89 

 

4.2.3 Reduced TOX Sensitizes CTCL Cells to Apoptosis  

Next we sought to elucidate the mechanisms through which TOX silencing exerts its anti-

proliferative effect. The growth inhibition effect of TOX could be due to sensitization of 

CTCL cells to apoptosis, cell cycle arrest, or both. Resistance to apoptosis has been 

recognized by one of the major defects in CTCL cells (Contassot et al, 2008; Dereure et al, 

2000b; Klemke et al, 2009; Wu et al, 2009). We first assessed whether the apoptosis 

machinery was affected. With TOX knockdown, transduced CTCL cells had increased 

apoptotic cells demonstrated by annexinV positivity (Figure 4.4A and B). We further 

examined the caspase (full-length and cleaved) levels in CTCL cells before and after TOX 

suppression. On the molecular level, TOX knockdown led to activation of caspase 9 and 

caspase 3, which are involved in apoptosis initiation and execution in intrinsic apoptosis 

pathway (Figure 4.4C). The activation was more obvious in HH and SZ4 cells, consistent 

with the more dramatic apoptosis sensitization phenotype. 
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Figure 4.4 TOX suppression leads to increased apoptosis and caspase activation in 

CTCL cells.  

(A) FACS analysis of apoptotic (annexin V-positive) cell populations in TOX-sh CTCL cells 

(Hut78, HH, and SZ4), compared to control (CTR) cells. (B) Percentages of apoptotic cells in 

TOX-sh CTCL cells (Hut78, HH, and SZ4), compared to CTR cells. **, P < 0.01. Error bars 

indicate SEM. Data depicted are representative of at least 4 independent experiments. (C) 

Comparison of caspase 9 and caspase 3 levels (both full-length and cleaved) in TOX-sh (sh-1 

and sh-2) and CTR CTCL cells. Cas, caspase; PI, propidium iodide. 
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4.2.4 Reduced TOX Causes Cell-cycle Progression Disruption in CTCL Cells 

We next assessed cell cycle progression, another key process governing cellular growth. 

Abnormal cell cycle progression has been implicated in the pathogenesis of CTCL (Gallardo 

et al, 2004; Mao et al, 2006). We subjected TOX-suppressed and control CTCL cells to BrdU 

and 7-AAD staining, which displayed the cell distribution in different cell cycle phases. 

BrdU positive population denotes cells in the S phase, which actively take in BrdU for DNA 

synthesis. BrdU negative populations include cells in the sub-G1, G0/G1, and G2M phases. 

While cells in G2M phase have twice as much DNA quantities (measured by 7-AAD 

intensities) as those in the G0/G1 phase, cells in the sub-G1 phase possess less DNA content 

than those in the G0/G1 phase. In all three cell lines, TOX inhibition led to increased number 

of cells in the sub-G1 (apoptotic) and G0/G1 stages, with a concomitant decrease of cells in 

the S and G2M stages (Figure 4.5), indicating that blocking of TOX markedly affected cell 

cycle control at both G1-S and S-G2M transitions.  
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Figure 4.5 TOX suppression leads to cell cycle arrest. 

(A) FACS analysis of cell proliferation by BrdU incorporation in TOX-sh Hut78, HH, and 

SZ4 cells compared to control (CTR) cells. For BrdU incorporation assay, transduced Hut78 

cells were pulsed with 10 μM BrdU for 45 minutes, whereas transduced HH and SZ4 cells 

were pulsed for 2 hours. (B) Cell cycle distribution in TOX-sh cells compared to CTR cells. 

*P < 0.05, **P < 0.01, and ***P < 0.001. Error bars indicate SEM. Data depicted are 

representative of at least 3 independent experiments. 
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4.2.5 TOX Reduction Restores Cell Cycle Regulators, CDKN1B and CDKN1C 

In light of the marked restoration of cell cycle progression by TOX suppression, we asked 

whether key cell cycle regulators were affected by TOX. We evaluated the expression 

changes of several critical cell cycle regulators, including CDK2, CDK4, CDKN1A, 

CDKN1B, and CNKN1C. TOX suppression increased the expression of CDKN1B and 

CDKN1C in all three cell lines (Figure 4.6A), without consistently changing the levels of 

CDK2, CDK4, and CDKN1A (data not shown). This was confirmed by Western blotting, 

which showed that p27 protein, encoded by CDKN1B, and p57 protein, encoded by 

CDKN1C, were also upregulated after TOX knockdown (Figure 4.6B).  
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Figure 4.6 TOX suppression leads to elevated cell cycle repressors. 

(A) CDKN1B and CDKN1C transcript levels in TOX-sh and CTR. qPCR was performed 

using primers specific for CDKN1B, CDKN1C, and GAPDH mRNA. The level of CDKN1B 

and CDKN1C mRNA was normalized to that of GAPDH and is depicted as the fold change 

compared to CTR cells. *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars indicate SEM. 

Data depicted are representative of at least 3 independent experiments. (B) p27 and p57 

protein levels in TOX-sh and CTR cells in three CTCL cell lines (Hut78, HH, and SZ4). 
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4.2.6 Inhibition of CDKN1B or CDKN1C in TOX-suppressed CTCL Cells Partially 

Rescues the Growth Inhibition by TOX Suppression 

To examine whether the enhanced p27 and p57 proteins are responsible for the growth arrest 

in CTCL cells upon TOX suppression, we performed additional stable knockdown of 

CDKN1B and CDKN1C in TOX-suppressed CTCL cells (Figure 4.7A and B). Due to 

cytotoxicity of second virus infection in SZ4 TOX-sh cells, which were rapidly fatal, we 

were only able to obtain double knockdown in Hut78 and HH cells.  

