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Summary

Hematolymphoid malignancies constitute diverse forms of cancers derived from
hematopoietic and lymphoid tissues. This group of diseases is prevalent worldwide and
accounts for ~5% of all cancers, being the 6! most frequently diagnosed cancer in both
men and women. These diseases are broadly categorized into two groups - Hodgkin’s
Lymphoma (HL) and Non-Hodgkin’s Lymphoma (NHL), which include Diffuse Large
B-cell Lymphoma (DLBCL), Cutaneous T-cell lymphoma (CTCL) and Natural Killer
T-cell Lymphoma (NKTCL). Multiple strategies are in place to manage the disease, but
intrinsic and acquired drug resistance remain major impediments for the clinical
effectiveness of molecularly targeted therapies in hematolymphoid malignancies.
Determining molecular alterations driving resistance to commonly used chemotherapies
and defining disease mechanisms are therefore of considerable relevance for

understanding the pathogenesis of hematolymphoid malignancies.

In the first part of this thesis, we developed a vorinostat-resistant CTCL cell line
(HuT78vr). The developed drug-resistant cell culture model can serve as potential
clinical tools for screening drugs and investigating vorinostat resistance. We performed
RNA-seq and proteomics analyses followed by bioinformatics and identified several
pro-tumorigenic pathways, including STAT3 and ERK signaling, to be involved in drug
resistance in hematolymphoid malignancies. This dataset expands the list of molecular
networks associated with drug resistance that will be extremely useful in the study of
their specific roles in hematolymphoid malignancies. Identification of proteins
previously not reported in the context of drug resistance may provide new insights into
the understanding of hematologic cancer, aid in the search for new potential therapeutic

targets, and has implications in precision medicine for treating vorinostat resistant cases.

In the following part of the thesis, we examined the functional involvement of
the X-linked DDX3X in hematolymphoid malignancies. Using data from clinical
analysis and molecular assays, we demonstrated an association between DDX3X
somatic mutation and poor prognosis. We confirmed DDX3X loss-of-function as a key
contributing factor to cancer progression in hematolymphoid malignancies. Using
CTCL and DLBCL patient-derived cell lines, we showed that DDX3X knockdown in
these cells caused significant up-regulation of cytokine signaling pathways (IL-2, IL-4,



IL-10), and increased phosphorylation of STAT3 and p42/44. DDX3X loss increased
resistance to doxorubicin and histone deacetylase targeting drugs, including romidepsin
and vorinostat, in DLBCL and CTCL cells, respectively. Importantly, both B- and T-
cell lincage DDX3X-depleted cells remained sensitive to pharmacological STAT3
inhibition. These findings provide new insight into the molecular mechanisms of
chemoresistance in NHLs and identify DDX3X mutations as a biomarker for both

resistance to standard chemotherapy as well as sensitivity to STAT3 inhibition.

Finally, we elucidated novel mechanisms by which STAT3 activation
upregulates PD-L1 expression in hematolymphoid malignancies. These findings
strongly indicate that STAT3 is critically vital for hematologic cancer and greatly
enhances the understanding of fundamental intracellular mechanisms involved in
malignancies. We optimized the "GapmeR" technology and developed a new gene
silencer "epAON" that were effective in knocking down STAT3 in cells of

hematolymphoid malignancies and successful in inducing apoptosis in these cells.

Taken together, we were able for the first time to obtain insights into vorinostat
resistance in CTCL. We demonstrate that the X-linked DDX3X is a crucial determinant
in NHL aggressiveness. We established that STAT3 activation upregulates PD-L1
expression in cells of hematolymphoid malignancies, which may promote tumor
immune evasion. We developed a novel STAT3 inhibitory epAON molecule with

promising results in vitro, which can be exploited for therapeutic applications.



Chapter 1

General Introduction






1.1 Hematolymphoid malignancies

Hematolymphoid malignancies constitute diverse forms of cancers derived from
hematopoietic and lymphoid tissues. Lymphocytes such as T-cells, B-cells, and Natural
Killer/T-cell, which are involved in regulating immune functions, often become
malignant and transform into lymphoma cells. These cancerous cells multiply over time
and accumulate into the lymphoid system and other tissues, such as the skin. This group
of diseases is prevalent worldwide and accounts for ~5% of all cancers and are
frequently diagnosed in both men and women (Siegel et al., 2019). They contribute to
approximately 38% of childhood cancer and cause 44.6% of total cancer deaths in the
young population within the age group of fewer than 15 years (Siegel et al., 2019).
According to recent data from the USA, approximately one person is diagnosed with
blood cancer in every 3 minutes, and 156 people decease every day due to
hematolymphoid malignancies, which accounts for 9.4 % of total cancer mortality (Bray

et al., 2018; Siegel et al., 2019).

Hematolymphoid malignancies are broadly categorized into two main groups:
Hodgkin's lymphoma and non-Hodgkin's lymphoma (NHL). Hodgkin lymphomas
affect a relatively smaller number of people (about 12% of all lymphoma cases), and
this group of patients can be cured with proper treatments. NHLs comprise a broad
category of hematolymphoid neoplasms, in which the Diffuse Large B-Cell Lymphoma
(DLBCL) is the most frequently diagnosed. Other NHLs include T-cell lymphomas [e.g.
Cutaneous T-Cell Lymphoma (CTCL)], Natural Killer T-Cell Lymphoma (NKTCL),
and Burkitt Lymphoma (BL) (Swerdlow et al.,, 2016). Selected subtypes of
hematolymphoid malignancies and their broad classification are summarized in Figure

1.1.

NHLs exemplify various forms of lymphoid neoplasms, which arise from
lymphocytes that are at multiple stages of hematopoiesis and retains the characteristics
of the originated cell types. According to the "International Agency for Research on
Cancer," in 2018, age-standardized incidence rate (ASIR) per 100,000 for incidence and
mortality for NHL is 5.7 and 2.6, respectively (Bray et al., 2018). In Asia, Singapore
has the highest ASIR of 10.1 for NHL (Bray et al., 2018). In Singapore, NHL belongs
to the top ten cancer killers, with 398 deaths recorded in 2018. According to the
Singapore Cancer Registry, while ASIR for highly prevalent cancers (such as lung and
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stomach cancer) has decreased, NHL incidences have steadily increased from 6.8 to

17.8 over the last five decades (Bray et al., 2018).

B lymphoblastic
leukemiadymphoma

Precursor lymphoid
neoplasms

T lymphoblastic
leukemiadymphoma

Diffuse large B-cell lymphoma
Primary central nervous system lymphoma
Primary mediastinal B-cell lymphoma
Burkitt lymphoma/eukemia
Follicular lymphoma
Chronic lymphocytic leukemia/small lymphocytic lymphoma
B-cell prolymphocytic leukemia
Lymphoplasmacytic lymphoma/Waldensirém macroglobulinemia
Mantle cell lymphoma
Marginal zone lymphomas
Post-transplant lymphoproliferative disorders
HIV-associated lymphomas
Primary effusion lymphoma
Intravascular large B-cell lymphoma
Primary cutaneous B-cell lymphoma
Hairy cell leukemia

Lymphoid
Neoplasms

Mature B-cell
neoplasms

Hodgkin |
lymphoma

Maonoclonal gammopathy of unknown
significance
Smoldering multiple myeloma
Solitary plasmacytomas (solitary bone
and extramedullary)

Multiple
myeloma

Figure 1.1. Major subtypes of hematolymphoid malignancies as per the 2008 World Health
Organization (WHO) classification. It was adapted from the information provided by Jaffe, 2009
(Jaffe, 2009).

The following sections describe the three subtypes of NHLs- CTCL, DLBCL,
and NKTCL, in more detail, as my thesis focuses on these NHL subtypes.

1.1.1 Cutaneous T-cell Lymphoma (CTCL)

CTCL is a rare subtype of NHL caused by malignant T-lymphocytes with
predominant skin manifestations (Burg et al., 2005). Epidemiological data shows that
the incidence of CTCL is continuously increasing (Dalal et al., 2017). Mycosis
Fungoides (MF) is the indolent form of CTCL, while Sézary Syndrome (SS) is
characterized by a leukemic form of CTCL (Willemze et al., 2005). SS cells are marked
with surface expression of L-selectin and C-C chemokine receptor type 7 (CCR7). In
contrast, MF cells display skin-homing molecules such as C-C chemokine receptor type

4 (CCR4) and Cutaneous lymphocyte-associated Antigen (CLA) (Clark et al., 2012).



MF is derived from effector memory T-cells and diagnosed as isolated patches
of tumors in the skin. Typically, MF steadily progresses from small spots to more
infiltrated plaques, a small proportion of which may eventually develop into tumors
(Campbell et al., 2010). Even though rare, SS aggressive subtype of CTCL characterized
by early systemic dissemination of malignant T-cells (Sézary cells) into the skin,
peripheral blood, and lymph nodes (Clark et al., 2012). The course of CTCL is chronic
and recurring with survival depending on age at presentation, type of the disease variant,
and stage. The survival rate of patients with Stage I and Stage IIA may survive more
than 12 years, and while patients with Stage IIB to IV survive less than two years
(Wilcox, 2016). Skin directed therapies are effective in early stages; however, advanced
stages of the disease require systemic chemotherapies (Aggarwal et al., 2015).
Currently, there is no conventional standard of treatment for CTCL (Leuchte et al.,

2017).
1.1.2 Natural Killer/T-cell Lymphoma (NKTCL)

NKTCL is rare, but aggressive malignancy of NK cells (Tse and Kwong, 2016).
There is a strong predilection about the incidence of NKTCL in Latin American and
Asian population. In Asian countries, NKTCL contributes to 6% of lymphoma

incidences (Al-Hakeem et al., 2007).

The NKTCL cells are characterized by the expression of CD56"on cell surface
and possess a repertoire of enzymes involved in cytotoxic activities (Tse and Kwong,
2017). Malignant cells affect multiple tissues, including nose, skin, digestive tract and
the testis (Au et al., 1998; Chim et al., 2001; Kwong and Khong, 2011; Takata et al.,
2015). Radiation therapy is the first-line treatment for stage I/II patients with an overall
response rate of 60%. For NKTCL patients at phase III/IV, chemotherapy is the
mainstay therapy, but the relapse rate is very high up to 60% (Cheung et al., 2003;
Egashira et al., 1999). NKTCL often poses a risk of high mortality, and patients with
aggressive NKTCL involving leukemic form often have meagre survival (< 6 months)

(Suzuki et al., 2010).
1.1.3 Diffuse large B-cell Lymphoma (DLBCL)

DLBCL is the most prevalent and aggressive form of NHL and originates from

B-cells (Kubuschok et al., 2015). The disease accounts for 30-40% of all NHL cases,



and the overall incidence of DLBCL is 5.6/1,000,000 and with 5- year survival rate of
63.2% (Howlader et al., 2017; Noone et al., 2017).

There are two significant forms of DLBCL- Germinal center B-cell (GCB) and
Activated B-cell (ABC) (Nowakowski and Czuczman, 2015). CD10 is one the essential
differential marker which classifies DLBCL into GCB (CD10%) and ACB (CD10).
Oncogenic activation of BCL6, NOTCH2, and deletion of TP53 are common in both
sub-groups (Hans et al., 2004).

Generally, old age population (Age>60 years) have a higher incidence than other
age groups. Treatment of DLBCL is strategized based on the stage of the disease
(localized or advanced). Despite progress in the chemotherapy treatment of DLBCL,
patients still experience relapses (Sehn, 2010). The exact reasons for the high rate of
relapse and poor prognosis of DLBCL patients are yet to be uncovered and require more

research to understand the underpinning characteristics of DLBCL.
1.2 Commonly used chemotherapies for hematolymphoid malignancies

Multiple strategies have been applied to manage hematolymphoid malignancies.
These include chemotherapies, radiation therapies, autologous blood transplants, stem
cell transplants and immunotherapies. In pure CTCL, skin-directed therapies such as

phototherapy are commonly used in treatment.

The following sections describe the commonly used chemotherapies, which
constitute the core drug intervention for the treatment of patients with hematolymphoid

malignancies.
1.2.1 CHOP

CHOP is combination of four drugs namely, Cyclophosphamide, doxorubicin
hydrochloride (Hydroxy daunomycin), vincristine (Oncovin) and Prednisone. It is the
front line of treatment for most NHL subtypes (Coiffier, 2004). Rituximab-CHOP is the
standard therapy for DLBCL (Coiffier et al., 2002). Third generation chemotherapy
regimens include mBACOD (combination of low dose of methotrexate, bleomycin,
doxorubicin, cyclophosphamide, vincristine and dexamethasone), and MACOP-B
(combination of leucovorin rescue, doxorubicin, cyclophosphamide, vincristine,
prednisone and bleomycin); however, they are associated with high cost and toxicity

limiting the success of these therapies (Fisher et al., 1993).
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1.2.2 Antibodies and conjugated antibodies

Single antibody agents are currently used in clinics to treat a range of lymphoid
neoplasms. Rituximab, a CD20 targeting humanized antibody, is one of the most
effective single-agent treatments for DLBCL. A combination of rituximab and CHOP
(R-CHOP) enhances the survival rate of patients with DLBCL (Coiffier et al., 2010).
Another antibody-drug mogamulizumab, which targets C-C chemokine receptor type 4
(CCR-4), has recently been approved for CTCL patients (Makita and Tobinai, 2017).
Antibodies targeting immune checkpoint proteins, such as pembrolizumab (anti-PD-1)
(Kwok et al., 2016) and alemtuzumab (anti-CTLA-4), have shown successful outcomes

in NKTCL patients (Moreton and Hillmen, 2003).

Anti-CD30 conjugate brentuximab-vedotin (Vonasek et al., 2019) and anti-
CD20 antibody conjugate Ibritumomab-tiuxetan have been successful in clinics against

CTCL (Mondello et al., 2016).
1.2.3 HDAC (Histone Deacetylase) inhibitors

HDAC inhibitors have shown striking anti-cancer activities in hematolymphoid
malignancies (Johnstone, 2002). These inhibitors induce transcription and non-
transcriptional effects on cells through the inhibition of de-acetylation of histone
complex proteins. Anti-cancer activities of HDAC inhibitors are executed through
multifactorial fashions, which include induction of apoptosis, cell cycle arrest, and anti-
angiogenic effects (Eckschlager et al., 2017). One of the HDAC inhibitors, vorinostat,
gained FDA approval for the treatment of CTCL in 2006 (Mann et al., 2007).
Romidepsin, another potent HDAC inhibitors with potency at nanomolar
concentrations, was approved for CTCL in 2009 (Furumai et al., 2002; Piekarz et al.,

2011).

Other therapeutic agents against lymphoid neoplasms include asparaginase,
which is effective against NKTCL (Yong et al., 2009). Small molecule inhibitors, such
as Bruton kinase inhibitors (ibrutinib) (Deeks, 2017) and PI3K inhibitors (idelalisib &
copanlisib) (Markham, 2017; Ramanathan et al.,, 2016) are used to treat
hematolymphoid malignancies. Interferon-gamma and retinoic acid are also used for the

treatment of CTCL (Jawed et al., 2014). However, responses to these clinical



interventions are dependent on multiple factors, such as the stage of cancer, genomic

heterogeneity, tumor relapse, and occurrence of drug resistance.
1.3 Drug resistance in hematolymphoid malignancies

Intrinsic and acquired drug resistance remain major impediments for the clinical
effectiveness of molecularly targeted therapies in hematolymphoid malignancies.
Intrinsic resistance is the consequence of pre-existing, stochastic events such as
mutations/ amplification/deletion that contributes to chemoresistance. Contrastingly,
acquired resistance is the aftermath of adaptation and selection processes in response to

therapy.

While the majority of patients respond to standard therapies, the development of
acquired resistance is nearly universal, and the majority of patients fail to achieve
complete recovery. For example, acquired rituximab-resistance in DLBCL patients
confers them being non-responsive to the R-CHOP treatment regimens (Friedberg,
2011; Wilson, 2006). Similarly, both acquired, and de novo resistance to HDAC
inhibitors has been described in CTCL patients (Olsen et al., 2007; Piekarz et al., 2009).
Thus, the development of resistance to currently approved chemotherapeutics
substantially reduces overall survival benefits in these patients. Determining molecular
alterations driving resistance to commonly used chemotherapies is, therefore, the first
step toward improving their potencies and clinical effectiveness in hematolymphoid

malignancies.

1.4 Pro-tumorigenic pathways associated with drug resistance in hematolymphoid

malignancies

Genomic alterations, including somatic mutations, amplification, deletion of
genes, overexpression and activation of various proteins have been implicated in drug
resistance and poor prognosis in hematolymphoid malignancies (Mansoori et al., 2017;
Marie, 2001; Xu et al., 2017). Genomic alteration often enhances the proliferative
activity of cancer cells (Hanahan and Weinberg, 2011). Genomic lesions in upstream
regulators such as JAK/STAT, ERK, and Notch alter the expression of apoptotic genes
and subsequently causes defective apoptosis signaling in cancer cells (Catlett-Falcone
et al., 1999; Dang, 2012; Mebratu and Tesfaigzi, 2009). Cells with defective apoptosis

pathways were resistant to cell death (Tsujimoto, 1998). The down-stream effects of
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tumorigenic pathways drive drug resistance and often cause refractory drug response in

patients (Mansoori et al., 2017).

The following paragraphs describe some examples of defective signaling
pathways associated with chemoresistance in hematolymphoid malignancies, in

particular DLBCL, NKTCL, and CTCL.

In DLBCL patients, resistance to R-CHOP therapy is often attributed to the
alteration in CD20 expression, and aberrant downstream signaling pathways are major
contributors to drug resistance. Other mechanisms include resistance to antibody-
mediated cytotoxicity, Fc-receptors polymorphisms (Rezvani and Maloney, 2011), and
hyper-activation of NF-xB (Vega et al., 2008) and STAT3 signaling pathways (Huang
et al., 2013). A recent study has identified defective B-cell receptor (BCR) signaling
pathway (CD79B) and tumor metabolism (Hexokinase 3) and aberrant cell proliferation,
migration, invasion and tumor microenvironment (Indoleamine 2,3-dioxygenase
(IDO1), chemokine (C-X-C motif) ligand 13 [CXCL13] in chemo-resistant DLBCL
(Fornecker et al., 2019), highlighting the molecular complexity of drug resistance in

hematologic malignancies.

Traditional chemotherapy and radiotherapy often fail in the treatment of NKTCL
(Suzuki et al, 2010). IL-2Ro up-regulation promotes tumor cell proliferation,
progression, and chemoresistance in NKTCL (Wang et al., 2013). MAPK/NF-«B
pathway mediates high expression of the cytokine IL-2 and an inhibitory protein
Programmed Death Ligand 1 (PD-L1), which positively correlates with
chemoresistance (Bi et al., 2016; Wang et al., 2018). The oncogenic activation of the
Wnt pathway often leads to poor response to chemotherapy in NKTCL patients (Qin et
al., 2019a).

Previous reports suggest that the constitutive expression of STAT3 predicts
therapy resistance to vorinostat in CTCL patients (Fantin et al., 2008). Another pro-
survival pathway, p42/44 MAPK signaling, plays a critical role in HDAC resistance in
CTCL (Chakraborty et al., 2013). As compared to DLBCL and NKTCL, limited studies
have investigated on the role of tumorigenic pathways in mechanisms of drug resistance

in CTCL.
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In the past few years, many studies have shown that transporters genes such as
ABCBI1, ABCCI, and ABCG2 are critical components in chemotherapy resistance
(Gottesman et al., 2002; Robey et al., 2018; Sharom, 2008; Tamaki et al., 2011). These
genes are involved in the efflux of chemotherapy agents and subsequently protecting
cells from cytotoxic effects (Sharom, 2008). Previous studies have shown that de novo
expression of MDR genes, impedes the success of cytotoxic chemotherapy in DLBCL
(Yagi et al, 2013). ABCBI1 expression is induced in DLBCL patients upon
chemotherapy treatment (Shen et al., 2011). Similarly, in NKTCL, neoplasms are
relatively chemoresistant because of the high basal level expression of P-glycoprotein
(P-gp) (Yamaguchi et al., 1995). Hence, CHOP therapy has been replaced by non-
anthracycline regimens (Tse and Kwong, 2013). However, in CTCL, MDR genes
expression is not associated with drug resistance (Jillella et al., 2000; Robey et al.,

2006).

Many groups have shown that ion channels play a critical role in cancer drug
resistance. Overexpression of K+, Na+, Ca2+, and Cl- ion channels are often implicated
in abnormal proliferation and drug resistance of cancer cells (Duvvuri et al., 2012; Li
and Xiong, 2011). These channels are crucially involved in modulation of pro-survival
pathways (MAPK signaling), ROS generation, the decay of membrane potential, and
caspase activity (Hoffmann and Lambert, 2014; Kischel et al., 2019).

Even though gene profiling studies suggest that ion channels are implicated in
disease progression of CTCL and DLBCL, no direct evidence is available on its role in

drug resistance (Hu et al., 2019; Magi et al., 2019).

Next-Generation Sequencing (NGS) technologies have accelerated sequencing
efforts to decipher gene variants linked to human diseases (Singleton, 2011). Recent
studies have identified mutations/alterations in several genes associated with
dysregulated apoptotic pathways in lymphoid neoplasms (Manso et al., 2017; Peng et
al., 2019). Also, Whole Exome Sequencing (WES) has brought in a radical shift in the
identification and characterization of genomic lesions involved in malignant
transformation. Major clinical studies on lymphoma using advanced genomic tools in
the past few years have shown pivotal roles played by DDX3X and STAT3 in the
progression of lymphoid malignancies (Jiang et al., 2015; Kucuk et al., 2015). We

hypothesize that these genes may directly or indirectly influence the efficiency of the
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cellular apoptotic machinery. Even though these mutations have been identified, but

very few are validated.

1.4.1 DDX3X, DEAD-box helicase 3 X-linked

DDX3X is a member of the RNA helicase protein family and performs multiple cellular
activities such as transcription, splicing, RNA transport, and translation. DDX3X plays
a crucial role in processes, including cell cycle control, stress response, apoptosis, virus

infection, and tumorigenesis (Snijders Blok et al., 2015).

DDX3X protein is composed of 662 amino acids and comprises 12 conserved
motifs, which are distributed in 2 recA-like domains —the helicase ATP-binding domain
and the helicase C-terminal domain (Hogbom et al., 2007). Each motif is attributed to
physiological functions of interacting with ATP and RNA for the execution of helicase

activities (Figure 1.2).

N Terminal C Terminal
ATP binding motif Linker Helicase motif
s [T EE T T T T ks
Helicase ATP Binding Helicase C Terminal

Figure 1.2 An illustration depicting the linear structure of the DDX3X protein. Two domains i)
Helicase ATP Binding domain ii) Helicase C terminal domain of DDX3X have a different
physiological role and composed of 12 motifs.

Multifunctional roles of DDX3X have been studied in various tumor models.
Altered expressions of DDX3X or DDX3X somatic mutations are involved in the
pathogenesis and progression of several cancer types, depending on specific
tissue/tumor types. DDX3X is considered as a double-edged sword in cancer, as it can
either play a role of oncogene or tumor suppressor gene in a context-dependent manner
(He et al., 2018). For example, in breast cancer cell lines, DDX3X overexpression
promotes proliferation and epithelial-mesenchymal like transformation correlating with
tumor progression (Bol et al., 2013).

DDX3X can also function as a tumor-suppressive gene. It enhances the promoter
activities of the p2lwafl/cipl gene and increases p2lwafl/cipl expression and thus
exerts growth-suppressive effects in hepatocellular carcinoma (Chao et al., 2006).
DDX3X loss causes an increase in cyclin D1 in hepatitis virus-associated hepatocellular

carcinoma (Chang et al., 2006). In lung cancer, DDX3X loss promotes cancer
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progression through the concealment of the MDM2/slug axis (Wang et al., 2009).
Similarly, DDX3X depletion promotes colorectal cancer progression through the
Snail/E cadherin pathway (Su et al., 2015). DDX3X plays a crucial role in the formation
of an anti-apoptotic complex, which inhibits apoptotic signals by interfering with the
death receptors (Sun et al., 2008). DDX3X down-regulation promotes tumorigenesis by
depleting the miRNAs involved in cancer progression (Chen et al., 2012). DDX3X is
involved in the regulation of tumor-suppressive miRNA such as miR-122, miR-200b,
miR-145, and miR-200c¢ involved in tumorigenesis in liver cells (Li et al., 2016) (Figure
1.3).

DDX3X is the eminently mutated tumor suppressive gene in NK-cell leukemia
(Dufva et al., 2018). DDX3X mutations were prominently found in Epstein Barr virus®
NKTCL (Cai et al., 2019). Recurrent truncated forms of DDX3X have been identified
in chronic lymphocytic leukemia (CLL) patients (Landau et al., 2015; Ojha et al., 2015).
In another study using 28 Burkitt lymphoma (BL) patients’ samples, 9 out of 28 patients
were identified with DDX3X mutations (Schmitz et al., 2012; Zhou et al., 2019). Somatic
mutations of DDX3X are prevalent in NKTCL, as Jiang et al. showed that 21 out of 105
NKTCL patients have alterations in the DDX3X gene (Jiang et al., 2015). However, the
mechanisms and the pathways through which DDX3X is involved in hematolymphoid

malignancies remain to be uncovered.

DDX3X

\
\

. Gene expression
ﬁ » / ﬁ
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Tumour suppressive genes and miRNA Cyclin D1
(p21, miR-200b, miR-200c, miR-122
and miR-145) K

\

\ //
P g
Tumour progression

—

Figure 1.3 An illustration summarizing the tumor-suppressive roles of DDX3X. In liver
carcinoma, DDX3X increases the promoter activities of p21 and downregulates cyclin D1 to
inhibit tumor growth. In addition, DDX3X controls tumor-suppressive miRNAs (miR-200b, miR-
122, miR-145) and suppressing tumorigenesis.
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1.4.2 STATS3 (Signal Transducer and Activator of Transcription 3)

STATS3 is a transcriptional factor that regulates cell proliferation, differentiation,
apoptosis, angiogenesis, inflammation, and Thl/anti-tumor immune responses
(Bromberg et al., 1999; Darnell et al., 1994). It has been established that aberrant STAT3
activation causes tumor progression through its influence on the transcription of
oncogenes involved in cancer progression. STAT3 is often activated by genetic
alterations or triggered by environmental factors, such as carcinogenic chemicals, UV

light exposure, infection, and smoking (Liu et al., 2018; Song and Grandis, 2000).

The STAT family proteins consist of highly conserved structures which
comprise six domains #) N-terminal domain (NTD), which stabilizes STAT dimerization
and nuclear import; if) Coiled-coil domain (CCD), which interacts with regulatory
proteins; iif) DNA binding domain (DBD), which recognizes and binds to the promoters
of target genes; iv) Linker domain (LD) which links DBD and SH2 domains; v) Src-
homology 2 (SH2) domain, which is required for the recognition of tyrosine
phosphorylation on receptor subunits; and vi) Transcription activation domain (TAD),
which possesses tyrosine and serine phosphorylation sites critical for maximal
transcriptional activation of STAT-regulated genes (Figure 1.4) (Becker et al., 1998;
Lee et al., 2019; Zhang and Lai, 2014). There are two isoforms of STAT3, a, and .
Both isoforms share similar structures except TAD, which is composed of 34 amino

acids in [ isoform, while a isoform contains 82 amino acids (Lim and Cao, 2006).

N Terminal C Terminal

I ~nD | CCDH peBD H LD -SH2-

aa2-138 139-321 322-494 495-583 584-687 688-770

Figure 1.4 An illustration of the structure of STAT3.The STAT3 protein comprises of6 domains,
which are important for its various physiological roles. N-terminal domain (NTD), Coiled-coil
domain (CCD), DNA binding domain (DBD), Linker domain (LD), Src-homology 2 domain (SH2)
and Transcription activation domain (TAD), are shown.

Phosphorylation of residues, such as Y705 and S727, activates the STAT3 protein,
eliciting dimerization and nuclear translocation. This drives the transcription of genes
critical for physiological and pathological functions. Classically, STAT3 signaling is
triggered by cytokines or growth factors. These receptors then form a complex with

glycoprotein 130 (gp130) and Janus Kinases (JAK). STAT3 can be activated by several
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non-receptor tyrosine kinases, such as Src or Abl (Firmbach-Kraft et al., 1990; Witthuhn
et al., 1994; Yu and Jove, 2004). Once activated, STAT3 drives the cellular expression
of MMP-9, c-Myc, Bcl-XL, and mcl-1 (Grivennikov et al., 2009; Lee et al., 2009)
(Figure 1.5).

STAT3 is constitutively active in many tumors, including cells derived from
hematolymphoid neoplasms (An et al., 2010). Certain malignant cells possess activated
forms of STAT3 upstream regulators due to the translocation of BCR-ABL or somatic
mutations in the JAK (Jeong et al., 2008). Mutations in the suppressor of cytokine
signaling (SOCS) have also been implicated in STAT3 activation causing defects in pro-
apoptotic pathways in cancer (Hou et al., 2017). In addition, the presence of the
cytokines and growth factors in the tumor microenvironment activates STAT3 through

the JAK/STAT pathway (Hutchins et al., 2013; Tawara et al., 2019).

Growth
Cytokine factor

Receptor Receptor GPCR IIIII
JAK JAK | .

v
A A
STAT3 activation ~ STAT3 Phospho Y705

Tumour progression

Gene expression

Survival Cell growth Invasion/ Metastasis
Mecl-1 CCND1 MMP-3

Bcl-2 CCND2 MMP-9

Bel-xL c-Myc

Survivin

Figure 1.5 A model depicting STAT3 activation and its tumorigenic role. Binding of cytokine
/growth factors on the corresponding receptor triggers JAK activity, which activates STATS3.
Aberrant signaling leads to dysregulation of cell cycle control (CCND1, c-Myc), apoptotic (Mcl-
1, BCL-2, BCL-xL, and Survivin) and metastatic genes.

In hematolymphoid malignancies, several mutant variants of STAT3 have been
associated with cancer progression. Using online cBioPortal, we identified several
mutations in STAT3 in hematolymphoid malignancies (Figure 1.6). Activating
mutations of STAT3 have been identified in NKTCL, ydT-cell lymphoma (Jiang et al.,
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2015; Kucuk et al., 2015), DLBCL (Ohgami et al., 2014), CTCL and in several other
NHL patients (Kiel et al., 2014).

E616del/G/K and 1 more
13 L4

w
c
=]
:@ L] .
=
B .
o . .
pu = . )
n [ . . [ we ® e » .
% ol 1Y @ we & sme ses oo ams o sese e® ws mees @ [ S@wes Sm o & s8e & e
STAT_int STAT_alpha STAT_bind
0 200 400 600 770aa
Cancer Hotspots
® OncokB . o ® * @
* PTM Sites @
Phosphorylation . . +® oo . * we s & w@me
Acetylation . . . ] ] e @ . ee e " o
Ubiquitination .o - » . . . .
Methylation
Malonylation .

Figure 1.6 Mutational landscape of STAT3 in hematolymphoid malignancies. cBioPortal based
mutational analysis indicates frequent mutation of STAT3 in hematolymphoid malignancies and
cancer hotpots. Seven and five potential OncoKB sites and hotspots were predicted, respectively.
OncoKB is a feature that predicts the oncogenic nature of mutations.

Due to the above-mentioned attributes, STAT3 is an attractive target for
pharmacological intervention. While it has been established that STAT3 is a master
regulator of tumorigenic pathways and defective apoptosis in cancer, including
hematolymphoid malignancies, direct STAT3 inhibitors are yet to be approved for
clinical use. This is primarily due to poor pharmacodynamics of peptide inhibitors and
non-specific interaction of small inhibitors (Table 1.1). Multiple STAT3-SH2 domain
inhibitors, such as Stattic, XPXL, ISS610, STA-21, LL-3, and curcumin have shown
anti-cancer activities in vitro models, however due lack of potency and selectivity these

agents did not reach clinical trials (Edwards et al., 2015; Turkson et al., 2004).
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Table 1.1. A list of STAT3 targeted therapeutics and their clinical status. This table is

adapted from https://clinicaltrials.gov/ website.

Mode of STAT3 Status in Clinical Remarks
inhibition of Inhibitors trials
STAT3 function
Stattic Pre-clinical, in Poor specificity and toxicity
breast, profile
hepatocellular
carcinoma
SH2 domain LLL3 Pr(_a-clinical, in Poor potency
L glioblastoma
inhibitors
XPXL Pre-clinical, in Src- Poor cell permeability & in vivo
transformed stability
fibroblast
OPB-31121 Phase | Unexpected toxicities
OPB-51602 Phase | Unexpected PK properties
Curcumin Pre-clinical, in renal | Lack of specificities and poor PK
cell carcinoma
Napabucasin Phase Il No significant Overall Response
Rate
TT101 Phase |, still NA
recruiting
SC-43 Phase I, still NA
JAK/ Src recruiting
inhibitors Dasatinib Phase II Toxicities and lack of specificity
WP1066 Phase |, still NA
recruiting
AZD1480 Phase I, terminated Neurological toxicities
STATS3 targeting AZD9150 Phase I Promising Overall Response
Oligonucleotides | (Antisense) Rate
STAT3 Phase 0 Rapid degradation
decoy
STAT3 Pre-clinical Short half-life
siRNA
G-quartet Pre-clinical Poor potency
(DNA
binding)

NA,data not available.

OPB-51602 and OPB-31121 have entered early clinical trials, but unpredictable

pharmacokinetic profile (PK) and toxicities, including lactic acidosis and peripheral

neuropathy, have dampened their prospects (Wong et al., 2015). WP1066, TT101, and

napabucasin are currently under phase I trial. Upstream inhibitors such as AZD1480 and
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https://clinicaltrials.gov/

dasatinib have showed toxicity and low efficacy in clinical trials I and II, respectively
(Plimack et al., 2013). Other novel strategies include the use of oligonucleotide to target
STAT3 using decoy or antisense-based approaches. STAT3 decoy oligonucleotide
demonstrated rapid degradation in phase 0 trials (Sen et al., 2012). Thus far, STAT3
targeted oligonucleotide AZD9150 has entered phase II clinical trial displaying
remarkable efficacy in lymphoma and NSCLC patients (Hong et al., 2015).

1.5 RNA interference (RNAi) technology to target oncogenes in hematolymphoid

malignancies

One strategy to target the aberrantly activated gene is to knock down its
expression by RNAI techniques. One of the most commonly applied RNAI techniques
is the use of small interfering RNA (siRNA) to post-transcriptionally silence target
genes of interest (Hammond et al., 2000). Early efficacy of siRNA molecules in gene
silencing in various laboratories led to the exploitation of this promising research tool
as a therapeutic agent (Bobbin and Rossi, 2016; Elbashir et al., 2001). But the use of
siRNA has been limited due to multiple factors i) loss of cell viability during
electroporation or nucleofection (Mantei et al.,, 2008) ii) off-target effects are
conventional siRNAs mediated gene depletion (Jackson and Linsley, 2010) iii) siRNA
molecules have shown to trigger unwanted immune responses in vivo (Whitehead et al.,

2011) iv) half-life of siRNA is very short (< 20 minutes) (Zimmermann et al., 2006).
1.5.1 Emergence of Single-stranded DNA based gene-silencing technology

Single-stranded antisense DNA (ssDNA) molecules are a novel class of RNAi
agents commonly used as research tools and as therapeutics (Dias and Stein, 2002). This
group of RNAi molecules inhibits gene expression via RNase H mediated cleavage of
the mRNA in RNA-DNA heteroduplex. RNase H recognizes RNA-DNA heteroduplex
and degrades the RNA strand. RNase H1 is a single peptide enzyme, which is
responsible for cleavage of target RNA directed by antisense oligonucleotides (Crooke,

2017).