Stable knockdown of either CDKN1B or CDKN1C effectively reversed the 

proliferation suppression by TOX knockdown in Hut78 TOX-sh (Figure 4.7C) and HH TOX-

sh cells (Figure 4.7D). However, neither CDKN1B nor CDKN1C knockdown was able to 

fully reverse the TOX suppression phenotypes. These results indicate that p27 and p57 are 

responsible, at least in part, for the growth inhibitory effect of TOX suppression in CTCL 

cells. 
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Figure 4.7 Knockdown of CDKN1B or CDKN1C reverses the growth inhibition of 

TOX-sh cells.  

(A) CDKN1B knockdown by 2 shRNAs (sh-1 and sh-2) in addition to TOX knockdown in 

Hut78 and HH cells. Transduced cells were selected by hygromycin (750 μg/mL for Hut78 

and 200 μg/mL for HH) for 7 days before the protein lysates were probed with antibodies 

against p27 and actin proteins. (B) CDKN1C knockdown in addition to TOX knockdown in 

Hut78 and HH cells. Transduced cells were selected by hygromycin for 7 days before 

western blot analysis was performed to examine p57 protein levels. (C) Cosilencing of TOX 

with CDKN1B or CDKN1C led to increased proliferative rate in Hut78 cells. A total of 1.5 × 

10
5
 cells were cultured in 2 mL of full RPMI media for 4 days, and viable cells were 
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determined each day by the trypan blue exclusion method. (D) Cosilencing of TOX with 

CDKN1B or CDKN1C led to increased proliferative rate in HH cells. Experiments were 

conducted in the same way as for Hut78 cells. *P < 0.05, **P < 0.01, and ***P < 0.001. 

Error bars indicate SEM. Data depicted are representative of at least 3 independent 

experiments. 
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4.2.7 Gene Expression Profiling in TOX-suppressed CTCL Cells 

The partial rescue of growth disadvantage yielded by p27 and p57 led us to reason that there 

are additional mediators downstream of TOX that are also responsible for its effect in CTCL.  

Since TOX likely acts as an architectural factor capable of modulating chromatin structure 

(Wilkinson et al, 2002), we hypothesized that TOX exerted its oncogenic effect in CTCL by 

transcriptionally regulating, either directly or indirectly, a network of downstream molecules 

involved in key cellular processes, such as cell cycle and apoptosis. In order to identify these 

molecules, we performed microarray analysis in RNA samples from TOX-sh cells (n = 3) 

and CTR cells (n = 3) of both Hut78 and HH cell lines. A total of 22 differentially expressed 

genes, including several candidate tumor suppressors (SMAD3, FOXO3, HBP1, THAP1, and 

MED13L) (Angus & Nevins, 2012; Karube et al, 2011; Letterio, 2005; Paulson et al, 2007; 

Yao et al, 2005), were identified (Figure 4.8) based on: (1). fold change > 1.5; (2). corrected 

P value < 0.05 (by Benjamini and Hochberg adjustment); (3). both upregulated or both 

downregulated in Hut78 and HH. We went on to validate these genes by qPCR. Except for 

three genes that were undetectable (SLC26A11, RAB3A, and GZMB), the remaining 19 

differentially expressed candidate genes identified in TOX-suppressed cells were evaluated 

by qPCR in RNA samples from control cells (n = 3) and TOX-sh cells (n = 6), including the 

RNA samples used in microarray analysis. The majority of differential expression changes 

were validated in both transduced Hut78 and HH cells (Table 4.1). 

Pathway analysis of the candidate genes by Genomatrix software (Table 4.2) and 

DAVID software (Figure 4.9) revealed activation of apoptosis and cell cycle arrest. Not 

surprisingly, TOX inhibition greatly altered the transcription activities, in line with its role as 

a transcription regulator (Figure 4.9B). These results further supported the biological effects 
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of TOX knockdown in CTCL cells, and provided insights into its potential downstream 

mediators.  
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CTR sh (n=6) TOX-sh (n=6) Gene Putative function

SMAD3 Signal transducer and transcriptional modulator

FOXO3 Transcriptional activator which triggers apoptosis

HBP1 Transcriptional repressor

THAP1 Transcription regulator

MED13L Transcription regulator

CRTC1 Transcriptional coactivator

ITM2B Protease inhibitor

TIAM2 GDP-dissociation stimulator

BTBD7 Function unclear

FAM117A Function unclear

SLC26A11 Anion exchanger

TNFRSF12A Apoptosis regulator

CGREF1 Cell-cell adhesion

PSMB5 Proteasome subunit

ERCC2 ATP-dependent 5'-3' DNA helicase

FKBP4 Immunoregulation in lymphcytes

CD3EAP RNA polymerase I and preformed TCR component

MRPL12 Mitochondrial ribosome component

XPO5 Nuclear export receptor complex component

MGAT4A Glycosyltransferase

RAB3A Exocytosis

GZMB Caspase activation

Low High

0 0.4 0.8 1.2 1.6 2
 

Figure 4.8 Identification of transcriptional targets of TOX in CTCL.   