Comparative analysis siRNA and antisense ssDNA molecules revealed that
RNase H-dependent cleavage targets the pre-mRNA, whereas siRNAs do not (Juliano
et al., 2012; Wang et al., 2016c). However, unmodified ssDNA and siRNA are short-

lived owing to susceptibility to nucleases expressed in cells and are often have
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insufficient membrane penetration capacity and the low bioavailability. Intrinsic low
binding affinity and poor pharmacokinetic (PK) properties of such oligonucleotides
dampened the possibility of these molecules to be used as therapeutics (Uhlmann, 2000).
Therefore, to improve the stability, delivery, and PK properties of RNAi molecules,
several chemical modifications have been suggested (Urban and Noe, 2003). One of the
most promising strategies of chemical modifications for applying RNAi technology to
the clinic has led to the development of a novel Locked Nucleic acid (LNA) conjugated
chimeric ssDNA molecule, called "GapmeR." LNA is a sugar modification in which 4’
carbon is bonded to 2’-hydroxy group, forming a 2’4’ bicyclic system. The flexibility
of furanose structure is compromised and has no conformational isomers (Kurreck et
al., 2002). This conformation enhances the hybridization of oligonucleotides to target

mRNA and is nuclease resistant.

GapmeR is an ssDNA antisense oligonucleotide conjugated with LNA/cET/2'-
O-MOE at the ends. A GapmeR molecule contains a central "gap of 8-10 bases" of
antisense DNA which is flanked by modified sugar moiety (Figure 1.7) (Castanotto et
al., 2015; Fazil et al., 2016). These modifications confer nuclease resistance and aids in
unassisted cellular internalization or "gymnosis"(Soifer et al., 2012). Inside the cell,
GapmeR forms duplex with mRNA and direct the RNaseH-mediated cleavage,
subsequently, causing inhibition of specific gene expression (Liang et al., 2017).
Improved target affinity of GapmeR along with sequence specificity can be achieved

using upgraded design tools (Dieckmann et al., 2018; Hagedorn et al., 2017).

GapmeR

5’ Antisense 3’

LNA Gap LNA

Figure 1.7 An illustration of the structure of a GapmeR molecule. Typically, it contains 3 LNAs
as "wings" flanking a central stretch of 8-10 base single-stranded antisense DNA as a "Gap."

1.5.2 RNAi-based therapeutics in clinics

Antisense drugs have amassed immense popularity due to approval and success
of antisense oligonucleotides such as fomivirsen and mipoversen, which effectively
tackled menace of cytomegalovirus infection and hypercholesterolemia, respectively

(Hair et al., 2013). Recently oligonucleotide inotersen was approved by FDA for
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neurological disorders (Keam, 2018). Inortersen targets transthyretin, which
accumulates to cause peripheral neuropathy and gastrointestinal dysfunction. Hitherto,

an antisense drug for cancer, has not been approved.

Currently, several antisense drugs such as cutirsen [2°-O-MOE-PS GapmeR]
(Chi et al., 2008), EGFR antisense DNA[PS] (Bauman et al., 2018), trabdersen [2’-O-
MOE-PS GapmeR] (Jaschinski et al., 2011), EZN-2938 [LNA-PS GapmeR]
(Greenberger et al., 2008) and LErafAON-ETU [DNA-PS liposome] (Dritschilo et al.,
2006)are undergoing clinical trials for various cancer forms. The STAT3 targeting
antisense AZD9150 [cET-PS GapmeR] is currently under in clinical trial, phase II
(Hong et al., 2015).

1.6 Existing gaps in knowledge

An extensive literature survey and regular discussion with collaborators has
helped in identifying some of the gaps in knowledge on tumorigenic signaling and its
targeting in hematolymphoid malignancies. Very limited studies have reported the
involvement of tumorigenic pathways in resistance to HDAC inhibitors in CTCL. This
prompted us to investigate the molecular features of HDAC inhibitor resistant CTCL

cells.

Recent studies have identified multiple somatic mutations in several genes in a
significant proportion of patients with specific subtypes of hematolymphoid
malignancies; however, functional involvements of these mutations in disease
pathophysiology have not been clearly defined. We have identified that DDX3X is
frequently mutated in hematolymphoid malignancies, but its exact role remains
unknown. Here, we have pursued to explain the potential implication of DDX3X
mutations in hematolymphoid malignancies. Numerous STAT3 inhibitory modalities
are under the pre-clinical phase and clinical trials, yet FDA approval has not been
granted. Hence, we sought to develop a novel STAT3 gene silencer with potent anti-

cancer activity in hematolymphoid malignancies.
1.7 Hypothesis

The present study was divided into three major parts with the following

hypotheses.
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H1: The development of drug resistance in hematolymphoid malignancies is a result

of acquired defects in pro-apoptotic signaling pathways.

H2: DDX3X plays a crucial role in the aggressiveness and drug resistance in

hematolymphoid malignancies.

H3: STATS3 is a master regulator of hematolymphoid malignancies and targeting

STAT3 would represent a practical therapeutic approach.
1.8 Aims of the study

Research into the molecular basis of hematolymphoid malignancies has
progressed rapidly over the past few years. Key regulatory molecules have been
identified, and underlying mechanisms elucidated, providing potential targets for
therapeutic intervention. However, molecular changes in drug resistance and the
potential involvement of DDX3X in eliciting tumorigenic signaling in hematolymphoid
malignancies are not fully understood. Based on our understanding of STAT3's
involvement in hematolymphoid malignancies, spectrums of effective molecularly
targeted therapeutics have not been explored. Therefore, the three specific aims of the

thesis were as follows:

Aim 1: To identify tumorigenic signaling pathways in vorinostat resistant CTCL

cells.

In the first part of my study, I asked whether acquired vorinostat resistance in
lymphoma cells alters molecular signatures. To address this question in chapter
3 of my thesis, I developed a drug (vorinostat) resistant CTCL cell line
(HuT78vr) as a cell culture model. I performed RNA-seq, proteomics,

bioinformatics, and other molecular analysis.

Aim 2: To investigate the potential involvement of DDX3X in eliciting tumorigenic

signaling in hematolymphoid malignancies.

The next question I asked whether DDX3X is involved in hematologic
malignancies. To address this question in chapter 4 of my thesis, I correlated
DDX3X loss-of-function mutation with the survival of patients with
hematolymphoid malignancies. I analyzed the molecular and functional effects

of DDX3X loss in CTCL, DLBCL, and NKTCL cells.
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Aim 3: To determine STAT3 involvement and develop a novel approach for
targeting defective STAT3 signaling pathway in hematolymphoid

malignancies.

Finally, I examined STAT3 involvement in the regulation of an immune
checkpoint protein PD-L1. I asked whether STAT3 targeted novel antisense
molecules can be designed for potential therapeutic applications in
hematolymphoid malignancies. In chapter 5 of my thesis, [ developed novel gene
silencers (GapmeR and epAON molecules) targeting STAT3. I analyzed the
efficacy of these gene silencers in inducing apoptosis in cultured lymphoma

cells.
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Chapter 2
Materials and Methods
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2.1 Reagents and antibodies

Details about reagents, antibodies, and assay kits used in this thesis are provided

in Appendix 1.
2.2 Cells and culture conditions

Peripheral blood lymphocyte (PBL) T-cells were isolated from Leukocyte
Reduction System (LRS) cones obtained from healthy volunteers at the Health Science
Authority (HSA), Singapore. Stepwise protocol for T-cell isolation has been published
as “Isolation of human peripheral T cell lymphocytes”, Methods in Mol Biol, 2019, that
I have authored (Kizhakeyil et al., 2019). Briefly, the blood was diluted with an equal
volume of sterilized Phosphate Buffer Saline (PBS). Lymphoprep™ (7 mL) was added
to the falcon tube (15 mL), and diluted blood (7 mL) was carefully layered onto
Lymphoprep™. The tubes were centrifuged at 1200g for 20 min at room temperature
without applying breaks. Peripheral Blood Mononuclear Cells (PBMC), which form a
distinct white band near the sample/medium interface, were collected using a Pasteur

pipette without disturbing the upper and lower layer (Figure 2.1).

Gentle overlaying of diluted The two separate layers Formation of the buffy
blood sample on the of blood and the density coat layer after
density gradient reagent. gradient medium. centrifugation.

Figure 2.1 Steps of PBMC isolation using density gradient centrifugation. (A) A blood sample
after dilution in PBS (7 mL) was overlaid on 7 ml of Lymphoprep™. (B) Clear demarcation of
the blood and the Lymphoprep™. (C) Buffy coat interface can be seen as indicated by the
red arrow.

PBMCs were washed with PBS at least three times and resuspended in 50 mL
of RPMI-1640 medium containing 10% (v/v) heat-inactivated Fetal Bovine Serum (FBS

10%). The cells were transferred and incubated in 150 cm? cell culture flask for two h
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in an incubator at 37°C in 5%CO2. PBMCs adhering onto the flasks were discarded, and

suspended cells were collected. All experiments were performed as per the guidelines

that were approved by the Institutional Review Board (IRB) of Nanyang Technological
University Singapore (IRB-2014-09-007, IRB-2016-06-022, and IRB-2018-05-034).

Immortalized cell lines used in this thesis and their culture conditions” are

summarized in Table 2.1.

Table 2.1 A list of cell lines, their origins, and media used for their culture.

S.N. | Celllines Sources Origins Culture media
1 HuT78 ATCC Derived from a Gibco™ RPMI-1640 with
53-year-old heat-inactivated FBS (10%),
Caucasian Sodium Pyruvate (1 mM) and
patient with SS L-glutamine (2 mM)
2 MyLa Sigma-Aldrich Derived from a Gibco™ RPMI-1640 with
Caucasian heat-inactivated FBS (10%),
patient with MF Human serum (10%), L-
glutamine (2 mM) and 1 ng/ml
each of IL-2 and IL-4.
3 MJ ATCC’ Derived from a Gibco™ RPMI-1640 with
50-year-old heat-inactivated FBS (20%)
Caucasian and L-glutamine (2 mM).
male patient
with MF
4 HH ATCC Derived from a Gibco™ RPMI-1640 with
61-year-old heat-inactivated FBS (20%)
Caucasian and L-glutamine (2 mM).
male patient
with SS
5 Jurkat ATCC Derived from a Gibco™ RPMI-1640 with
14-year-old heat-inactivated FBS (10%)
male patient and L-glutamine (2 mM)
with acute
leukemia
6 K562 ATCC Derived from a Gibco™ RPMI-1640 with
53-year-old heat-inactivated FBS (10%)
female patient and L-glutamine (2 mM)
with chronic
myelogenous
leukemia
7 NKYS Obtained from NCCS® Derived from Gibco™ RPMI-1640 with

patients with
NKTCL

heat-inactivated FBS (10%),
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L-glutamine (2 mM) and 20

ng/ml IL-2
8 SNK1 Obtained from NCCS Derived from Gibco™ RPMI-1640 with
24-year-old heat-inactivated FBS (10%),
Asian female L-glutamine (2mM) and20
patient with ng/ml IL-2
NKTCL
9 SNK6 Obtained from NCCS Derived from Gibco™ RPMI-1640 with
61-year-old heat-inactivated (10%), L-
Asian male glutamine (2mM) and 20
patient NKTCL ng/ml IL-2
10 Raji ATCC Derived from Gibco™ RPMI-1640 with
an 11-year-old heat-inactivated FBS (10%)
black patient and L-glutamine (2mM)
with Burkitt
Lymphoma
(BL)
11 Raji Obtained from Dr. Derived from Gibco™ RPMI-1640 with
ShDOXYS Nicholas an 11-year-old heat-inactivated FBS (10%),
Grigoropoulos Lab black patient L-glutamine (2 mM) and 1
with BL pg/mL puromycin
12 U2932 Obtained from Dr. Derived from a Gibco™ RPMI-1640 with
Nicholas 29-year-old heat-inactivated FBS (10%)
Grigoropoulos Lab female patient and L-glutamine (2 mM)
with DLBCL
13 U2932 Obtained from Dr. Derived from a Gibco™ RPMI-1640 with
shDOXY?® | Nicholas 29-year-old heat-inactivated FBS (10%),
Grigoropoulos Lab female patient L-glutamine (2 mM) and 1
with DLBCL pg/mL puromycin
14 HBL-1 Obtained from Dr. Derived from a Gibco™ RPMI-1640 with
Nicholas 65-year-old heat-inactivated FBS (10%)
Grigoropoulos Lab male patient and L-glutamine (2mM)
with DLBCL
15 HBL-1 Obtained from Dr. Derived from a Gibco™ RPMI-1640 with
s | Nicholas 65-year-old heat-inactivated FBS (10%)
shDOXY . . .
Grigoropoulos Lab male patient and 1 pg/mL puromycin
with DLBCL
16 BJAB Obtained from Dr. Derived from a Gibco™ RPMI-1640 with

Nicholas
Grigoropoulos Lab

5-year-old
female patient
with BL

heat-inactivated FBS (10%)
and L-glutamine (2 mM)
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17 BJAB Obtained from Dr. Derived from a Gibco™ RPMI-1640 with
shDOXY?® | Nicholas 5-year-old heat-inactivated FBS (10%),

Grigoropoulos Lab female patient L-glutamine (2 mM) and 1

with BL pg/mL puromycin

18 BLA4 Obtained from Dr. Derived from Gibco™ RPMI-1640 with
Nicholas patients with BL heat-inactivated FBS (10%)

Grigoropoulos Lab and L-glutamine (2 mM)

19 MuTu Obtained from Dr. Derived from Gibco™ RPMI-1640 with
Nicholas patients with BL | heat-inactivated FBS (10%)

Grigoropoulos Lab and L-glutamine (2 mM)

Note:

All the media were supplemented with antibiotics -Penicillin-Streptomycin (1%).

#The cells were always maintained at 37 °C in 5% COx.
"ATCC- American Type Cell Culture NCCS-National Cancer Centre Singapore

$U2932 and BJAB cells expressing tetracycline-inducible DDX3X shRNA constructs
were obtained from Dr. Nicholas Grigoropoulos lab [Singapore General Hospital (SGH),
Singapore]. DDX3X shRNA expression was induced to knockdown DDX3X in U2392
shDOXY, Raiji shDOXY, HBL-1 shDOXY, and BJAB shDOXY cells by treatment with
doxycycline (100 ng/mL) and incubating for 48 h.
2.3 RNAi-mediated gene silencing

We applied multiple approaches to knockdown target genes, including DDX3X
and STAT3. These included uses of siRNA, GapmeR, and novel "end-protected
Antisense Oligo Nucleotide" (epAON) to deplete expression of the target gene. siRNA
molecules are 20-25 bases long double-stranded RNA, which deplete gene expression
in RNA Induced Silencing Complex (RISC) dependent manner. GapmeR is a single-
stranded DNA molecule that relies on RNaseH activity to silence target genes. We have
developed novel epAON molecules that can enter cells in gymnotic fashion and silence
target genes. Details of design, synthesis, and protocol for treatment with gene silencers

are as follows:
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2.3.1 siRNA transfection

siRNA was transfected into cells using nucleofection system (Amaxa 4D-
Nucleofector™Ssystem), according to manufacturer's recommendations (Lonza,
Muenchensteinerstrasse Basel). Cells (1.0 x10°) were resuspended in 20 uL
nucleofection buffer (Table 2.2) and were transferred into 16 well nucleocuvette.
Dharmacon™ Human SMART pool anti-DDX3X siRNA (3 pL) for DDX3X
knockdown was added to well-containing cells (Table 2.2). ON-TARGET plus Non-
targeting Control Pool was used as a mock control. The nucleocuvette was placed on
the 4D-Nucleofector core unit and nucleofection programme was performed using pulse

codes provided by manufacturers.

Later, 16-well nucleocuvette containing transfected cells were incubated at 37°C
in 5%COzfor 2 min. Complete culture medium (80 pL) was added to cells in the cuvette
and incubated further for an additional 30 min. Transfected cells were resuspended in 2
mL medium and transferred into 6-well culture plate and incubated at 37°C in 5%CO2

for 72 h for further analysis.

Table 2.2 A list of nucleofection buffer and pulse code used for the various cell lines.

Cell lines Type of Solution Supplement Pulse codes
nucleofection volume volume
buffers
Primary T cell P3 32.8 yL 7.2 L ES111
HuT78, NKYS, MJ, SF 41.1 uL 8.9 uL DS123
SNK1, SNK6, MyLa
Raiji SF 41.1 yL 8.9 uL DD124

2.3.2 Design and synthesis of GapmeR and cellular treatments

The details about the design and selection of GapmeR molecules have been
published in an article entitled “GapmeR cellular internalization by macropinocytosis
induces sequence-specific gene silencing in human primary T-cells” (Fazil et al., 2016).
Detailed “add-and-analyse” protocol of GapmeR-mediated gene silencing in T-cells
have been published in the Methods in Molecular Biology (2019), entitled “GapmeR-

mediated gene silencing in motile T-cells ”, which I have co-authored (Fazil etal., 2019).
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GapmeR molecules were designed using “design tool” of Exiqon (Qiagen,
Singapore). The primary design parameters include #) optimal target sequence
accessibility, if) antisense off-target evaluation, and #if) optimal oligonucleotide design.
The design tool selects target sequences based on local secondary structure prediction,
which ensures high potency. Sequence alignments of antisense sequence are screened
to avoid off target effects on spliced and unspliced mRNA. GapmeR properties such as
length of primary sequence, melting temperature of GapmeR, and self-complementarity

positions play decisive role in its antisense activity.

To optimize GapmeR technology in T-cells, we designed GapmeR molecules
targeted against CG-NAP, talin, CD11a, PKC( and stathamin which represented a broad
range of molecular mass proteins. Two or more constructs selected against each protein
are provided in Appendix 1, Table A1.2. GapmeR molecules were synthesized by
Exiqon's oligonucleotide synthesis services. Lyophilised GapmeR molecules (5 nMol
each) were resuspended in 100 pL RNase free water, aliquoted in microfuge tubes, and

stored at -20 °C until further use.