Heatmap of upregulated (red) and downregulated (green) genes upon TOX suppression. The 

top 22 differentially-expressed genes were selected based on the following criteria: (1). fold 

change > 1.5; (2). P value < 0.05; (3). both upregulated or both downregulated in Hut78 and 

HH.  
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Table 4.1 qPCR validation of the 22 differentially expressed genes identified by gene 

expression profiling  

 
Transcriptome  

 
qPCR validation  

 
Hut78  

 
HH  

 
Hut78  

 
HH  

Gene symbol  Fold  P value  
 

Fold  P value  
 

Fold  P value  
 

Fold  P value  
Up-regulated  
SMAD3  2.3  0.008  

 
7.6  0.033  

 
2.8  0.001  

 
12.5  0.000  

FOXO3  1.6  0.015  
 

1.5  0.027  
 

1.9  0.035  
 

2.0  0.002  
HBP1  1.6  0.002  

 
2.0  0.031  

 
2.1  0.005  

 
2.8  0.000  

THAP1  1.8  0.008  
 

1.7  0.003  
 

2.1  0.039  
 

1.7  0.002  
MED13L  1.7  0.025  

 
1.7  0.039  

 
2.5  0.034  

 
2.4  0.001  

CRTC1  2.0  0.046  
 

1.8  0.001  
 

2.6  0.051  
 

2.0  0.006  
ITM2B  1.6  0.035  

 
2.4  0.025  

 
2.2  0.043  

 
3.3  0.000  

TIAM2  1.6  0.039  
 

2.3  0.028  
 

1.8  0.047  
 

3.0  0.000  
BTBD7  1.8  0.024  

 
1.6  0.031  

 
3.0  0.041  

 
2.5  0.001  

FAM117A  1.6  0.003  
 

1.5  0.003  
 

2.2  0.007  
 

2.3  0.000  
SLC26A11  1.6  0.048  

 
1.8  0.006  

 
ND  ND  

 
ND  ND  

Down-regulated  
TNFRSF12A  1.8  0.017  

 
2.2  0.016  

 
1.6  0.052  

 
1.5  0.001  

CGREF1  1.8  0.044  
 

2.6  0.032  
 

1.3  0.009  
 

2.0  0.001  
PSMB5  1.8  0.042  

 
2.0  0.049  

 
1.4  0.180  

 
1.6  0.013  

ERCC2  1.6  0.042  
 

1.6  0.014  
 

1.2  0.170  
 

1.3  0.009  
FKBP4  2.1  0.036  

 
1.6  0.017  

 
1.1  0.380  

 
2.2  0.007  

CD3EAP  1.5  0.044  
 

1.7  0.010  
 

1.2  0.210  
 

1.6  0.035  
MRPL12  1.6  0.047  

 
1.5  0.000  

 
0.9  0.690  

 
1.5  0.018  

XPO5  1.6  0.032  
 

1.7  0.017  
 

1.0  0.910  
 

1.0  0.800  
MGAT4A  1.6  0.005  

 
1.9  0.048  

 
0.9  0.760  

 
1.1  0.510  

RAB3A  2.0  0.047  
 

2.0  0.040  
 

ND  ND  
 

ND  ND  
GZMB  3.0  0.018  

 
1.8  0.046  

 
ND  ND  

 
ND  ND  

ND=not detectable 
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Table 4.2 Biological processes related to the top differentially expressed genes in TOX-

suppressed CTCL cells as identified by Genomatrix software  

Biological processes  P value  List of observed genes  

Induction of apoptosis  4.85e-7  GZMB, ITM2B, FOXO3, TIAM2, 
SMAD3, TNFRSF12A, ERCC2  

Induction of programmed cell 
death  5.02e-7  GZMB, ITM2B, FOXO3, TIAM2, 

SMAD3, TNFRSF12A, ERCC2  

Positive regulation of 
apoptotic process  6.13e-6  GZMB, ITM2B, FOXO3, TIAM2, 

SMAD3, TNFRSF12A, ERCC2  

Positive regulation of 
programmed cell death  6.50e-6  GZMB, ITM2B, FOXO3, TIAM2, 

SMAD3, TNFRSF12A, ERCC2  

Positive regulation of cell 
death  7.45e-6  GZMB, ITM2B, FOXO3, TIAM2, 

SMAD3, TNFRSF12A, ERCC2  

Regulation of apoptotic 
process  7.69e-5  

PSMB5, GZMB, ITM2B, FOXO3, 
TIAM2, SMAD3, TNFRSF12A, 
ERCC2  

Regulation of programmed 
cell death  8.12e-5  

PSMB5, GZMB, ITM2B, FOXO3, 
TIAM2, SMAD3, TNFRSF12A, 
ERCC2  

Regulation of cell death  9.73e-5  
PSMB5, GZMB, ITM2B, FOXO3, 
TIAM2, SMAD3, TNFRSF12A, 
ERCC2  

Cell cycle arrest  1.29e-4  PSMB5, SMAD3, HBP1, CGREF1, 
THAP1, ERCC2  

Regulation of cell cycle  2.41e-4  PSMB5, SMAD3, HBP1, CGREF1, 
ERCC2  
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Figure 4.9 Top biological processes enriched in the genes differentially expressed upon 

TOX knockdown as identified by DAVID Functional Annotation Clustering analysis.  

(A) Annotation cluster 1, enrichment score = 2.33. (B) Annotation cluster 2, enrichment 

score = 1.94. (C) Annotation cluster 3, enrichment score = 1.7. 
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The genes identified by microarray could be either functionally important for TOX’s 

effect or simply by-standers without significant biological consequences. Validation of the 

gene function in the face of TOX absence may offer us insight into its significance in 

mediating TOX’s effect. SMAD3 is the most upregulated gene upon TOX suppression. As a 

tumor suppressor, SMAD3 is an important mediator in TGFβ signalling pathway, and plays a 

key role in the suppression of leukemogenesis. Loss of SMAD3 and dysregulated TGFβ 

signalling was reported in SS (Dulmage & Geskin, 2013; Lee et al, 2012; Letterio, 2005; van 

Doorn et al, 2004). Therefore SMAD3 appeared to be a promising candidate gene. We 

confirmed the upregulation of SMAD3 on both transcript and protein levels in TOX-

suppressed cells in three CTCL cell lines (Figure 4.10). Next, SMAD3 was silenced by 

lentivirus-mediated shRNA (sh-1 and sh-2) approach in Hut78 cell line (Figure 4.11). Due to 

the rapidly fatal effect of second virus infection in SZ4 cells, SMAD3 knockdown was not 

assayed in SZ4 cell line. In addition, SMAD3 could not be effectively suppressed in HH cell 

line using the same shRNAs for Hut78. The reason remained unknown, but possible 

explanations include mutations in SMAD3 genes where the shRNAs target. Nonetheless, 

Hut78 cells co-transduced by TOX-sh virus and SMAD3-sh virus were subjected to viability 

assay. Compared to control (TOX-sh) cells, additional SMAD3 knockdown had similar 

number of viable cells over 4 days, indicating that TOX’s growth inhibitory effect was not 

directly mediated by SMAD3 in CTCL cells.  
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Figure 4.10 TOX depletion restores SMAD3 expression. 

(A) SMAD3 transcript levels in TOX-sh and CTR cells. qPCR was performed using primers 

specific for SMAD3 and GAPDH mRNA. The level of SMAD3 mRNA was normalized to 

that of GAPDH and is depicted as the fold change compared to CTR cells. *P < 0.05, and 

***P < 0.001. Error bars indicate SEM. Data depicted are representative of 3 independent 

experiments. (B) SMAD3 protein levels in TOX-sh (sh-1 and sh-2) cells. Actin was included 

as a loading control.  
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Figure 4.11 SMAD3 suppression in TOX-sh Hut78 cells fails to reverse the growth 

inhibition associated with TOX knockdown.  

(A) SMAD3 knockdown by 2 shRNA constructs (sh-1 and sh-2) in addition to TOX 

knockdown in Hut78 cells. Transduced Hut78 cells were selected by blasticidin (15 μg/mL) 

for 7 days before the protein lysates were probed with antibodies against SMAD3 and actin 

proteins. (B) Cosilencing of SMAD3 and TOX (TOX-sh+SMAD-sh) yielded similar viable 

cell numbers to the control cells with TOX suppression alone (TOX-sh) over a period of 4 

days. NS = not significant. 
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4.2.8 TOX Upregulation Is Unlikely a Result of TCR Activation in Mature CD4
+
 T 

Cells 

It remains elusive how TOX becomes activated in CTCL. TOX has been shown to be rapidly 

induced in developing thymocytes by pre-TCR activation (Wilkinson et al, 2002). In addition, 

lymphocyte activation is involved in the pathogenesis of CTCL (Wood, 1995). Therefore we 

asked whether the aberrant TOX activation observed in CTCL was simply an indication of 

TCR activation. In order to test this, normal CD4
+
 T cells were stimulated by PMA and 

ionomycin, or CD3 with/without CD28, which mimic TCR activation. Surprisingly, a 

dramatic reduction of TOX expression levels was observed upon TCR activation, regardless 

of stimulation strength (Figure 4.12A and B). Further, the reduction of TOX expression by 

TCR activation seemed to be much less in Hut78 cell line or lost in HH and SZ4 cell lines ( 

Figure 4.12B). Therefore TOX upregulation in CTCL is unlikely a result of TCR stimulation 

in normal CD4
+
 T cells.  
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Figure 4.12 TOX mRNA levels are highly suppressed by TCR activation in normal 

CD4
+
 T cells, but not in CTCL cells. 

(A) TOX mRNA levels in resting or activated normal CD4
+
 T cells. For TCR activation, 

normal CD4
+
 T cells were incubated with 25 ng/ml PMA and 50 ng/ml ionomycin for 24 

hours, or with CD3 (±CD28) for 72 hours at 1ug/ml concentration. (B) TOX mRNA levels 

in resting or activated normal CD4
+
 T cells and CTCL cell lines. Normal CD4

+
 T cells or 

CTCL cell lines (Hut78, HH, SZ4) were incubated with either isotope control (CTR) or CD3 

(±CD28) at 5ug/ml for 72 hours before RNA harvest and qPCR. Two tailed t tests were 

used for comparison. Error bars indicate SEM. Data depicted here are representative of at 

least 3 independent experiments. NS = not significant. 
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4.3 Discussion 

TOX is a member of the evolutionarily conserved HMG box family and a key regulatory 

nuclear protein in the development of CD4
+
 T cells, NK cells, and lymphoid tissue inducer 

cells.(Aliahmad et al, 2010; Aliahmad et al, 2011; Aliahmad et al, 2004; Aliahmad et al, 

2012; Wilkinson et al, 2002) The roles of TOX in immune system development are relatively 

well-characterized since its discovery (Wilkinson et al, 2002). However, TOX’s role in 

human cancer has not been reported. Based on our findings, TOX has emerged as a key 

player, when expressed ectopically, in driving malignant cell transformation in CTCL. 

The molecular pathogenesis of SS has been a topic of active investigation in the past 

decade. However, the molecular nature of SS cells has only started to be understood. 