Cells (2 x 10°) were seeded in 1 mL RPMI-1640 and transferred into six-well
plates. GapmeR molecules were added to the wells containing cells to be treated. Non-
specific GapmeR molecules were used as control along with cells without any GapmeR.
The concentrations of GapmeR molecules that were used in the experiments were
typically in the range of 100 nM — 1000 nM. Optimum concentration of GapmeR for
efficient knockdown is based on the gene of interest and cell lines used. Cells were
incubated with GapmeR for a period of 72 or 96 h in 37 °C in 5% COz before harvesting

for any functional analysis.
2.3.3 Design and synthesis epAON and cellular treatments

In pursuit of novel antisense oligonucleotides, we developed gene silencer
“epAON”. The epAON was designed by flanking primary antisense sequence as of
GapmeR with regions of G quadruplex (GQ) forming nucleotides using WebDSV online
tool. The primary sequence is provided in Appendix 1, Table A1.2. epAON molecules

were synthesised using Integrated DNA Technologies, Singapore.

Lyophilised epAON (25 mg) was dissolved in potassium-containing PBS [2.7
mM KCI] (8 mL) and was aliquoted in PCR tubes (50 pL). The tubes were positioned
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on slots of thermocyler (Bio-Rad Laboratories GmbH, Germany) and GQ formation
programme was executed as follows: Thermal cycle was set to the following: 95 °C for
5 min; gradual decrease to 55 °C by -0.5 °C/cycle in 80 cycles; 55 °C for 5 min; gradual
decrease to 10 °C by -0.5 °C/cycle in 90 cycles.

Cells (2 x 10°cells/well in 1 mL RPMI-1640) were into seeded 6-well plates.
The gene targeting epAON molecules were added to the wells containing the cells. Non-
specific epAON molecules served as control along with untreated cells. The
concentrations of epAON molecules used in the experiments were typically in the range
of 500 nM -2000 nM. Cells were incubated with epAON for a period of 72 h or 96 h at

37 °C in 5% CO:z2 before harvesting for further functional analysis.
2.3.4 shRNA mediated DDX3X knockdown

Three hairpin shRNA constructs, CTL shRNA, DDX3X shRNA#1, and DDX3X
shRNA#2 were used to generate ShRNA cell lines. The hairpin sequences of the shRNAs
are mentioned in Appendix 1, Table A1l.2. Retroviral packaging plasmids lpg of
pHIT60 (gag-pol, kind gift of Dr. Louis Staudt, National Cancer Institute, USA) and
Iug of pHITEA6*3 (envelope) were used together with 4 pg of a retroviral construct to
transfect each 10 cm? dish of HEK-293T, after mixing with 1 ml of Opti-MEM media
(Invitrogen) and 18 pL of TransIT-293 (Mirus). The viral supernatant was harvested
48h after transfection and filtered through a 0.45 puM filter. For transduction of the
lymphoma cell lines, 1-2 x 10° target cells were resuspended with viral supernatant and
infected by centrifugation (1500 % g, 90 min at 32 °C) with the addition of 10 pg/mL
Polybrene (INSIGHT biotechnology) and 25 uM HEPES (ThermoFisher) in 12 or 24
well plates. Viral supernatant was replaced with fresh media immediately after
centrifugation. Cells were maintained at 37 °C with 5% CO2 in RPMI supplemented
with 10% of tetracycline-free FBS and 1% of Penicillin/ streptomycin for another 48 h
and puromycin was added in (1.5 ug/ml) for the selection of transduced cells until the
percentage of GFP-expressing cells reached more than 98%. DDX3X shRNA
expression was induced to knockdown DDX3X in U2392 shDOXY, Raji shDOXY,
HBL-1 shDOXY, and BJAB shDOXY cells by treatment with doxycycline (100 ng/mL)
and incubating for 48 h.
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2.4 Development and selection of vorinostat resistant HuT78 cells (HuT78vgr)

HuT78 cells were cultured with stepwise increasing concentrations of vorinostat
(50 nM at each step) starting at 10 nM over a period of 4 months. These cells were
transferred to 96 well plates and were selected against 2 uM vorinostat. The colony with
best cell viability and growth was then passaged in a stepwise fashion, with 100 nM
increments until a concentration of 4 pM vorinostat was reached in an additional 2

months. These drug-resistant cells were termed as "HuT78vr”.
2.5 7TAAD staining-based live dead assay

Cells (1.0x 10°) collected after various treatment conditions depending on the
type of experiment were centrifuged at 1,500 rpm for 10 min. Cell Pellets were
collected, washed with PBS, and resuspended into Falcon™ round-bottom polystyrene
tubes. Cell pellets were stained with 100 pL of 7-AAD (500 ng/ml) dye for 5 min at
room temperature and analyzed by flow-cytometry. At least 20,000 events per sample
were acquired using BD LSR Fortessa X-20 flow cytometer (NJ, USA). Fluorescence
emission was collected at 650nm. Cells that stained positive for 7-AAD were gated as

dead cells. Data were analyzed and processed using FlowJo® software (OR, USA).
2.6 Rhodamine 123-based drug expulsion assay

HuT78 and HuT78vr cells (1.0x 10° cells) were resuspended in RPMI-1640
culture medium containing 0.5 pug/mL rhodamine 123 and incubated for 2 h at 37 °C in
5% COa. Subsequently, cells were washed with cold PBS (4°C) and analyzed using a
BD LSR Fortessa X-20 flow cytometer (NJ, USA). Fluorescence emission was collected
at 525 nm. Data were processed using FlowJo® software (OR, USA).

2.7 Cell cycle analysis

Cells (1.0x 10°) collected after various treatment conditions depending on the
type of experiment were centrifuged at 1,500 rpm for 10 min. Cell pellets were washed
and resuspended in 70% ethanol and incubated overnight at -20 °C. Subsequently, cell
pellets were collected, washed with PBS (pH 7.2) and resuspended in 500 pL staining
solution [0.1 mg/mL Propidium Iodide (PI) and 0.6% Triton-X in PBS] to which 500
puL RNase A solution (200 U/mL in PBS) was added. Cells were stained for 30 min at
37 °C in 5% CO2 and were subsequently examined using a BD LSR Fortessa X-20 flow
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cytometer (NJ, USA) in PE channel. Data was analysed and processed using cell cycle
platform in FlowJo® software (OR, USA).

2.8 Dihydro ethidium (DHE) assay for evaluating reactive oxygen species (ROS)

Cells (1.0 10°) collected after various treatment conditions depending on the
type of experiment were centrifuged at 1,500 rpm for 10 min. Cellular pellets were
collected, washed with PBS (pH 7.2) and resuspended in 100 pL of DHE (5 uM) and
incubated at room temperature for 20 min. PBS (200 puL) was added to cells and cells
were analyzed using a BD LSR Fortessa X-20 flow cytometer (NJ, USA).Fluorescence
emission was collected at 578 nm. Cells positive for DHE staining were gated as positive
for presence of ROS. Live cells were gated based on Pl-based staining. Data were

analysed and processed using cell cycle platform in FlowJo® software (OR, USA).

2.9 Tetra Methyl Rhodamine, Methyl ester (TMRM) assay for evaluating

mitochondrial membrane potential

Cells (1.0x 10°) collected after various treatment conditions depending on the
type of experiments were centrifuged at 1,500 rpm for 10 min. Cell pellets were
collected, washed with PBS (pH 7.2) and resuspended in 100 uL of TMRM solution (1
uM), and incubated at room temperature for 20 min. PBS (200 pL) was added to cells
and cells were analyzed using a BD LSR Fortessa X-20 flow cytometer (NJ, USA).
Fluorescence emission was collected at 615 nm. Cell stained positive for the TMRM
were gated as mitochondrial membrane intact cells. Data were analyzed and processed

using cell cycle platform in FlowJo® software (OR, USA).
2.10 MTS-based cell viability assay

Cell viability was determined by using CellTiter 96® aqueous One solution cell
proliferation assay kit as per manufacturer’s instructions (Promega, WI, USA). Briefly,
Cells (1.0x10* cells) in 100 uL medium were seeded in triplicates in a 96-well plate
according to treatment condition. MTS solution (20 puL) was added into each well and
incubated at 37 °C in 5% COz for 3-4h. Absorbance at 490 nm was measured using a
Cytation 3 micro-plate reader (BioTek, VT, US). The ODa49o nm of untreated cells was

normalized as 100%.
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2.11 Annexin V/PI-staining based flow cytometry analysis

Apoptotic cells were evaluated using Alexa Fluor® 488 Annexin V/Dead Cell
Apoptosis Kit according to manufactures instructions (Thermo Fisher Scientific, WA,
USA). After, the completion of treatment, cells (1.0x 10° cells) were centrifuged at
1,500 rpm for 10 min. Pellets were collected, washed with PBS and resuspended 100 pL
Annexin binding buffer containing (5 pL FITC-conjugated annexin-V and 1 pL of
propidium iodide) and incubated in ice for 20 min. These cells were subsequently
analysed using a BD LSR Fortessa X-20 flow cytometer (NJ, USA). Fluorescence
emission was collected at 499 nm and 617 nm, respectively. Data were analysed and

processed using cell cycle platform in FlowJo® software (OR, USA).
2.12 Determination of RNA concentration

The RNA contents in cell lysates were determined using NanoDrop 2000/2000¢
instrument (Thermo Fisher scientific, Massachusetts, USA). Briefly, 1 uL elution
buffer was loaded on the pedestal and blank reading for RNA quantification programme
was executed as auto zero. Subsequently, cell lysate was loaded on the pedestal and
optical density was recorded at 280 nm and 260 nm. The concentration was

automatically calculated and displayed on the tab of the NanoDrop software.
2.13 Agarose gel electrophoresis

Agarose gel (1%) was prepared by dissolving 0.5 g of Agarose in 50 ml Tris
Acetate Ethylene diamine tetra acetic acid (TAE) buffer (Appendix 2, table A2.5). The
mixture was heated using microwave oven for 1 minute and 1 uL of SYBR safe was
added upon cooling of the gel. The molten mixture was slowly poured on the horizontal
gel casting tray unit (Bio-Rad, 27 International Business Park, Singapore). Once the gel
was polymerized, it was soaked in 1X TAE buffer. Oligonucleotide samples (10 pL)
mixed with 6X loading dye (2 pL) were pipetted into the wells of the agarose gel and
placed on Mini-Sub Cell GT unit tray (Bio-Rad, 27 International Business Park,
Singapore). Electrophoresis was carried out at 150 V /25 mAmp (Biorad PowerPac) for
~10 min. DNA bands were visualized image using ChemiDoc (Bio-Rad, 27

International Business Park, Singapore)
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2.14 Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Detailed stepwise protocol has been published in the Methods in Molecular
Biology (2019) entitled “Quantitative real time PCR for transcriptional changes in T-
lymphocytes", for which I am the first author (Kizhakeyil and Verma, 2019). Briefly,
cells (3.0x 10°) from different treatment conditions were centrifuged at 8,000 rpm for
10 min. Total RNA was extracted using BioBasic Inc Ez-10 spin column total RNA
mini-preps super kit (Ontario, Canada) or RNeasy isolation kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions. The cDNA was synthesised
using M-MuLV Reverse Transcriptase and oligo DT primer from New England BioLabs
(MA, US) and Promega (Wisconsin, US), respectively. The composition of cDNA
master mix is provided in Appendix 2 Table A2.6. The qRT-PCR was performed using
2X SYBR master mix using per manufacturer’s instructions (Primer Design, Camberley
GU153AD, U K) and primer sets provided in Appendix 1 Table A.1.3. SYBR® Green
PCR Master Mix was mixed as mentioned in Appendix 2 Table A2.7. Applied
Biosystems thermocycler (CA, USA) was used to synthesis cDNA as per instructor’s
manual. Thermal cycle was set to the following: 95 °C for 10 mins; (95 °C for 15 s; 60
°C for 1 min; 95 °C for 15 s) x 40 cycles ; 95 °C for 15 s; 60 °C for 1 min (gradual
increase to 95 °C for 5 mins); 95 °C for 15 s.

2.15 Quantification of miRNA

The miRNA quantification was performed using the miRCURY LNA RT PCR
kit II (Exiqon, Denmark). Polyadenylation of miRNA and reverse transcription
reaction step were carried out in a single step. Total mRNA was extracted using
BioBasic Inc Ez-10 spin column total RNA mini-preps super kit (Ontario, Canada) or
RNeasy isolation kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Template (5ng/ul) RNA was used to cDNA. The composition of reverse

transcription master mix is listed in Appendix 2 Table A2.8.

Reverse transcription thermo-cycling parameters were as follows: 42 °C for

60 min and 95 °C for 5 min. The reaction mixture consisting of amplified cDNA was

stored at 4 °C. The cDNA template was diluted (60X) in RNase free water.

Quantitative PCR was performed using the miRCURY LNA SYBR green PCR kit

(Exiqon, Denmark) with miR150 and U6 miRNAs as an internal control (Appendix

2 Table A2.9).The reaction setup of miRCURY LNA miRNA PCR was as follows:
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Thermal cycle was set to the following: 95 °C for 2 mins; (95 °C for 15 s; 55 °C for 1
min; 95 °C for 15 s) x 40 cycle; 95 °C for 15 s; 60 °C for 1 min (gradual increase to 95
°C for 5 mins); 95 °C for 15 s.

2.16 Cell lysis for quantification of protein

Cells (3.0x 10°) collected after various treatment conditions depending on the
experiments were centrifuged at 8,500 rpm for 10 min. Cell lysis buffer (CLB)was
added to the pellets and incubated on ice for 1 h (Appendix 2 Table A2.4). Cellular
debris were removed by centrifugation at 13,000 rpm for 15 min at 4°C. Clear

supernatant was collected and stored at -80 °C.
2.17 Determination of protein concentration

Amounts of protein in cellular lysates were estimated using Bradford assay kit
according to manufacturer's instructions (Bio-Rad Laboratories GmbH, Germany).
Briefly, 1 pl of each cell lysate/bovine serum albumin (BSA) standards were mixed with
100 pul of Bio-Rad staining solution (diluted 1:5) and incubated for 5 min at room
temperature. Absorbance at 595 nm was measured using a Cytation 3 micro-plate reader
(BioTek, VT, US). Standard curve was plotted using BSA standards. Absorbance values
at ODsosnm of corresponding BSA concentrations were plotted to derive straight line

equation. Protein concentration was calculated using BSA standard curve.
2.18 Immuno-precipitation (IP)

IP is a method to identify molecules that interact with specific proteins. Cell
lysate (300 mL) was mixed with 5 uL of primary antibody. This mixture was incubated
overnight at 4 °C with gentle mixing on a rocker-shaker. Rabbit or Mouse IgG antibody,
depending on the species of the bait antibody was used as a control. To each tube, 30
pL of the protein A agarose beads were added. Samples incubated at 4 °C with gentle
mixing on a rocker shaker. The immuno-precipitated complexes were collected by
centrifugation at 3,000xg for 2 min at 4 °C. Supernatant was discarded and the pellets
were washed 5 times with 1 ml CLB by centrifugation at 3,000xg for 2 min. Each pellet
was resuspended in 25-100 uL Laemmli sample buffer (Appendix 2 Table A2.12) to a
final concentration of 1X sample buffer and boiled at 95 °C for 5 min. These samples
were centrifuged for 1 min at 12,000xg at room temperature and clear supernatant (IP

sample) was collected. These IP samples were stored at -70 °C for further use.
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2.19 Sodium Dodecyl Sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein levels and their phosphorylation status were evaluated using western
immunoblotting. SDS-PAGE is the first step prior to immunoblot assay. Protein (10ug)
from cellular extracts was heated with 5X Laemmli sample buffer (Appendix 2 Table
A2.12) for 5 min. The gel apparatus (ATTO Corporation, Japan) was assembled
according to the manufacturer’s instructions. The gel was quickly poured in between the
two glass plates until the acrylamide solution reached 1 cm below the plastic combs.
The gel solidifies in approximately 20 min at room temperature. The components of
resolving gel and stacking gel are provided in Appendix 2, Table A2.10 and A2.11,
respectively. The stacking gel solution was poured on top of the resolving gel. The
plastic combs were inserted into the stacking gel to make protein sample loading wells.
The combs were removed from the gel, and any gel lanes that were not straight were
straightened using a gel-loading tip. Gels were placed into the electrophoresis box that
was filled with 1X SDS-PAGE running buffer (Appendix 2, Table A2.13). Equal
amounts of protein samples and the protein molecular weight ladder were loaded into
the wells. Electrophoresis was carried out at 300 V / 25 mA using Biorad PowerPac per
gel for ~ 1.5 h until the dye front had reached just above the gel base, at which stage

electrophoresis was discontinued.
2.20 Western Immunoblotting

Resolved proteins on the SDS-PAGE were transferred to polyvinylidene fluoride
(PVDF) or Nitrocellulose (NC) membrane using wet transfer technique according to the
manufacturer's instructions (Bio-Rad, 27 International Business Park, Singapore). The
PVDF membrane (0.45 pm) was activated by soaking it in methanol for 1 min. NC (0.20
pum) membrane does not require pre-activation with methanol. The membranes were
then immersed in transfer buffer (Appendix 2, Table A2.14) for 10 min at room
temperature. A gel sandwich was made by placing 4 sheets of Whatman 3 mm filter
paper (pre-soaked in transfer buffer) in cassette along with sponges. The PVDF/NC
membrane was then placed on top of the filter papers and kept moist by flooding it with
transfer buffer. The gel was then placed on top of the membrane and any air bubbles
between the gel and membrane were carefully removed. Another 4 sheets of Whatman
3 mm filter (pre-soaked in transfer buffer) and sponge were placed on top of the gel.

The cassette was tightly secured and placed in the Western blotting transfer apparatus
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containing transfer buffer and ice packet. Electrophoretic transfer of proteins was

performed for ~90 min at 100 mAmp / 300 V per gel using Biorad PowerPac.
2.21 Immuno-detection and development of blots

After blotting of proteins on the membrane, non-protein bound sites on the
PVDF membrane were blocked by incubating the membrane in freshly prepared 5%
non-fat milk in PBST (Blocking solution, Appendix 2) for 1 hour at room temperature
with constant gentle agitation. Blots were washed three times with 0.1% Tween in PBS
(PBST) and incubated with appropriate primary antibodies (diluted according to the
manufacturer’s instructions in blocking buffer) overnight at 4°C with constant agitation
(Appendix 1, Table A1.4). Following incubation with the primary antibody, blots were
washed five times with PBST to remove any unbound antibody. Blots were then
incubated with the relevant horseradish peroxidase (HRP)- conjugated secondary
antibody (diluted according to the manufacturer's instructions in blocking buffer) for 1
h at room temperature with constant agitation. Unbound secondary antibody was

removed by washing the membrane 5 times with PBST for 10 minutes.