Aberrations in signal transducers and transcription factors have been reported in SS studies, 

such as Jun B, JunD, TGFBR2, STAT3, STAT4, CDKN1C, CTLA-4, GATA3, AHI-1, 

SATB1, PD-1, and NOTCH1 (Gibson et al, 2013; Kamstrup et al, 2010; Kari et al, 2003; 

Lauenborg et al, 2010; Lee et al, 2012; Mao et al, 2008; Ringrose et al, 2006; Wang et al, 

2011; Zhang et al, 2012). Several of these dysregulated genes (TGFBR2, GATA3, STAT3, 

SATB1, and NOTCH1) are involved in the signal cascades governing T cell development 

(Burute et al, 2012; Ho et al, 2009; Li & Flavell, 2008; Naito et al, 2011; Stritesky et al, 

2011). Our recent observation of aberrant TOX upregulation in MF and SS prompted us to 

ask whether TOX contributes to the development of CTCL.        

This possibility was tested and confirmed in the current study using cultured CTCL 

cells and a xenograft mouse model. In three CTCL cell lines, TOX suppression by lentivirus-

mediated shRNA gene silencing markedly normalized the CTCL cells’ resistance to 
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apoptosis and abnormal cell cycle progression, the two best-characterized features of CTCL 

cells (Dulmage & Geskin, 2013; Kim et al, 2005; Mao et al, 2006; Nihal et al, 2014). In 

agreement with in vitro data, subcutaneous injection of CTCL cells into NSG mice confirmed 

this proliferative disadvantage in that the ability of TOX-suppressed CTCL cells to induce 

local tumors was significantly impaired or even abolished. In aggregate, these findings 

demonstrated the biological importance of sustained TOX activation to the leukemic 

activities of CTCL cells.  

The exact mechanism by which TOX exerts its biological functions is unclear. To 

explore the possible mechanisms, we employed several lines of experiments to understand 

the downstream molecular events of TOX. First, we examined key regulators of cell cycle 

control molecules p27 (CDKN1B) and p57 (CDKN1C), given the profound impact TOX 

knockdown has on cell-cycle progression (Figure 4.5).   We found that both CDKN1B and 

CDKN1C were increased upon TOX suppression, both at the mRNA level and at the protein 

level. 

CDKN1B and CDKN1C were frequently lost in many lymphoid malignancies, 

including SS (Borriello et al, 2011; da Silva Almeida et al, 2015; Kennah et al, 2009; Lim et 

al, 2002). Moreover, a recent study reported that CDKN1C deficiency was associated with 

poor outcome in CTCL patients (Litvinov et al, 2012). Intriguingly, in addition to their role 

in cell cycle control, a dual role in apoptosis has been documented for both p27 and p57 

(Besson et al, 2008; Lloyd et al, 1999; Samuelsson et al, 2002; Vlachos et al, 2007). 

Therefore they appear to be promising mediators of the dual effects of TOX on apoptosis and 

cell cycling. Indeed, additional stable knockdown of CDKN1B or CDKN1C increased 

growth of CTCL cells in the face of loss of TOX, thus reversing the effect of TOX 
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knockdown. These data suggest that TOX’s leukemic activities in CTCL, at least in part, rely 

on repressing the transcription of CDKN1B and CDKN1C. Given that silencing of neither 

gene was able to fully restore uncontrolled cell growth, it is likely that additional partners are 

involved in mediating the functions of TOX, which warrants future studies.  

It is unknown how TOX regulate its downstream players. CDKN1B transcription can 

be activated by the binding of several transcription factors, although the changes of 

CDKN1B are largely regulated post-translationally (Chu et al, 2008). CDKN1C is an 

imprinted gene rich in CGP islands near its putative transcription start site. Its transcription is 

under control of numerous pathways, with transcription control, epigenetic control, and 

microRNA regulation being the best characterized (Algar et al, 2009; Borriello et al, 2011; 

Fornari et al, 2008; Kim et al, 2009; Topark-Ngarm et al, 2006; Yang et al, 2009). Several 

mechanisms are possible as to how TOX regulates CDKN1B and CDKN1C, including direct 

binding to their promoters or modulating local chromatin structure and multi-protein 

complexes formation, a mechanism generally employed by HMG box proteins (Wilkinson et 

al, 2002). Another possibility is through miRNAs. It has been shown that miR-221 and miR-

222 regulate both p27 and p57 in hepatocellular carcinoma and sporadic ovarian carcinoma 

(Fornari et al, 2008; Wurz et al, 2010). Therefore TOX may exert its regulatory effect 

through control the expression of these miRNAs. Further experiments in the future may help 

clarify the precise mechanism of how TOX regulates p27 and p57. 

In addition to examining the effect of TOX on the transcription of cell cycle control 

genes, we also examined how TOX changes gene transcription on a global scale by 

performing transcrptiome profiling after TOX knockdown. First, gene expression profiling 

was performed on two CTCL cell lines (Hut78 and HH), comparing the transcriptome with 
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and without TOX suppression. The altered genes taken together point to a profound role of 

TOX in the regulation of apoptosis and cell cycle control genes. The top 22 differentially 

expressed include several tumor suppressors, including SMAD3, FOXO3, and HBP1. 

Among these, SMAD3 was the most significantly upregulated gene. Subsequent knockdown 

experiments of SMAD3 in the face of TOX reduction revealed no proliferation difference 

between cells with TOX and SMAD3 cosilencing and TOX silencing alone. The fact that 

SMAD3 knockdown failed to reverse the proliferation reduction in the absence of TOX 

indicated that SMAD3 alone cannot explain the effect of TOX on CTCL proliferation. 

Additional genes must be involved. Future experiments are needed to uncover these genes.  