Western Lightning® Plus enhanced chemi-luminescence reagent (PerkinElmer,
MA, USA) or Amersham western blot ECL (GE, Chicago) was used to visualize the
immunoreactive bands using light-sensitive film. Membranes were then exposed to
Kodak film for the appropriate time-period (range 15 sec to 10 min). Exposed films
were developed using an automatic developer machine (Compact2, protech medical
system, SMITECH Asia, Singapore). Alternatively, immuno-reactive bands were
visualized using ChemiDoc (Bio-Rad, 27 International Business Park, Singapore) and
images were captured for densitometric quantification. Densitometric analyses of the
western blots were performed by using Image J software (Research Services Branch,
National Institute of Mental Health, Bethesda, Maryland, USA). The relative values of
the samples were determined by giving an arbitrary value of 100.0 to the respective

control samples of each experiment.
2.22 Enzyme-Linked ImmunoSorbent Assay (ELISA)

The levels of secreted cytokines were evaluated by ELISA according to manufacturer’s
recommendation and details are provided in Appendix 1, Table A1.5. Nunc MaxiSorp
plates was coated with a capture antibody by adding 50 pL of 1X capture antibody
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resuspended in coating buffer and was incubated overnight at 4 °C. Next, the wells were
washed 3 times with 300 uL of washing buffer (PBS). The wells were blocked with 50
pL of blocking buffer and were incubated for 1h at room temperature. Next, plates were
washed and 50 pL of standards/ cell culture supernatants/ diluted serum were added to
the wells and incubated overnight at 4 °C or 2 h at room temperature. The plates were
washed 4 times and 50 pL of detection antibody was added and was incubated for 1 h.
Later, the plates were again subjected to washing and 50 pL of streptavidin-HRP was
added to wells and incubated for 20 min. The plates were washed for 3 times and the
remaining buffer was soaked by placing the plates on tissue for 1 min. 50 pL of 3,3',5,5'-
Tetramethylbenzidine (TMB) solution was added to each well and were then incubated
for 20 min. Stop solution (25 pL) was added to each well, and plates were read at ODaso
and ODs70 using a microplate reader. The standard curve was plotted using absorbance
values of concentration standards provided by manufacturers (Appendix 1, Table

A1.5). Based on this equation, concentrations of probed cytokines were determined.
2.23 High Content Analysis (HCA)

A 96-well tissue-culture plate was coated with poly L-lysine (PLL) or goat anti-
human IgG Fc. Plates were washed three times with PBS and stored at 4°C containing
100 puL PBS in each well for further use. Cells were transferred to the pre-coated plates
and were incubated for 1 h at 37°C in a cell incubator. Cells were fixed by adding 4%
paraformaldehyde (PFA), permeabilized in 0.5% Triton-X100 and stained for tubulin,
actin, and nucleus. Plates were scanned using an automated microscope (IN Cell
Analyzer 2200 HCA platform, GE Healthcare, Buckinghamshire, England). Images
were analysed using IN Cell Investigator software (GE Healthcare) that automatically

quantified cell number and cell 1/form factor.
2.24 Confocal microscopy

Cells were visualized using confocal imaging. Cells (3.0x 10%) collected after
various treatment conditions depending on the experiments were allowed to adhere on
the Nunc™ Lab-Tek™ II Chamber Slide™ System (Thermo Fisher Scientific,
Singapore). The cells on the slides were fixed by 4% paraformaldehyde (PFA) for 30
min. Cells were washed twice in PBS and were permeabilized with 0.3% Triton X-100.
The slides were blocked by the addition of blocking buffer (3 % v/v serum in PBS). A

cover slip was placed on top of the slide and incubated for 30 min at room temperature.
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Unbound goat serum was removed by carefully washing the slide three times in PBS.
The diluted primary antibody solution (1: 100 in blocking buffer) was added to the cells
on the slide and was incubated for 2 h at room temperature. The unbound primary
antibody was removed by washing with PBS. The appropriate secondary antibodies with
fluorescent conjugates (1:200 in blocking buffers) and/or nuclear stain were added to
the cells on slide and incubated for 1 h at room temperature in the dark. The slides were
finally washed three times in PBS. One drop of DAKO mounting medium (Dako A/S,
Denmark) was placed on top the fluorescently stained cells and a coverslip was mounted
on the slides. Slides were then immediately analyzed or alternatively stored at 4°C in
the dark and analyzed later. Fluorescence microscopy was performed by Zeiss confocal
workstation attached to Zeiss LSM 800 laser module (Carl Zeiss, Thornwood, NY).
Images were acquired and processed using Zeiss software (Carl Zeiss). At least 5

different microscopic fields were observed for each sample.
2.25 Cell migration and invasion assay

In vitro migration assay was carried out using the Corning 5.0 um pore
Polycarbonate Membrane Insert (Corning, NY, USA) in a 24-well plate, as per the
manufacturer’s recommendations. Briefly, 1.5x 10° cells were serum starved for 2h and
seeded in 200uL of serum free medium in the upper chamber, which was pre-coated
with BD Matrige]™ Basement Membrane (BD science, Singapore) as per instructions
in manual. The corresponding lower chamber was filled with 500 pL 10% human serum
media. Cells were allowed to migrate for 24 h, and cells migrated to the lower chamber
were transferred to a PLL coated 96-well plate, fixed with 4% paraformaldehyde and
stained with Hoechst 33342 for quantification using HCA.

2.26 Real-time chemotaxis assay

The chemotaxis assay was performed using A special type of plate an electronic "cell
invasion/ and migration plate" (CIM-Plate® 16) (ACEA Biosciences) were used to
perform real-time chemotaxis assay. The CIM-Plate® 16 is a 16-well electronically
integrated Boyden chamber composed of upper and lower chambers. The base of the
upper chamber is a polyethylene terepthalate (PET) microporous membrane that allows
cells to migrate towards the chemoattractant in the lower chamber. The bottom side of
the PET membrane is coated with gold microelectrode sensors that generate

"impedance" signals based on cell adhesion and migration. Impedance signals are
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captured in real-time enabling a quantitative kinetic measurement of cell migration from
the upper chamber to the lower chamber. This plate consists of 16-well inserts which

are coated with gold electrodes that detect electrical impedance.

These plates were assembled by CIM assembly tool that has demarcated
indentations for holding lower chambers. Membrane inserts of the wells were coated
with diluted IgG-Fc solution (50 pL) was incubated overnight at 4°C. Next day, the
wells were washed with PBS and 50uL of rICAM-1 solution was added to the plate
which was incubated at 37°C cell culture incubator for 2 h. The upper chamber of the
CIM-Plate 16 was detached and 165 pL pre-warmed medium containing chemo-
attractant (50 ng/mL SDF1a) fill in each well of the lower chamber. The plates were
staged on the cradles and “Run” was pressed in the control unit software take the
background reading. The values obtained as the background impedance of cell culture
media were used as reference impedance for calculating “Cell Index”. Plate from the
RT analyzer cradle was taken out and medium was removed from all the wells. The pre-
treated activated T-cells or HuT78 cells (1 X 10°) resuspended in 100 pL medium were
added to each of the wells. T-cell LFA-1 activation buffer (5 uL of 1 M MgClz and 1.5
pL of 0.5 M EGTA) were added to the wells of the CIM-Plate 16. Intuitive software
automatically calculates “Cell index”, performs statistical analysis (average and

standard deviation) and plots the values in real-time as a function of time.
2.27 RNA-seq analysis

Total RNA was extracted using RNeasy isolation kit (Qiagen, Hilden,
Germany). RNA integrity was assessed using 2100 Bioanalyzer (Agilent, California,
USA) and paired raw reads were generated using the HiSeq 2500 (Illumina) platform
by NGS services facility of NovogeneAIT (NovogeneAIT Genomics Singapore Pte Ltd,
Singapore). These raw reads uploaded onto the National Supercomputing Centre
(NSCC) Singapore server and aligned using the HISAT2 version 2.1.0 algorithm (Kim
et al., 2015). Subsequently, the aligned sequences were sorted using SAM tools 1.3 (Li
et al., 2009). Using feature counts, a program under the Bioconductor package
“Rsubread”, the mapped reads were counted for genomic features such as exons and
chromosomal locations (Liao et al., 2013). The summarised output table was fed into
another Bioconductor package “DESeq2”, which uses a negative binomial distribution

model to test for differential expression (Love et al., 2014). Differentially expressed
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genes (DEGs) were identified using a cut-off of 2-fold change and a false discovery rate
(FDR) of less than 0.05. The gene list generated was also put through Ingenuity Pathway
Analysis, IPA (QIAGEN Inc.) to identify top diseases and functions as well as pathways

associated with the genes that are significantly expressed.

2.28 Stable isotope labelled amino acid in cell culture-based proteomics analysis

(SILAC)

SILAC Proteomic analysis was performed in collaboration with the
Bioprocessing Technology Institute Singapore. Briefly, HuT78 and HuT78vr cells were
grown in light (*Cs L-Lysine) and heavy (*Cs L-Lysine) labelled media for at least
three passages in SILAC protein quantitation kit (LysC) RPMI-1640 according to
manufacturer’s recommendation (Thermo Fisher Scientific, Massachusetts, USA). Cells
were lysed in 5x pellet volume of lysis buffer (5% sodium dodecyl sulfate, 50 mM Tris,
pH 7.5), sonicated on ice at max power (UP50H Ultrasonic Processor, Hielscher) for 3x
10 s pulses with 30 s pause in between, and clarified by centrifugation at 16,000xg for
10 min. Protein concentration was measured using Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Massachusetts, USA). Equal amount of heavy- and light-
labelled sample pairs were mixed, and an aliquot of 35 pg from each mixed sample was
reduced with 20 mM dithiothreitol (DTT) for 5 min at 95°C before being fractionated
on a 10% SDS-PAGE gel (Bio-Rad). A total of 8 bands were excised from each sample
lane. Sample gel pieces were washed thrice with wash buffer (50% acetonitrile (ACN),
25 mM NH4HCO3) and twice with ACN, and air-dried before incubation with 25 mM
DTT in 50 mM NH4HCOs for 1 h at 56°C and with 50 mM iodoacetamide in 50 mM
NH4HCOs3 for 30 min in the dark. Gel pieces were washed with wash buffer and ACN
as before, and air-dried prior to digestion with 10 ng/uL trypsin (Promega) in 25 mM
NH4HCO:s for 16 h at 37 °C. Peptides were extracted by sonicating the gel pieces in an
ultrasonic water bath for 5 min, in existing digestion buffer then in extraction buffer (5%
formic acid (FA), 50% ACN). Both extracts were pooled, dried in vacuum concentrator

(Labconco) and dissolved in loading buffer (1% FA, 2% ACN).

Samples were subsequently analyzed by tandem mass spectrometry (LC-
MS/MS) using a nanoACQUITY UPLC System (Waters) coupled to an Orbitrap Elite
MS (Thermo Fisher Scientific). Peptides were loaded onto a Symmetry C18 trapping

column, 5 pm, 180 um x 20 mm (Waters) at 8 pL/min for 8 min with 99% Buffer A
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(0.1% formic acid) and 1% Buffer B (0.1% formic acid in acetonitrile), and separated
on ACQUITY UPLC Peptide BEH C18 column, 1.7 um, 75 um % 200 mm (Waters) at
300 nL/min with a gradient of 5-50% B over 100 min and 50-90% B over 10 min. MS
data was acquired in data dependent and CID top 10 mode. Full scan MS spectra from
m/z 350 to 1,600 were performed followed by sequential MS/MS scans of the 10 most
intense peptide ions, with the exclusion of singly charged ions and ions with unassigned
charged state. Normalized collision energy for MS/MS was set at 35 V, minimum signal
threshold at 1,000 ion counts, isolation width at 2 m/z, activation time at 10 ms, and
dynamic exclusion duration at 60 s. Raw MS data files were processed by Proteome
Discoverer 2.2 (Thermo Scientific) with percolator node against UniProt human
proteome database. Mass tolerance was set at 10 ppm for precursor mass and 0.6 Da
for-fragment ion mass, with maximum 2 missed cleavages allowed for full trypsin
digest. Carbamidomethylation modification of cysteine was set as static modification;
SILAC ('3C6) modification of lysine, oxidation of methionine and acetylation of protein
N-terminus were set as variable modifications. Unique and razor peptides were used for
quantification and samples were normalized by Total peptide amount. Proteins were

identified at 1% false discovery rate (FDR) with a minimum of two unique peptides.
2.29 Online repositories, Bioinformatics tools and in-silico tools
2.29.1 cBioPortal

The cBioPortal (https://www.cbioportal.org/) for cancer genomics is online

repository of cancer genomics data which includes molecular profiling data of cancer
tissues and cell lines and genomic features of the corresponding cancer tissues. The
portal can be used to extract graphical summaries of gene-level data from multiple
platforms, network visualization and analysis, survival analysis, patient-centric queries,
and software programmatic access. The cBio Cancer Genomics Portal enables the
retrieval of the mutational landscape of genes in specific or pan cancer studies, which

can be defined by the user themselves.
2.29.2 International Cancer Genome Consortium (ICGC) portal

The ICGC (https://dcc.icge.org/) is a comprehensive and holistic data portal on

information on genomic lesions in different forms of cancer. This multi-institutional

collaborative cancer project employs inter-disciplinary tools and techniques to compile
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a wide range of somatic mutations, including single nucleotide mutations, small
insertions/deletions, copy number alterations, translocations and other chromosomal

structural rearrangements.
2.29.3 Ingenuity Pathway Analysis (IPA)

The IPA software (Ingenuity Systems, www.ingenuity.com) is a bioinformatics

tool to perceive datasets such as RNA-seq and proteomic, in relation to previous
knowledge on signaling mechanism, functions, and relationships. IPA utilizes the
Ingenuity® Knowledge Base, which is an updated repository of biological interactions
and functional annotations created from millions of individually modeled relationships

between proteins, genes, complexes, cells, tissues, drugs, and diseases.
2.29.4 Protein ANalysis THrough Evolutionary Relationships (PANTHER)

The PANTHER Classification System (http://www.pantherdb.org/) is an online

tool to a dataset such as a list of DEGs and predict the functions or influence of these
genes on cellular and biological process. Proteins were categorized into families and

subfamilies of shared function.
2.30 Safety evaluation of epAON using the mouse model

Twenty-five BALB/c mice were housed at the animal house facility, Singapore
Experimental Medicinal Centre, Singapore. Mice were -categorized into five
experimental groups: i) PBS ii) 5 mg/kg NS epAON iii) 25 mg/kg NS epAON iv) 5
mg/kg STAT3 epAON v) 25 mg/kg STAT3 epAON. Mice were administered with
intervention through subcutaneous injection (200 puL) with dose regimen of 2 doses\
week for 2 weeks. The mice were monitored and were sacrificed after 15 days. Blood
was collected at two time points i) before treatment (from venous sinus) and ii) after
sacrifice (cardiac puncture). The organs were collected and frozen in liquid nitrogen.
All experiments were performed according to the National Advisory Committee for
Laboratory Animal Research guidelines (IACUC #2016/SHS/1252). The number of
mice used in experiments were determined by using power analysis. Power analysis

helps to evaluate the sample size necessary to detect an effect of give sample size.
1) sample size (n)

2) effect size ()
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3) significance level (a)= P (Type I error) = probability of finding an effect that is

not there
4) power (B) =1 — P (Type II error) = probability of finding an effect that is there
Given any three, we can determine the fourth.
N = (Zi-w2 - Zp) 2 (61> + 622)/ (n1? - u2?)
2.31 Aspartate Aminotransferase Activity (AST) assay

Evaluation of AST levels in serum was performed using AST assay kit as per
manufacturer’s recommendation (Abcam, Cambridge CB2 0AX, U K). Undiluted
serum (5 pL) was adjusted to volume of 50 pL using AST assay buffer provided in the
kit and were added to 96 well plates. Positive control provided in the kit was used along

with serum samples.

The concentration standards for AST assay were prepared from stock (0.1 M
glutamate pyruvate) provided by the manufacturer (Abcam, Cambridge CB2 0AX, U
K). I mM of glutamate standard was prepared by mixing 10 pL of stock to 990 pL.
Assay buffer as own in Appendix 2, Table A2.16. Colorimetric Reaction Mix (100 uL)
for each assay was formulated in Appendix 2, Table A2.17. Reaction Mix (100 pL)
was added into each well of standard, samples, and positive controls, which were
previously seeded in a 96 well plate. Optical density at 450 nm was measured on a
Cytation 3 micro-plate reader (BioTek, VT, US)in a kinetic mode after 10 min, was

designated as A1 and Aisg, and reading after 60 min, was termed as A2 and A2BG.

The absorbance value of each standard was plotted as a function of the final
concentration of glutamate. The trend line equation was derived based on your standard
curve data. Activity of AST was calculated as AA4sonm = (A2- A28G) - (A1- A1BG).

Amount of glutamate was calculated from Standard of curve of glutamate.
AST Activity = (BA7xV) £, nmol/min/mL = mU/mL

Where: B = Amount of glutamate from glutamate standard curve. AT = reaction
time (min). V = original sample volume added into the reaction well (in mL). D =sample
dilution factor. Unit Definition: One Unit AST = amount of AST which generates 1.0

pumol of glutamate per min at 37 °C.
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2.32 Creatine Kinase (CK) assay

Evaluation of creatine kinase levels in serum collected from mice was performed
as using CK assay kit per manufacturer’s recommendation (Abcam, Cambridge CB2
0AX, U K). Undiluted serum (2 pL) was adjusted to volume of 50 uL using CK assay
buffer provided in the kit and were added to 96 well plate. Positive control provided in

the kit was used along with serum samples.

The standards for CK assay was prepared from 1mM NADH standard as shown
in Appendix 2 Table A2.18. Colorimetric Reaction Mix (100 uL) for each assay was
prepared. Master mix was set to ensure consistency and was formulated as provided in
Appendix 2 Table A2.19. Reaction Mix and background reaction mix was added into
each well of standard, samples and positive controls which were previously seeded in a
96 well plate. Optical density at 450 nm was measured on Cytation 3 micro-plate reader
(BioTek, VT, US) in a kinetic mode after 10 min, every 2 — 3 min, for at least 60 min at
37 °C protected from light.

The absorbance value of each standard was plotted as a function of the final
concentration of NADH. The trend line equation was calculated based on standard curve

data.
CK Activity = (EA7xV) 0, nmol/min/mL =mU/mL

Where: B = Amount of NADH from NADH standard curve. AT = reaction time
(min). V = original sample volume added into the reaction well (in mL). D = sample

dilution factor. Unit Definition: One Unit CK = amount of CK which generates 1.0 umol
of NADH per min at 37 °C.

2.33 Alanine Transferase (ALT) assay

Evaluation of ALT levels in serum was performed using kit per manufacturer’s
recommendation (Abcam, Cambridge CB2 0AX, U K). Undiluted serum (2 pL) was
adjusted to volume of 20 pL using ALT assay buffer and were added to 96 well plates.

Positive control provided in the kit was used along with serum samples.

The standards for ALT assay were prepared from 1 nmol/uL pyruvate standard
as shown in Appendix 2Table A2.20. Colorimetric Reaction Mix (100 pL) for each
assay was formulated as detailed in Appendix 2Table A2.21. Master mix was set to

ensure consistency. Reaction Mix (100 pL) was added into each well of standard,
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samples and positive controls, which were previously seeded in a 96 well plate. Optical
density at 570 nm was measured on a Cytation 3 micro-plate reader (BioTek, VT, US)
in a kinetic mode after 10 min, every 2 — 3 min, for at least 60 min at 37°C protected
from light. The absorbance value of each standard was plotted as a function of the final

concentration of pyruvate. The trend line equation derived based on standard curve data.
ALTActivity = (BA7xV) *D, Unit nmol/min/mL =mU/mL

Where: B = Amount of pyruvate from Pyruvate Standard Curve AT = reaction
time (min). V = original sample volume added into the reaction well (in mL) D = sample
dilution factorALT molecular weight: 54.47 g/mol. Unit Definition: One Unit ALT =

amount of ALT which generates 1.0 umol of Pyruvate per min at 37 °C.
2.34 IgG1 assay

IgG1 assay was performed according to manufacturer’s instruction (Appendix 1Table
A.1.5). A 96 well plate was coated with capture antibody by adding 50 pL of 1X capture
antibody resuspended in coating buffer and was incubated overnight at 4 °C. Next, the
wells were washed 3 times, with 300 puL of washing buffer. The wells were blocked
with 50 puL of blocking buffer and were incubated for 1h at room temperature. Next,
plates were washed and 50 pL of standards/cell culture supernatants/ diluted serum were
added to the wells, followed by the addition of 50 pL of detection antibody, and
incubated for 3 h at room temperature. The plates were washed three times, and the
remaining buffer was soaked by placing the plates on the tissue for 1 min. TMB solution
(50 pL) was added to each well and were then incubated for 20 min. Stop solution (25
uL) was added to each well, and plates were read at ODasonm and ODs70onm using a
Cytation 3 micro-plate reader (BioTek, VT, US). Using the absorbance values of
standards standard curve was plotted. Based on this equation, concentrations of probed

cytokines were determined.
2.35 Tissue processing and sectioning
2.35.1 Fixing and processing

The harvested organs were fixed using 4% formaldehyde and 30% sucrose
solution. In the tissue processor ASP6025 - Automated Vacuum Tissue Processor,
located at level 7 Experimental Medicine Building, NTU, Singapore samples were
processed
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1. Running through 70% ethanol for 1 h.
2. Running through 95% ethanol (95% ethanol/ 5% methanol) for 1 h.
3. Running through 1% absolute ethanol for 1 h.
4. Running through 2"%absolute ethanol for 1.5 h.
5. Running through 3™ absolute ethanol for 1.5 h.
6. Running through 4™ absolute ethanol for 2h.
7. Running through 1%clearing agent (Xylene or substitute) for 1 h.
8. Running through 2™ clearing agent (Xylene or substitute) for 1 h.
9. Running through1*wax (Paraplast X-tra) at 58°C for 1 h.
10. Running through2™ wax (Paraplast X-tra) at 58°C 1 h.
2.35.2 Embedding tissues in paraffin blocks

The tissue embedding in paraffin was performed using Leica HistoCore Arcadia
unit according to manufacturer’s instructions (Harbourfront Centre, Singapore). The
heat block was switched “on” to melt the paraffin 1 h before adding the tissue cassettes.
Processed samples were placed in the cassette and the best mold was chosen based on
the size of the tissue. A margin of at least 2 mm of paraffin surrounding all sides of the
tissue gives best cutting support. Molten paraffin was poured in mold from paraffin
reservoir. Warm forceps were used to transfer tissue into mold, placing cut side down.
Paraffin should solidify in 30 min. When the wax was firmly solid and hardened
(approx. 30 min) the paraffin block was popped out of the mold. If the wax cracks or
the tissues are not aligned well, simply melt them again and start over. Tissue blocks

were stored at room temperature.
2.35.3 Paraffin embedded tissue sectioning

Tissues were sectioned using a microtome. Water bath was turned on and was
set at temperature was 35-37°C. Blocks to be sectioned are placed face down on an ice
block or heat sink for 10 min. Fresh blade was placed on the microtome; Block was
inserted into the microtome chuck, so the wax block faces the blade and was aligned in
the vertical plane. The dial was set to cut 10 uM sections. The blade should be placed

at angle of 5°. If the block is ribboning well then cut another four sections. Forceps or
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fine paintbrushes were used to pick the ribboning sections and were placed on water
bath (37°C) and later transferred to glass slide. Slides can be stored overnight at room

temperature.
2.35.4 Cryosection

Unfixed tissue samples were frozen in Tissue-Tek® optimum cutting
temperature (O.C.T.) (Sakura Finetek USA) in a suitable tissue mold by incubating in -
10 °C. OCT is viscous at room temperature and miscible with water but freezes into
solid support at =20 °C. Freeze the OCT containing the tissue onto the specialized metal
grids that fit onto the Leica CM3050 S Research Cryostat (Harbourfront Centre,
Singapore). The tissues were sliced into 5-15 pm sections thick using mechanized blades
in a cryostat. If necessary, the temperature of the cutting chamber was adjusted £5 °C,
according to the tissue under study. The sections were transferred to the microscope
slide by touching the slide to the sectioned tissue. The slides were fixed and stained for

appropriately for confocal microscopy staining protocol.
2.36 Statistical analysis

For comparison of two groups, p-values were calculated by a two-tailed unpaired
student's t-test. In all cases p <0.05 was considered to be statistically significant.
Statistical analysis was performed with either t-tests (for comparison between two
groups) or one-way ANOVA (for comparison among multiple experimental groups)
using GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA, USA). p-

values < 0.05 were considered significant.
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Chapter 3

Identification of signaling pathway defects in

vorinostat resistant CTCL cells
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3.1 Introduction

Despite significant advances in the treatment of hematolymphoid malignancies,
drug resistance remains a challenging therapeutic problem and a significant cause of
treatment failure. Although molecularly targeted drugs have been successful in the
treatment of hematolymphoid malignancies, these drugs exert selective pressure on
malignant cells resulting in the outgrowth of drug-resistant clones. It is now well-
recognized that the development of drug resistance in cancer is a complex and dynamic
process. However, we are still far from understanding the complexity of molecular

processes in these malignancies.

Conventional chemotherapy agents, such as histone deacetylase HDAC
inhibitors (e.g. vorinostat), are widely used to treat hematolymphoid malignancies,
including T cell lymphomas; however, poor prognosis in some lymphomas e.g. NK/T
cell lymphomas may ensue due to frequent occurrence of multi-drug resistance
(Housman et al., 2014; Vasan et al., 2019). Multiple lines of clinical evidence have
presented vorinostat, an orally bioavailable inhibitor of HDAC, as a popular
chemotherapeutic agent for the management of T cell lymphomas due to its known anti-
neoplastic properties, high potency (ICso in the nano-molar range) and low toxicity
(Marks et al., 2001; Olsen et al., 2007). Vorinostat is a potent inhibitor of enzymatic
activity of histone acetylase Class [ (HDAC1, HDAC2, HDAC3) and Class II (HDAC®6)

at nanomolar concentration range (Marks et al., 2001).

However, despite broad biological effects of vorinostat on lymphoma tumors,
proven success in clinics and FDA approval for the treatment of cutaneous T-cell

lymphoma (CTCL), acquired chemo-resistance remains as a major challenge.

One of the mechanisms by which CTCL cells could become resistant is
constitutively increased phosphorylation of STAT family proteins. For example, a panel
of CTCL cell lines (HuT78, MyLa, MJ) with persistent high endogenous expression and
phosphorylation of STATI, STAT3, and STATS are inherently resistant to vorinostat
(Fantin et al., 2008). Increased expression of antioxidant genes has also been associated
with vorinostat resistance in the multiple myeloma cell line ARP-1 and leukemic
patients (Garcia-Manero et al., 2008; Ungerstedt et al., 2005). Moreover, only a small
proportion of patients with refractory CTCL (approx. 30%) respond to vorinostat

treatment (Duvic et al., 2007; Olsen et al., 2007). These raise an outstanding question
55



of why and how patients develop resistance to vorinostat and what other therapeutic

choices could be used to manage the disease better.

Although resistance to HDAC inhibitors is a frequently encountered problem in
the management of CTCL, molecular mechanisms associated with vorinostat resistance
remains poorly understood. We hypothesized that the development of resistance to

vorinostat in CTCL is a result of acquired defects in pro-apoptotic signaling pathways.
3.2 Objectives

The goal of this chapter was to understand the molecular mechanism of
resistance to vorinostat, which would help to develop better therapeutic strategies to
tackle the disease and to identify predictive biomarkers for response to therapy. The

main objectives were:
3.2.1 To develop a vorinostat resistant CTCL cell culture model (HuT78vr).

3.2.2 To examine genomic and proteomic alterations caused by acquired resistance to

vorinostat in HuT78vr cells.

3.2.3 To determine if altered molecular pathways can be targeted to tackle acquired

vorinostat resistance in HuT78vr cells.
3.3 Results
3.3.1 Development of a vorinostat resistant CTCL cell culture model

The HuT78 cell line, derived from the blood of a patient with Sezary syndrome,
is an established cell culture model of CTCL. Unlike other available hematolymphoid
cancer cell lines, HuT78 has no evidence of infection with human T cell lymphotropic
virus 1 (HTLV-1). Therefore, we choose to use this cell line as a model to gain insights
into the molecular basis of drug resistance in hematolymphoid malignancies. To explore
P glycoprotein (P-gp) independent resistance mechanism in acquired HDAC inhibitor

resistance, we opined to utilize non p-gp substrate such as vorinostat as a drug model.

To develop resistance to vorinostat, parental HuT78 cells were stepwise exposed
to increasing concentrations of vorinostat (dose escalation protocol) ranging from 0.1
uM to 10 uM over a duration of 6 months. A vorinostat-resistant clone of HuT78
maintained in the medium containing 10 uM vorinostat for a prolonged period (>4

weeks) was selected (HuT78vr).
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Resistance factor is defined as the ratio of ICso of drugs in resistant cells to
parental cells. Using the MTS-based cell viability assay, we determined that HuT78vr
cells acquired resistance factor (RF) of 18-fold (ICso 36 pM) compared to the parental
HuT?78 cells (ICso, 2 uM) (Figure 3.1A). The ICso dose of vorinostat for parental HuT78
cells (2 uM)) did not induce apoptosis in HuT78vr cells, as determined by Annexin V/PI

staining of treated cells and subsequent flow-cytometry analysis (Figure 3.1B).

A B HuT78 HuT78,r
] £ 03:01% | | 7x02%
150 - HuT78 £ o o
2 = HuT78,% R
> 100- s ] g o | o
= " &*
= o 2 :
8 * = 1 ’ | *;i |
> s0- -~ ST e
@ * ; —
© . & | 46[+05% 7+05%
0 e e o :(—Ef !
-1 1 2 PR E .
Logq Vorinostat (uM) Q Evf—=
B E .:__r.,"-_ ..as | o :
-4
2,17 . ‘
S0 0 o M W A M & e

Annexin V

Pl

Figure 3.1 Development of vorinostat resistant HuT78vr cell line. (A) Parental HuT78 and
HuT78vr cells were treated with increasing concentrations of vorinostat (ranging from 1 yM to
100 uM) for 24 h. ICso of vorinostat in both cells was determined by MTS-based cell viability
assay and subsequent analysis using the GraphPad Prism software. (B) HuT78 and
HuT78vrcellswere treated with 2 uM vorinostat. After 24 h, apoptosis induction in cells was
quantified by cellular staining with Annexin V\PI and subsequent flow-cytometry analysis. (Mean
+ S.E.M,; ¥, p<0.01.

3.3.2 Phenotypic characterization of HuT78vr

To understand the growth kinetics of resistant cells, we performed MTS assay on HuT78
and HuT78vr in a time-dependent manner. We found that doubling time for HuT78 and
HuT78vris 61.14 h and 62.55 h, respectively (Figure 3.2A). This data suggests that the

proliferative rate of HuT78 and HuT78vr is comparable.

Next questioned whether vorinostat resistance causes morphological changes in
HuT78vr cells. We captured images of HuT78 and HuT78vr cells using EVOS XL Core
Cell Imaging System. HuT78vr cells were polymorphic and comprised of a significant
number of cells with a substantially large size in comparison to HuT78 cells (Figure
3.2B). Cell-by-cell quantification of cell area using ImageJ software revealed that the

average cross-section area of HuT78vr cells were increased by 3-fold in comparison to
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parental HuT78 cells (Figure 3.2C). We observed that approximately 40% of HuT78vr
cells were at least larger than the average size of (212.3 um?) of HuT78 cells. Trypan

blue-based cell counting showed that these large cells are viable.
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Figure 3.2 Morphological analysis of HuT78vr cell population. (A) HuT78 and HuT78vr cells
(5.0x 10*) in 100 uL medium were seeded in triplicates in a 96-well plate. Cells were treated
with MTS reagent at different time points, 0, 24, 48, 72 and 96 hours. Absorbance at 490 nm
was quantified using spectrophotometer. The growth curve was plotted based on absorbance
values using GraphPad prism 8. Data represent three independent experiments. (Mean *
S.E.M; ns, non-significant). (B)Bright-field images of parental HuT78 and HuT78vr cells
captured by EVOS XL Core Cell Imaging system using 20X objective. Ten different fields were
imaged and representative images from three independent experiments are presented. (C)
Cell-by-cell quantification of cell area (cross-section area, yM?) was performed using ImageJ
software. At least ten microscopic fields were scanned, and representative images are shown
Scale bar 50 um and meantS.E.M presented. Each dot represents one cell. (****, p<0.0001.)

3.3.3 Vorinostat resistance in HuT78vr cells is independent of drug efflux

mechanism

Rhodamine 123 (Rh123) is a fluorescent probe and has been used to measure the
efflux activity of P-glycoprotein (P-gp) to determine the multidrug resistance (MDR)
phenotype in cancer cells. Using this molecular probe, we evaluated the drug-expelling
capacity of HuT78vr by flow-cytometry. We found that the Rh123 dye promptly
accumulated in parental HuT78 cells, and almost all cells remained stained, which could
mainly be due to the absence\low abundance of P-gp on these cells. In contrast, only
40% of HuT78vr remained positively stained with the Rh123 dye, suggesting the
presence of P-gp in HuT78vRr, which expelled out the dye from these cells (Figure 3.3A,

B). Several transmembrane transporter proteins, collectively termed as ATP-binding
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cassette transporters (ABC-transporters), are known to regulate drug resistance in tumor
cells (Choi, 2005). Using qRT-PCR analysis, we detected that ABC transporters
ABCBI1 and ABCG2 were significantly upregulated in HuT78vr cells, 3- and 5-fold,
respectively (Figure 3.3C). Notably, expression of the ABCC1 mRNA (Cole, 2014),
prominent transporter responsible for drug efflux, was not affected in HuT78vrcells

(Figure 3.3C).
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Figure 3.3 Vorinostat resistance is independent of the expression of P-gp pumps in HuT78vr
cells. (A, B) HuT78 and HuT78vr cells were incubated in Rh123 containing medium for 4h and
were analyzed by flow-cytometry. Cells stained with Rh123 are detected in FITC channel. (C)
Total RNA was extracted from HuT78 and HuT78vr cells, and mRNA levels of ABCC1, ABCB1
and ABCG2 were evaluated by gqRT-PCR. The graph is representative data from at least three
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independent experiments that were presented (*, p<0.01; ns, non-significant). (D, E) HuT78 and
HuT78vr cells were pre-treated verapamil (5 uM) for 24 h and later incubated medium containing
Rh123 for 4h. Subsequently, cells were analyzed by flow-cytometry. (E) Cells treated with or
without vorinostat were evaluated for cell viability using MTS assay. (Mean + S.E.M; *, p<0.01;
** p<0.001; ns, non-significant).