It is unclear how TOX becomes activated in CTCL. Several lines of evidence 

suggested potential triggers for its activation, including epigenetic changes and TCR 

signalling. McGirt et al recently reported miR-223, a microRNA decreased in CTCL, was a 

negative regulator of TOX (McGirt et al, 2014). Another line of evidence came from rapid 

induction of TOX by TCR signalling in the developing thymocytes (Wilkinson et al, 2002). 

However, we observed a reduction of TOX expression in mature CD4
+
 T cell following 

cellular activation, indicating that the regulatory role of TCR signalling on TOX expression 

is stage- and cellular context-dependent. Furthermore, this rapid reduction of TOX was 

impaired or absent in CTCL cell lines. As TCR signalling pathway was found disrupted in 

CTCL (Lee et al, 2012), it is possible that CTCL cells turned on abnormal TCR signalling 

that led to TOX induction. Interestingly, transgenic mice studies showed that TOX 

expression affects the sensitivity of thymocytes to TCR signalling, adding another layer of 

complexity to the TOX-TCR feedback loop (Wilkinson et al, 2002). Finally, the possibility 
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of gain-of-function genomic mutations in TOX transcription regulation elements remains to 

be tested in future studies.  

In conclusion, we provide strong evidence that TOX is highly expressed in CTCL and 

exerts transforming activities in CTCL. Upon TOX silencing, CTCL cells’ growth was 

markedly slowed down or halted both in vitro and in vivo, due to cell cycle arrest and 

apoptosis sensitization. This effect is partially mediated by two key CDK inhibitors, 

CDKN1B and CDKN1C. Correction of TOX and/or CDKN1B/CDKN1C, therefore, may be 

an appropriate therapeutic approach to harness the uncontrolled tumor growth.  
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Chapter 5: Summary and Future Directions 

5.1 Summary 

In this study, we sought to narrow the knowledge gaps in the clinical management and 

disease pathogenesis of CTCL. First, there is no highly specific and sensitive molecular 

diagnostic marker for CTCL used in the clinical setting. The early diagnosis of CTCL is thus 

difficult due to the clinical or even pathological resemblance to other benign inflammatory 

skin conditions. Second, molecular markers with prognostic value are largely lacking for 

predicting the long-term outcome of CTCL patients. Therefore it remains difficult to 

determine the appropriate therapeutic regimens according to the risk of disease progression 

or mortality. Finally, the molecular pathogenesis of CTCL remains poorly understood, 

hindering the development of novel effective therapeutic agents for this incurable disease. 

The results obtained from this research contributed knowledge in all these areas.  

In Chapter 3, we examined the expression of TOX, a gene our group discovered to be 

upregulated in early MF skin lesions compared to BID skin (Zhang et al, 2012), in the entire 

spectrum of MF and SS. We confirmed that aberrant TOX activation is a feature shared by 

MF and SS. Further, we found that TOX, when expressed at high levels, differentiates CTCL 

from non-CTCL cases with good sensitivity and specificity.  

TOX plays a pivotal role in thymocyte development and lineage commitment 

(Aliahmad et al, 2012). In Chapter 4, we characterized the biological role of TOX in the 

development of CTCL. Using extensive in vitro and in vivo assays, we present evidence that 

TOX plays an oncogenic role in mediating the malignant behaviours of CTCL cells, 

including apoptosis resistance and uncontrolled cell cycle progression (Figure 5.1). Further 

exploration of the downstream molecules of TOX uncovered two critical cell cycle 
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regulators, CDKN1B and CDKN1C, as mediators of the proliferative effect of TOX in CTCL 

cells (Figure 5.2). Therefore TOX and its downstream molecules may be promising 

therapeutic targets for CTCL.  
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Figure 5.1 Mode of TOX expression in normal T cells and in CTCL. 

(A) Normally, TOX is upregulated during positive selection, then gradually downregulated 

before mature T cells exit the thymus, and remain poorly expressed in the peripheral tissues. 

The proliferation and apoptosis for CD4
+
 T cells remain in a homeostatic state. (B) In CTCL, 

TOX is overespressed in the CD4
+
 T cells in the peripheral tissues, either due to failure to 

shut down TOX before thymic exit or re-activation of expression. The aberrant TOX 

expression leads to increased cell cycling and reduced sensitivity of apoptosis, together 

contributing to uncontrolled expansion of the malignant CD4
+
 T cells.  

 



 117 

 

TOX

CDKN1B

CDKN1C

Cyclin A/E-CDK2

Cyclin D-CDK4

Cell cycle progression

Positive regulation 

Negative regulation 

Apoptosis

Caspase

activation

Others?Cytoplasm Nuclear

 
 

Figure 5.2 Proposed model of the role of TOX in CTCL. 

Aberrant TOX activation leads to suppression of two cyclin-dependent kinase inhibitors, 

CDKN1B (encoding p27) and CDKN1C (encoding p57), and possibly other downstream 

mediators. Reduced inhibition of cyclin-CDK complexes by p27 and p57 results in 

accelerated cell cycle progression. In addition, reduction of p27 and p57 inhibits caspase 

activation and therefore contributes to apoptosis resistance. As a result, CTCL cells exhibit 

enhanced cellular growth and tumor forming ability.   
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5.2 Significance and Limitations 

This research contributed new knowledge in several aspects. 

(1). TOX is an easy to use, sensitive and specific diagnostic marker for CTCL.  

On the clinical application side, our data showed that TOX has important roles in CTCL 

clinical management, on two levels. On the one hand, it is an important diagnostic marker. 