Induction of MDR gene expression is a classical effect of HDAC inhibitors,
however not all MDR expressing cells are dependent on P-gp for drug resistance (Peart
et al., 2003; Robey et al., 2006; Wang et al., 2016a). To determine whether acquired
vorinostat resistance in HuT78vr is dependent on P-gp, we pre-treated HuT78vrcells
with the P-gp inhibitor verapamil and Rh123 efflux was analysed by flow-cytometry.
As expected, the ability of HuT78vr cells to efflux the Rh123 dye was reversed (50%
reversal) in the presence of verapamil (Figure 3.3D, E). However, the treatment of
HuT78vr with vorinostat in the presence of verapamil did not reduce the viability of
these cells (Figure 3.3F), suggesting that the acquired vorinostat resistance in HuT78vr

cells is independent of the drug efflux mechanism.
3.3.4 Transcriptomic analysis of HuT78vr

To examine changes in gene expression profiles due to acquired resistance to
vorinostat in HuT78vr cells, we performed differential transcriptome analysis by RNA-
seq in parental HuT78 (treated with vorinostat) and HuT78vr cells. Out of total 33,000
genes detected, we identified 5,417 genes which were modulated in HuT78vr using
DESeq?2 [cut-off: False Discovery Rate (FDR) <0.05 and log> fold change >1 or <-1].
We prepared a volcano plot to assess and compare gene expression variation between
HuT78 and HuT78vr cells (Figure 3.4A). Parental HuT78 cells were pre-incubated with
vorinostat for 24 h to exclude the direct effects of the drug treatment. Compared to the
parental HuT78 cells, a total of 1,962 mRNAs exhibited upregulated expression levels
and 3,455 mRNAs exhibited downregulated expression levels in HuT78vr cells,
indicating that these mRNAs might have common roles in facilitating vorinostat
resistance inHuT78vr. The top 50 significantly modulated mRNAs identified from
RNA-seq analysis are listed in Table 3.1.
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Table 3.1 A list of top 50 significantly modulated DEGs in HuT78vrcells

Gene Log; fold FDR value Gene Log; fold FDR value
symbol change symbol change
IGF2BP1 6.354054 0 GBP2 -3.44722 1.42E-134
FBX027 4411328 0 MBNL3 2.909089 2.50E-134
STATI1 -3.0306 1.23E-297 BCL6 -3.30058 2.48E-132
GBP5 -3.48038 1.19E-256 GNL3L 2.270459 2.75E-132
LTB 4.448019 5.57E-241 HDGF 2.156432 2.75E-132
FNI1 -5.08991 8.51E-230 MYOI1E -5.58418 4.06E-129
DHRS2 -4.82667 2.07E-206 ANXALI -2.61947 3.41E-128
SAMD10 4.745468 1.68E-202 LGMN -2.96167 2.62E-127
CTTN 4.156761 5.58E-189 CCRS8 2.878436 1.68E-121
IL27RA 3.141902 1.94E-188 BCL2L1 2.450327 1.29E-120
CHRNAG6 3.557336 1.98E-186 CCDC86 2.191273 2.40E-120
UCAL1 3.227415 3.69E-186 | Cl4orfl132 2.68047 9.52E-117
GPR183 3.464423 3.29E-184 MEPCE 2.634978 1.34E-116
WT1 2.682587 9.45E-175 LPXN 2.453838 491E-116
UTP20 3.027612 8.17E-170 | MTHFDIL 2.117378 2.18E-114
ABCA7 -3.33141 3.40E-165 RCC2 2.104136 3.68E-111
SLC38A5 3.407878 8.33E-165 ANP32B 2.034292 7.86E-109
RBM3 2.409819 7.90E-164 CTPS1 2.565803 5.91E-108
LANCL2 3.527901 4.02E-159 MYOI1B -4.73237 6.74E-108
PTPN7 3.002749 5.51E-158 RCNI1 2.841481 1.13E-102
GTF3C6 3.093105 1.61E-149 | CDK2AP1 2.062885 7.05E-102
SLC43A3 2.759248 2.12E-148 FHDC1 -3.46052 1.73E-101
TPMT -4.57744 1.97E-143 | WBSCRI16 2.627988 1.83E-101
XCL1 3.976171 2.21E-138 | EFCAB4B 2.433225 5.52E-101
ATP6VOAL1 -2.38674 2.49E-136 KCTD12 3.26111 9.58E-101

We performed gene ontology (GO) annotation and enrichment analysis of DEGs
using the curated PANTHER bioinformatics tool (Mi et al., 2019) to determine which
biological processes, cellular components and molecular functions are affected by the

DEGs in HuT78vr cells. In the GO pathway enrichment analysis, the most frequently
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(top 5) predicted functions of aberrant mRNAs were involved in cellular processes,
metabolic processes, biological regulation, localization and multicellular organismal

processes (Figure 3.4B).
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Figure 3.4 RNA-seq and analysis of HuT78vr cells. (A) Total RNA was extracted from
HuT78vr and mRNA expression of genes was analysed using RNA-seq. Using DEseq,
DEGs were identified based on cut off range (False Discovery Rate < 0.05 & log Fold
change >1 or <-1) and volcano plot was Galaxy online tool. (B) DEGs were uploaded
PANTHER gene ontology online tool and Biological process and pathways involved were
displayed. Cellular process and signal transduction involved in HuT78vr were further listed
from the biological process.

Major cellular processes that were altered due to acquired vorinostat resistance
in HuT78vr cells were cellular response to stimulus (34.10%), signal transduction
(31.6%), cellular component organization (26.0%), cellular metabolic process (25.4%)

and cell communication (10.5%) (Figure 3.4B). In particular, several genes involved in

MAPK signaling cascade were identified to be involved in vorinostat resistance.
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Various intracellular signaling such as MAPK cascade (31%), secondary messenger
mediated signaling (30%), small GTPase-mediated signaling (26%), protein kinase B
signaling (8%) and stress activated signaling kinase (5%) were modulated in HuT78vr

cells (Figure 3.4B).

Similarly, the molecular functions modulated in the HuT78vr cells include
binding activity, catalytic activity, transporter activity, transcriptional activity, and
molecular function activity. Transporter activity relates to molecular function, which is
involved in the efflux/influx of macromolecules, small molecules, and ions in cells or
between cells. Interestingly, 95 genes (8.9%), which are involved in transporter activity,

were significantly modulated in HuT78vr cells (Figure 3.4B).

We next performed KEGG pathway analysis using Ingenuity Pathway Analysis
(IPA) to determine which pathways are implicated in vorinostat resistance and better
define the biological functions of significantly dysregulated mRNAs. We identified
DEGs which were variable in parental and resistant cells using DESeq?2 [cut-off range:
FDR <0.05 and log> fold change >1 or <-1] (Figure 3.5A). The top network associated
with differentially expressed mRNAs are implicated in invasive and migratory
properties of tumors (consistency score 11.3) (Figure 3.5B). Altered expression levels
of a panel of DEGs (CDKNIA, CCNDI, MMPY, IFNG, FASLG and VIM) detected in
the IPA regulatory network were confirmed by further evaluating mRNA levels using
qRT-PCR (Figure 3.5C). Data showed that markers of metastasis MMP9 (8-fold) and
VIM (5-fold) were significantly elevated in HuT78vr cells. Interestingly CCND1, one
of the genes involved in drug resistance in various forms of cancer, was also

significantly elevated by 3-fold (Figure 3.5C).

Finally, to confirm the IPA-predicted increase in the invasive behavior of
HuT78vr cells, we performed a Matrigel-based trans-well migration assay. HuT78vr
cells showed significantly high (6-fold) invasiveness in comparison to the parental
HuT78 cells (Figure 3.5D), suggesting that HuT78vr acquired a more aggressive
phenotype than parental cells.
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Figure 3.5 Vorinostat resistant cells are highly invasive. (A) DEGs were uploaded in IPA server
and the core analysis programme was ran, and regulatory effects were predicted. (B) Total
RNA was extracted and evaluated for mRNA levels of vimentin (VIM), Matrix metalloproteinase-
9 (MMP-9), interferon-gamma (IFNG), Fas Ligand TNF(FASL), cyclin D1 (CCND1) and cell-
dependent kinase inhibitor 1 (CDKNA1) was evaluated using qRT-PCR. The graph is
representative data from at least three independent experiments was presented. (¥, p<0.01; ns,
non-significant) (C) HuT78 and HuT78vr cells were suspended in serum-free medium and were
transferred to the upper chamber of the Boyden chamber coated with matrigel (200 pg/mL) and
placed above lower chamber containing human serum (5%) as an attractant. After 16 h, the
membrane was washed, fixed and stained with 1% crystal violet. The images were captured
with EVOS XL core system at 4X magnification. (D) At least 5 microscopic fields were scanned,
and representative images are shown Scale bar 10 ym and data was presented for one field
(Mean + S.E.M; ****, p<0.0001).

3.3.5 Profiling of Differentially Expressed Proteins (DEPs) in HUT78vr

To determine changes in the entire proteome in HuT78vr cells due to acquired
resistance to vorinostat, we performed SILAC (stable isotope labeling of amino acids in
cell culture) based quantitative proteomic analysis. Both parental HuT78 cells and
HuT78vr cells were subjected to SILAC labelling, which were then analyzed by LC/MS
mass-spectrometry. Quantitative proteomic analysis between paired samples prepared
from both forward and reverse staining yielded a total of 3,389 proteins. Of these
proteins, we identified as 371 DEPs in HuT78vr cells of which 200 proteins being

downregulated and 171 overexpressed [cut-off: FDR <0.01, minimum 2 unique peptides
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per protein and Log: fold change >1 or <-1] (Appendix 4, Table A4.1). Top 50
dysregulated DEPs (25 upregulated and 25 downregulated) based on Log> fold change
are listed in Table 3.2.
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Table 3.2 A list of dysregulated 50 DEPs based on fold change.

Gene g-value? Log: Fold Gene g-value Log: Fold
Symbol change Symbol change
MUC1 0 6.64385619 QS0OX2 0 -6.64385619
UNCI119B 0 6.64385619 TRMT11 0 -6.64385619
TUTI 0 6.64385619 WAPL 0 -6.64385619
RTN2 0 6.64385619 CENPV 0 -6.64385619
TPPP 0 6.64385619 PCGF5s 0 -6.64385619
CA2 0 6.64385619 TRAPPC6B 0 -6.64385619
ISG15 0 6.64385619 SLC35F2 0 -6.64385619
PCCA 0 6.64385619 TMEM192 0 -6.64385619
EPHX1 0 6.64385619 PTPMT1 0 -6.64385619
CKB 0 6.64385619 TOPBPI 0 -6.64385619
ENO3 0 6.64385619 HVCNI1 0 -6.64385619
PTMS 0.001 6.64385619 THOC3 0 -6.64385619
MAOA 0 6.64385619 TMEM209 0 -6.64385619
AHR 0 6.64385619 PYMI1 0 -6.64385619
NUDT1 0 6.64385619 CDK19 0 -6.64385619
STXBP1 0 6.64385619 UPF3B 0 -6.64385619
RIPK1 0 6.64385619 NHEJ1 0 -6.64385619
NAB2 0 6.64385619 BRD7 0 -6.64385619
FAMI111B 0 6.64385619 SIRTS 0 -6.64385619
KCTDI12 0 6.64385619 USE1 0 -6.64385619
REEP6 0 6.64385619 ZC3H7B 0 -6.64385619
RPP25 0 6.64385619 ZMYNDS 0 -6.64385619
WDR35 0 6.64385619 GIT1 0 -6.64385619
BLVRB 0 6.102868054 UFC1 0 -6.64385619
ITGALI 0 5.785694396 HEBP2 0 -6.64385619

#g-value is a p-value that has been adjusted for the False Discovery Rate (FDR) and is
used to estimate the FDR, e.g. a g-value threshold of 0.05 yields a FDR of 5% among all

features called significant.
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We next performed GO annotation and enrichment analysis of DEPs identified
in HuT78vr cells with respect to biological functions (Figure 3.6A). The majority of
DEPs have known functions in cellular processes, metabolic processes, biological
regulation, localization, and response to stimuli. DEPs involved in the cellular processes
mainly regulate the metabolic process (42.20%), cellular components (28.9%), cellular
responses to a stimulus (25.20%), signal transduction (19.30%), and cell cycle (11.10%)
(Figure 3.6A). Among major signaling pathways altered in HuT78vr cells include small
GTPase-mediated signaling (45%), stress-activated signaling kinase (22%), intrinsic
apoptotic signaling pathway (11%), second messenger-mediated signaling (11%) and

MAPK cascade (11 %) (Figure 3.6A).

Similar to the observations in RNAseq, we noticed that modulation of
transporter activity in HuT78vr cells. We found that six genes (ATP6VOAI, VATI,
SFXN3, ATP11C, NDUFA4, and SLC7A1), which are involved in transporter activity
were significantly modulated in HUT78vr cells (Figure 3.6A).

We used IPA to understand the directionality of cellular processes. IPA analysis
predicted that the regulatory effect of cell death in HuT78vrwas inhibited through the
down-regulation of pro-apoptotic proteins (consistency score 3.2) (Figure 3.6B).
Caspase-3, a known pro-apoptotic protein, was significantly downregulated in the
regulatory network, suggesting its involvement in the attenuation of cell death signaling.
To verify the observed changes in caspase-3 expression, we performed Western
immunoblot assay. We found that the expression levels of caspase-3 and BID were
significantly reduced by 2- and 0.5-fold in HuT78vr, respectively (Figure 3.5C). It is
important to note that in RNAseq analysis, we did not find any significant decreases in

mRNA expression of caspase 3 and BID.

Protein levels of survivin and BCL-XL were unperturbed in HuT78vr cells.
Overall, these datasets suggest that resistance to vorinostat in HuT78vr cells could be
due to acquired defects in apoptotic machinery, which might have augmented the

survivability of HuT78vr.
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Figure 3.6 SILAC-based quantitative proteomics analysis of HuT78vrcells. (A) Gene ontology
analysis was performed using PANTHER (C) List of the cellular process involved in HUT78vr.
List of signaling transduction involved in HuT78vr. (B) Regulatory networks with high
consistency score were predicted using IPA. (C) HuT78 and HuT78vr cells were lysed, equal
amount proteins were resolved in different gels and subjected to immunoblot assay. Each blot
probed with caspase-3, BID, BCL-XL and Survivin antibodies. These blots were reproved for
GAPDH (loading control). Densitometry values were plotted using image J analysis and
representative data from at least three independent experiments was presented. (Mean +
S.E.M; *, p<0.01; ns, non-significant).
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3.3.6 Integrated analysis of DEPs and DEGs

Mutually inclusive altered genes in DEPs and DEGs were identified using GeneVenn
tool (Figure 3.7A). A correlation graph of gene expression and protein expression of 54
genes, which were common DEGs and DEPs, were plotted using GraphPad Prism. The
basal correlation between genes at transcriptomic and proteomic levels showed an R-

value of 0.56 (Figure 3.7B).

Further bioinformatics analysis of canonical pathways, which were modulated
in DEGs and DEPs identified inhibition of death signaling. It was noted that the protein
kinase A (PKA) signaling, Aryl hydrocarbon (ARH) signaling and ERK (Extracellular-
signal-regulated kinase) signaling were active in HuT78vr cells (Figure 3.7C). We
evaluated the status of various kinases and transcription regulators in the two pools of
genes and found that RAF1 (Rapidly Accelerated Fibrosarcoma) and ERK kinase were
significantly activated (Figure 3.7D). RAF1 is the upstream regulator of ERK signaling,
which is involved in signal transmission from receptors to transcription factors. It
regulates the expression of pro-proliferative and anti-apoptotic genes such as cyclin D1,
Bcl-2. To further understand the intricate interaction of networks of 54 common genes
that were altered in both DEPs and DEGs, we selected the most significant biological
networks based on the IPA score (Figure 3.7E). We found that several molecules,
including LGALSI (Galectin), MUCI (mucin) and CA2 (carbonic anhydrase) involved
in the regulation of active ERK signaling are upregulated in HuT78vr cells (Alam et al.,

2013; Canto de Souza et al., 2017; Hirose et al., 2019).
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Figure 3.7 Integrated analyses of DEGs and DEPs envisaged defective apoptotic signaling. (A)
Genes, which are common in DPE and DEG, were segregated using GeneVenn tool. (B) Fold
change of 54 genes in DPE and DEG were plotted using a correlation graph in GraphPad. (C,
D) Canonical pathways and upstream regulators of DEGs and DEPs were predicted using
comparison analysis tool in IPA. (E) Regulatory network enriched in both DPE and DEG as
displayed in IPA.

3.3.7 ERK signaling is significantly upregulated in HuT78vr

Along with the transmission of the mitogenic signals, protein kinase A (PKA)
signaling and Aryl hydrocarbon (ARH) signaling are transmitted through
ERK\NAKT\mTOR pathways.
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Using Western immunoblot analysis, we confirmed that the phosphorylated
forms of ERK (Thr202 and Tyr204) were significantly upregulated (>3-fold increase)
compared to parental HuT78 cells (Figure 3.8A). Moreover, consistent with the RNA-
seq data, phosphorylated forms of STAT3 (Tyr705 and Ser727) were significantly
downregulated (2-fold reduction) in HuT78vr cells (Figure 3.8B).
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Figure 3.8 Activation of signaling pathways in HuT78vr. HuT78 and HuT78vr cells were lysed
and normalized for equal amounts of proteins using Bradford assay. Six different paired set of
lanes of HuT78 and HuT78vr were resolved on gels ( 3 pairs in one gel each ), transferred on
pVDF membrane and were probed for pERK (T202/Y204), ERK (A), pMTOR (S2488), pMTOR
(B), pAKT (S473), AKT (C), pSTAT3 (Y705), pSTAT3 (S727) and STAT3 (D). Note that
phosphorylated and total forms of proteins were probed on different membrane. Only GAPDH
was re-probed on same membrane (E). Densitometry values were plotted using ImagedJ analysis
and representative data from at least three independent experiments were presented (Mean +
S.E.M; *, p<0.01).