Based on transcript levels, when TOX positivity is used as marker using qPCR, it has 85-

90% specificity and 75-83% sensitivity for distinguishing CTCL from non-CTCL cases. This 

is one of the few markers available for CTCL. Based on protein levels as measured by IHC 

staining, TOX is a sensitive marker, detecting abnormal or malignant CD4
+
 T cells in skin 

biopsies and in the peripheral blood mononuclear cells. This is the only available positive 

protein marker for both MF and SS cells. Based on this, a novel CTCL diagnostic test 

(seeTCL) has been developed. This should have implications in the future for clinical 

diagnosis of CTCL patients. 

The diagnostic value of TOX in CTCL is especially important for early-stage MF, 

which is exceedingly similar to chronic benign dermatitis. We have demonstrated in this 

thesis that TOX positivity is very helpful for discrimination between these two conditions.  

Even for detecting circulating CTCL cells, TOX demonstrates clinical utility. We 

found that using a nuclear staining protocol, TOX staining could specifically identify a small 

group of TOX-high cells only in patients with CTCL. This suggests that TOX could be a 

component of future peripheral immune phenotyping analysis of all CTCL patients. 

(2). TOX can be used to help guide management of patients with CTCL. 

In addition to diagnosis, TOX also has value in the prognostication of CTCL, in that the 

higher it is, the worse patient will do in the future. In early MF cases, if the TOX marker is 
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negative, the patients essentially behave in a benign fashion--that is, they have a very low 

risk of progressing to higher disease stages, or dying from MF, suggesting TOX could be 

used to stratify patients into two groups: 1). a TOX high group, needing aggressive 

management, and 2). a TOX low group, who only need conservative treatment and close 

monitoring, thus avoiding exposure to potentially toxic or dangerous treatments such as 

cytotoxic drugs, ionizing radiation, or UV exposure. 

(3). TOX overexpression provides a new model of CTCL pathogenesis.  

On the biological implications side, our data expanded the known biological functions of 

TOX protein. Previously, TOX was known to be an essential regulator of early T cell 

development. However, beyond that, how it contributes to human disease processes was 

unknown. Our research for the first time uncovered what happens when TOX is 

dysregulated. Specifically, when TOX fails to be downregulated or silenced in mature T 

cells, as it should be, there is uncontrollable proliferation of the resultant T cells. Therefore 

TOX may be a promising target for the development of novel CTCL treatments. To our 

knowledge, this is the first time that TOX has been shown to be involved in a major human 

disease.    

(4). TOX provides a novel and improved tool for purification of CTCL malignant cells for 

further experimental research. 

TOX staining provides a useful tool for purifying more homogenous populations of 

malignant cells from CTCL patients, enabling more detailed molecular and genetic 

characterization of the disease. At the present time, this is a difficult or impossible task, 

especially for early MF, where infiltrating malignant MF cells are mixed with large numbers 

of benign reactive CD4
+ 

T cells.  
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Despite the promising results of TOX being a useful biomarker for CTCL, certain 

limitations need to be taken into consideration. First, due to the rarity of disease, only a 

moderate number (n = 113) of MF and a small number (n = 12) of SS subjects were 

assembled and evaluated. For disease progression and mortality analysis, only data for MF 

cohort 2 (n = 59) were available. The true clinical usefulness of TOX as a disease marker will 

need to be verified in other clinical centres and in larger cohorts with long term follow up 

data. Second, in multivariate analysis, only stage, age, and sex could be analyzed with TOX 

expression, based on what clinical data was available for MF cohort 2. Several other clinical 

parameters, such as LDH level, ethnicity, and large cell transformation, which also have 

prognostic implications, could not be included in our analysis. In future studies, it will be of 

interest to evaluate the independent prognostic value of TOX expression levels after 

inclusion of these additional parameters.  

It should also be pointed out that in our attempt to explore the molecules downstream 

of TOX, two CTCL cell lines (Hut78 and HH) were subjected to gene expression profiling 

before and after TOX knockdown. It is well accepted that the gene expression profiles in 

cancer cell lines often differ from those in the clinical samples (Leupin et al, 2006). For 

example, PLS3 was found to be overexpressed in SS, but has been lost in Hut78 cells (Wang 

et al, 2011). Therefore important genes regulated by TOX in the clinical context may be 

missed in this cell line based approach. Furthermore, the sample sizes of cell lines (for each 

cell line, TOX-sh = 3, CTR = 3) used in our microarray analysis were small, which may have 

limited power in identifying truly differentially expressed genes.  
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5.3 Future Directions 

While there are still many unanswered questions needing additional investigation, the 

following future projects merit focused discussions and exploration in the near term. 

(1). Incorporating TOX marker into patient management in routine diagnostic 

dermatopathology labs: 

Given the diagnostic and prognostic value of TOX for CTCL, it could be incorporated into 

clinical practice. On the diagnostic side, TOX can be added to the routine IHC staining panel 

used on skin biopsies (CD2, CD3, CD5, CD7 etc) from all suspected MF patients, and to the 

FACS immunophenotyping panel (CD4, CD7, CD8, CD26 etc) used to analyze PBMC 

samples from all suspected SS patients. When clinical, histological and immunophenotyping 

features are inadequate to accurately establish a diagnosis of CTCL, having high TOX 

expression would strongly support the diagnosis. On the prognostic side, for a diagnosed 

CTCL patient, if TOX expression in the lesion/PBMC sample is high, the patient is at 

increased risk of disease progression and disease-specific mortality, and therefore more 

aggressive treatments are warranted. In contrast, for patients with low TOX expression 

levels, their tendency to experience disease progression or disease-specific death is low, 

therefore conservative management or observation alone should be considered to minimize 

treatment-associated toxicities.  

 (2). Clarification of the mechanism of action of TOX in promoting CTCL pathogenesis: 

Two aspects can be pursued to further our understanding of the mechanism of action of TOX. 

First, what are the downstream mediators and protein interaction partners of TOX? Second, 

how does TOX regulate its downstream players?  
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While further validation and functional study is needed to characterize the role of the 

differentially expressed genes discovered by microarray analysis upon TOX knockdown (as 

described in Chapter 4), combining chromatin immunoprecipitation assays with sequencing 

(ChIP-seq) could be performed to identify potential DNA fragments bound by TOX protein. 

In addition, TOX, as a member of the HMG box proteins, is capable of recruiting and 

forming a multi-protein complex (Wilkinson et al, 2002). To identify the TOX-interacting 

proteins, a yeast two hybrid assay could be performed, using a library that consists of all the 

proteins that are expressed in CTCL cells.  

In terms of the potential mechanisms of TOX regulating its downstream molecules, it 

is likely that TOX binds to the promoter of its target genes. While TOX contains a single 

HMG box, sequence alignment comparison by O'Flaherty et al. predicted that TOX fits best 

into the sequence-independent (structure-dependent) group of HMG box proteins (O'Flaherty 

& Kaye, 2003). The structure profiles recognized by TOX remain to be identified. Since the 

computational prediction of transcription factor-DNA binding relies on the sequence-

specificity (Kummerfeld & Teichmann, 2006), it is currently difficult to predict the DNA 

structures which might bind TOX. Another possibility is that TOX regulates its target genes 

by modulateing local chromatin structure, a mechanism generally employed by HMG box 

proteins (Wilkinson et al, 2002). An epigenetic profiling study in CTCL cells with and 

without TOX suppression would allow us to understand the DNA methylation and histone 

modification patterns affected by TOX expression. Finally, TOX may regulate its targets by 

modifying microRNA expression. A microRNA microarray analysis could unveil potential 

microRNAs regulated by TOX, and offer valuable insights into CTCL pathogenesis.  

(3). Exploration of the mechanism of abnormal TOX activation in CTCL:  
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Little is known about how TOX becomes aberrantly expressed in CTCL. Potential triggers 

for TOX activation include dysregulated microRNA and TCR signalling. McGirt et al. 

recently reported miR-223, a microRNA decreased in CTCL, was a negative regulator of 

TOX (McGirt et al, 2014). Another line of evidence has come from the observed rapid 

induction of TOX by TCR signalling in developing thymocytes. Although we did not observe 

TOX upregulation by TCR activation in mature CD4
+
 T cells, it is possible that CTCL cells 

have turned on abnormal TCR signalling that leads to TOX induction, as TCR signalling was 

found to be disrupted in CTCL (Chung et al, 2011; Lee et al, 2012; Nikolova et al, 2002). 

Finally, the possibility of gain-of-function genomic mutations remains to be tested. 

(4). Identification of targeted therapies for selective inhibition of TOX:  

Therapeutically targeting transcription factors, which can modulate large number of gene, is 

an area of intense study and challenges. The strong oncogenic ability of TOX observed in 

CTCL gives us great confidence that it could serve as a promising drug target for developing 

therapies for CTCL, which currently have limited effectiveness in advanced disease. TOX, as 

a transcription factor, is mainly located in the nucleus. It is hard to target transcription 

factors, in part due to their large surface interaction area and largely nuclear localization, 

which hinders their accessibility by drugs in the circulation (Yeh et al, 2013). Nonetheless, 

recent advancements have provided us new strategies to target these key factors.  

Small molecule inhibitors have shown promising results in targeting transcription 

factors, such as MDM2-p53 and Myc (Fletcher & Prochownik, 2015; Vassilev et al, 2004). 

One powerful approach to identify small molecule inhibitors is by high throughput screening 

of a large number of synthetic compounds using biological assays (Redell & Tweardy, 2006). 

For example, the Developmental Therapeutics Program of the National Cancer Institute 
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(http://dctd.cancer.gov/ProgramPages/dtp/default.htm) maintains a drug bank with over 

400,000 candidate drugs, and could facilitate discovery of potential small molecule inhibitors 

of TOX. Once lead compounds are identified, further modifications can be made to enhance 

the stability, solubility, and binding affinity.  

Antisense oligonucleotides and RNA interference (RNAi), using either shRNA or 

siRNA, offers another promising platform for normalizing deregulated transcription factors. 

An antisense oligonucleotide targeting c-Myc has been administered to human subjects 

systemically, without obvious toxicity (Iversen et al, 2003). Promising in vivo results have 

been shown using siRNA to suppress transcription factors, including STAT3 and NF-κB 

(Gao et al, 2005; Guo et al, 2004). However, stability and in vivo delivery systems remain a 

challenge for this platform.  

Another possible way to alter the expression of TOX is by altering its regulatory 

factors. As TOX is negatively regulated by miR-223, a miR-223 mimic might be used to 

attenuate TOX expression. Similar to siRNA therapeutics, delivery of microRNA into cells 

appears to be a major hurdle in drug development (Garzon et al, 2010). Interestingly, TOX 

has been shown to be under the regulation of the calcineurin signaling pathway in the 

developing thymocyte and brain (Aliahmad et al, 2004; Artegiani et al, 2015). Calcineurin 

inhibitors, such as cyclosporine A and tacrolimus may be promising agents to suppress TOX 

expression in CTCL.  

Collectively, these proposed studies would not only offer us a better understanding of 

the mechanisms of action employed by TOX and the key events leading to its abnormal 

activation in CTCL, but also provide us opportunities to develop more effective therapies for 

CTCL.  

http://dctd.cancer.gov/ProgramPages/dtp/default.htm
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