It is important to mention that we detected significant downregulation of
phosphorylated forms of STAT3 in acquired drug resistance model HuT78vr cells. This
was in line with observation of Chakraborty and his group, who showed that romidepsin
resistant cells have low levels of phosphoSTAT3 (Y705) (Chakraborty et al., 2013). On
the contrary, persistent activation of STATI, STAT3, and STATS correlate with

intrinsic resistance to vorinostat. Molecular analysis of skin biopsies from non-
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responder MF/SS CTCL patients from the phase IIb trial of vorinostat, showed
differential activation of STAT1 and STAT3 (Fantin et al., 2008). Similarly, we have
observed that the depletion of STAT3 in HuT78 cells increases sensitivity to vorinostat
(Appendix Figure AS.1). These data reiterate the highly complex role of STAT3 in the
mechanism of vorinostat resistance in CTCL depending on whether resistance is
intrinsic or acquired. We did not detect any significant changes in phosphorylated forms

of AKT and mTOR proteins.
3.3.8 HuT78vr cells are sensitive to ERK inhibitors

To further understand the consequences of ERK-mediated signaling perturbation
in HuT78vr cells, we treated HuT78vr with ERK inhibitors (FR180204 or sorafenib).
We noticed that HuT78vr cells remained sensitive to FR180204 and sorafenib with
Resistance Factor (RF) values 1.2 and 1.9, respectively (Figure 3.9). These results are
consistent with earlier reports demonstrating that the romidepsin-resistant HuT78 cell
line was exquisitely sensitive to MEK inhibitors (Chakraborty et al., 2013). HuT78vr
cells showed cross-resistance to doxorubicin (topoisomerase inhibitor; RF=8), one of
the components of CHOP therapy, which is effective in managing NHL. HuT78vr cells
acquired cross-resistance to other HDAC inhibitors also, such as panobinostat (RF=30),
romidepsin (RF=35) and trichostatin (RF=30) (Fig 3.9). Surprisingly, we found that
resistant cells were sensitive to JAK/STAT inhibitor. It has been previously reported
that these inhibitors downregulate ERK signaling (Horiguchi et al., 2010; Stivala et al.,
2019). This could be a possible explanation for the sensitivity of HuT78vr cells to
JAK/STAT inhibitors.

Ruxotilinib
WP1066 HDAC inhibitor
stattic JAK/STAT inhibitor
Doxorubicin
Sorafenib ERK inhibitor
FR180204 Multi-kinase inhibitor
Trichostatin . o
Panobinostat Topoisomerase inhibitor

Romidepsin

Vorinostat

0 10 20 30

Resistance Factor

Figure 3.9 Effect of kinase inhibitors on the sensitivity of HUT78vr. HuT78vr cells were treated
with ruxotilinib, WP1066, static, doxorubicin, sorafenib, FR180204, trichostatin, panobinostat,
romidepsin or vorinostat for 48 h and cell viability was evaluated using MTS assay.
Representative data from at least three independent experiments were presented (Mean +
S.E.M; *, p<0.01).
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3.4 Discussion

Systemic chemotherapy, mainly R-CHOP, remains the standard first-line
treatment regimen for most NHL patients. In addition, based on encouraging results in
clinical trials and FDA approvals, potent HDAC inhibitors (e.g. romidepsin, vorinostat)
have emerged as important chemotherapeutic regimens for the management of NHLs
and other hematolymphoid malignancies. Unfortunately, malignant cells always
become resistant to drugs leading to relapse and therapeutic failure (Robey et al., 2011).
Limited knowledge of the mechanism of resistance to vorinostat further poses a huge
challenge to its success, mainly as a single agent therapy. Therefore, exploring the
molecular mechanism of vorinostat resistance is of great significance. In this study, we
developed a highly resistant CTCL cell line HuT78vr. We selected the HuT78 cell line
because it is one of the well-studied in vitro models for response and activity of HDAC
inhibitors (Chakraborty et al., 2013; Piekarz et al., 2004). To our knowledge, HuT78vr
is the first isogenic vorinostat resistant model of HuT78. We characterized
morphological and phenotypic changes in HuT78vr and performed multi-omics analysis
to dissect the mechanism of vorinostat resistance in HuT78vr cells. This chapter of my
thesis uncovers several DEGs and DEPs involved in the acquired resistance to vorinostat
in CTCL cells, elucidates the mechanism of resistance and suggests potential molecular

targets with therapeutic implications.

We observed a significant increase in the cell size of HuT78vr. An increase in
size is one of the features found in drug-resistant tumor cells, probably due to the
accumulation of xenobiotic compounds in cellular compartments (Niepel et al., 2017).
P-glycoproteins modulates cell volume through its regulatory effect on chlorine
selective channel. Previous studies have shown that swelling is a common occurrence
in cells with high expression of MDR genes (Sardini et al., 1994; Wang et al., 1998). A
previous study did not report changes in cell size in romidepsin-resistant HuT78 cells

(Piekarz et al., 2004).

HuT78vr cells showed significantly enhanced invasive and migratory
characteristics in comparison to the parental HuT78 cells. Aggressive migratory and
invasive capabilities are known in several other drug-resistant cancer cells (Jeon et al.,
2016; Takata et al., 2015). Another study demonstrated significant upregulation of the
cell adhesion protein LAIR2 in HDAC inhibitor-resistant peripheral blood and skin
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localized T cells from CTCL patients and suggested LAIR2 as one of the potential
prognostic and predictive markers of HDAC inhibitor resistance in CTCL (Andrews et
al., 2019).

In our RNA-seq analysis, DEGs in HuT78vr included the upregulation of the
INSR, IGFIR, MMP-9 and VIM, which was consistent with a previous study on
romidepsin-resistant HuT78 cells that reported upregulation of INSR, IGFIR, MMP-9
and downregulation of PDGFR, NTRK2, TNFSF10 (Chakraborty et al., 2013). The
involvement of these genes in promoting invasiveness reasserts our observation on
enhanced migratory properties of HuT78vr. RNA-seq analysis suggested that massive
revamping of gene expression indicating perturbation of signaling axis regulated by
GTP and MAPK signaling. These modulations in transcriptomic levels further support

the enhanced invasive characteristics of HuT78vr cells.

Role of transporter channels have been extensively studied in drug resistance of
hematolymphoid malignancies such as DLBCL, CTCL, and NKTCL (Yagi et al., 2013;
Yamaguchi et al., 1995). Transporter genes such as ABCC1, ABCBI1, and ABCG2 have
been implicated in resistance drugs in multitudes of cancer, including hematolymphoid
malignancies (Robey et al., 2018). Mode of action of these transporters depends on their
ability to flush out chemotherapeutic drugs from the cells (Sharom, 2008). RNAseq and
SILAC analysis of HuT78vr cells showed that genes involved in transporter activities
were modulated in vorinostat resistant cells. Our results suggest that HuT78vr have
higher drug expulsion capabilities and upregulated P-gp expression. However, the
failure of verapamil in re-sensitizing the HuT78vr cells towards vorinostat indicates that
the mechanism of vorinostat resistance does not involve transporter genes. This
reiterated the findings of Peart et al. group that action of vorinostat is independent of P-
gp expression. The increase in the mRNA levels of P-gp proteins can be attributed to
the class effect on the de-acetylation inhibitors (Peart et al., 2003). This implicates that
role of transporter genes may not be a critical component in vorinostat resistant model

of CTCL.

It has been reported that stable knockout of BID and BIM in lymphoma cells
make them less responsive to the therapeutic effect of vorinostat in in-vivo xenograft
models (Lindemann et al., 2007). Previously, Chakraborty et al. have shown that BIM

expression is significantly downregulated in romidepsin resistant CTCL cells
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(Chakraborty et al., 2013). Inconsistent with these observations, our SILAC-based
protein quantification of HuT78vr and subsequent IPA analysis advocate the defective
cell death signaling machinery in HuT78vr cells as a dominant factor of vorinostat
resistance. Downregulation of caspase 3 and BID was evident in our proteomics

datasets, which implies attenuation of the apoptosis mechanism in HuT78vr cells.

Correlation of genes modulated in DEGs and DEPs in HuT78vr was basal.
However, our data showed that both mRNA and protein levels of certain genes such as
galectin, mucin and carbonic anhydrase were unregulated. Galectin has been implicated
in sorafenib drug resistance in liver cancer as a prognostic marker (Takata et al., 2015).
Previously, mucin and carbonic anhydrase were identified as potential biomarkers in

CTCL (Cengiz et al., 2015; Jain et al., 2015; Thode et al., 2015).

Previously, Chakraborty et al. have shown that ERK signaling is upregulated in
romidepsin resistant HuT78 cells and is involved in downregulation of BIM in resistant
cells (Chakraborty etal, 2015). It has been demonstrated in this study that romidepsin
resistant HuT78 cells exhibit exquisite sensitivity towards ERK inhibitors. It is
important to mention that HuT78 cells harbor activating NRAS®®'® mutation, which
leads to enhanced ERK signaling (Kiessling et al., 2017). The cBioPortal-based search
of NRAS in CTCL and multiple myeloma showed that 14% of 258 samples were
mutated. These mutations were oncogenic in nature and led to the activation of ERK
signaling (Cerami et al., 2012; Gao et al., 2013). The high propensity of ERK activation
due to mutational aberration might lead to vorinostat resistance in CTCL and multiple
myeloma. In summary, we identified the upregulation of the ERK pathway that may
contribute to vorinostat-resistance in HuT78vr cells and may represent an important

target for therapeutic development.

Cross-resistance of HuT78vr towards other HDAC inhibitors (e.g. romidepsin)
was consistent with the observation made by other groups (Chakraborty et al., 2013).
Surprisingly, HuT78vr cells were resistant to doxorubicin; also, a vital component of
CHOP therapy (Coiffier et al., 2002). Doxorubicin resistance may be attributed to an
increase of cyclin D1 in HuT78vr. Cyclin D1 is involved in the migration of drug

resistance in lymphoma cells (Body et al., 2017; Rosenwald et al., 2003).

We have found that HuT78vr cells express low levels of phosphorylated STATS3.

However, the exact role of STAT3 in the acquired drug resistance model remains
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unexplored. Investigating the role of STAT3 in acquired drug resistance will help in

uncovering the pathogenesis of CTCL.

In conclusion, this chapter provides substantial information about molecular
processes involved in vorinostat resistance in hematolymphoid malignancies. These
studies are the first to connect molecular changes in both mRNA and protein expression
to vorinostat resistance in CTCL patient-derived HuT78 cells. In particular, increased
ERK signaling is an important driver for vorinostat resistance, suggesting its utility as
prognostic and predictive markers. Our results also suggest that ERK inhibitors could
be potential candidates for combinatorial therapeutics in vorinostat-resistant
lymphomas. Further studies will be required to define the exact role of ERK in the
pathogenesis and progression MF/SS, as well as its potential as a predictive marker and

therapeutic target in various subsets of hematolymphoid malignancies.
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Chapter 4
DDX3X involvement in hematolymphoid

malignancies

7
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4.1 Introduction

Increasing advances in next-generation sequencing (NGS) and cutting-edge
molecular techniques have provided compelling evidence that hematolymphoid
malignancies are genetically heterogeneous. While several cytogenetic alterations can
predict responses to chemotherapies and good prognosis among patients with
hematologic malignancies, several genetic alterations, including somatic mutations,

have been associated with adverse prognosis and poor survival.

Genetic characterization has helped to define genetic biomarker delineating
specific entities of hematologic malignancies, and many of these alterations have been
included in the 2016 revision of the World Health Organization (WHO) classification
of hematopoietic and lymphoid malignancies (Swerdlow et al., 2016). In 2018, WHO-
EORTC classifications for cutaneous lymphoma were updated (Willemze et al., 2019).
However, there are still several less-defined genetic alterations that have not been linked
to hematologic malignancies. Therefore, those less recognized genetic alterations or
mutations are neither evaluated in standard clinical practice nor examined to check
therapeutic responses. For example, large numbers of genes have been found to be
mutated in Diffused Large B-cell Lymphoma (DLBCL) and Natural Killer T cell
Lymphoma (NKTCL); but, the majority of these genes affect only a minority of cases
(Choi et al., 2015; Mottok et al., 2019; Schmitz et al., 2018). Given the growing number
of somatic alterations being identified in hematologic neoplasms, the examination of a
limited number of genes may not be sufficient to understand the complexity of these
diseases. It is thus imperative to elucidate the biological significance of less-common

mutations.

Recent studies have performed comprehensive genomic analysis of a cohort of
patients with DLBCL, the most commonly diagnosed subtype of Non-Hodgkin's
Lymphomas (NHL), using whole-exome sequencing (WES) and identified frequent
occurrence of mutation in the DEAD-box helicase 3, X-linked (DDX3X) gene (Arthur et
al., 2018; Reddy et al., 2017). DDX3X is an ATP-dependent RNA helicase and plays
an integral role in RNA metabolism (Takahashi et al., 2018). In addition, it displays a
high level of ATPase activity (Epling et al., 2015; Kim and Myong, 2016; Riva and
Maga, 2019)and is involved in multiple cancer-related cellular processes, including

transcriptional regulation (Chao et al., 2006), messenger ribonucleoprotein assembly,
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pre-mRNA splicing (Merz et al., 2007), mRNA export (Lai et al., 2008), translation
(Geissler et al., 2012; Lai et al., 2010; Soto-Rifo and Ohlmann, 2013), cell cycle control
(Schroder, 2010), cell adhesion (Chen et al., 2015) and signal transduction (Soulat et al.,
2008). About 3-5% of DLBCL cases were found to have mutations in the DDX3X
(Arthur et al., 2018; Reddy et al., 2017). Moreover, recurrent loss of function somatic
mutations in DDX3X have been associated with worse prognosis and chemotherapy
resistance in NKTCL and Chronic Lymphoid Leukaemia (CLL) patients (Dufva et al.,
2018; Jiang et al., 2015).

Loss of DDX3X has previously been associated with the upregulation of
tumorigenic signaling of ERK and NF-kB in hematolymphoid malignancies (Jiang et
al., 2015). In chapter 3, we identified a crucial involvement of ERK signaling in
activating resistance to vorinostat in HuT78vr. Moreover, previous reports suggest that
both ERK and STAT3 are actively involved in drug resistance in hematolymphoid
malignancies (Chakraborty et al., 2013; Fantin et al., 2008).

Therefore, it was hypothesized that DDX3X could have a crucial role in the
aggressiveness and drug resistance in DLBCL and NKTCL cells and may also play a
role in cutaneous T-cell Lymphoma (CTCL), a heterogeneous spectrum with different

aggressiveness.
4.2 Objectives

The goal of this chapter was to understand the potential involvement of DDX3X
in hematolymphoid malignancies, with a focus on cells of DLBCL, NKTCL, and CTCL.

Specific objectives were:

4.2.1 To examine the mutational status and expression of DDX3X in hematolymphoid

malignancies.

4.2.2 To determine the molecular effects of DDX3X loss in cells derived from

lymphomas, including CTCL, DLBCL, NKTCL.

4.2.3 To define functional involvements of DDX3X in hematolymphoid

malignancies.
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4.3 Results
4.3.1 Recurrent DDX3X mutations in hematolymphoid malignancies

To perform a general evaluation of DDX3X mutations across hematolymphoid
malignancies, we searched cBioPortal, an online repository of genomic data of cancer
samples (Gao et al., 2013). The available database from 19,584 samples revealed 58
missense and 20 truncating mutations in the DDX3X gene associated with a diverse
range of hematologic cancers. Specifically, DDX3X was mutated in 49 out of 1,343
DLBCL cases (3.6%) (Appendix 4, Table A4.2). A previous study using tissue samples
from 25 Japanese NKTCL patients identified that 3 cases (12%) had mutations in the
DDX3X gene by conventional Sanger sequencing (Dobashi et al., 2016); while another
study in China showed recurrent loss-of-function mutations in DDX3X in 21 out of 105
(20.0%) NKTCL subjects by NGS (Jiang et al., 2015). We could not identify potential
DDX3X mutations in CTCL cases, as relevant data about the presence of DDX3Xsomatic

mutations in CTCL patients was not available in the cBioPortal repository.

Further annotation using the OncoKB tool predicted 15 somatic mutations in the
“helicase ATP-binding” and the “helicase C-terminal” domains (Figure 4.1), the two
main catalytic domains of the DDX3X gene. Of these variants, five mutations
(I214Tfs*7, Q309*, X342 splice, D354G and T369Nfs*14) were found in the helicase
ATP-binding domain and 10 mutations (S410F/T411Pfs*9, T418Sfs*15, S429Kfs*29,
X439 splice, S456Ffs*40, S489*, Y525H, R528H, R534H\C and P568Cfs*5) in the
helicase C-terminal domain (Figure 4.1). Among these 15 mutations, 11 were
truncating mutations (indicated by black dots) and thus expected to cause loss of

function of DDX3X (Figure 4.1).
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Figure 4.1 Mutational landscape of DDX3X. Using cBioPortal and OncoKB, mutations in
the DDX3X gene in lymphoid malignancies were collated. Red arrows point to damaging
DDX3X mutations in the “helicase ATP-binding” domain and in the “helicase C-terminal’
domain identified by whole-exome sequencing of biopsies from DLBCL patients.
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Further analysis using PolyPhen-2, a tool that predicts the impact of an amino-
acid substitution (mutation) on the function of a protein (Adzhubei et al., 2010)
predicted that D354G, Y525H, R528H, and R534H/C missense mutations would have
"probably damaging" consequences on DDX3X functions (Table 4.1).

Table 4.1 PolyPhen-2 scores of missense mutations and their predicted consequences

in hematolymphoid malignancies.

SN. Protein Change HumVar Prediction Score Consequence
1 D354G 0.652 Possibly damaging
2 Y525H 1 Probably damaging
3 R528H 0.96 Probably damaging
4 R534H/C 0.998/ 0.998 Probably damaging

To validate the presence of somatic mutations in lymphoma patients, a
collaboration was established with the clinician Dr. Nicholas Grigoropoulos, Singapore
General Hospital (SGH), Singapore. Dr. Grigoropoulos provided genome sequencing
datasets (WES) of tumor biopsies from 9 different patients with R/R-DLBCL treated
with R-CHOP or similar regimens (8 taken at the time of diagnosis and one at relapse).
Methodologies used in the WES analysis of the above nine patient samples and relevant
ethics statement are provided in the Appendix 4. We identified thatDDX3X was the most
frequently mutated gene in this R/R-DLBCL cohort, with lesions identified in 4 out of
9 cases (44%) (Table 4.2). A total of 5 damaging DDX3X mutations were identified
(PolyPhen-2 score = 1) in the catalytic domains; R296C and V375fs in the “helicase
ATP-binding” domain and R475C/H and R534H in the “helicase C-terminal” domain
(Figure 4.1, indicated by red arrowheads). All the identified DDX3X mutations were
confirmed to be somatic. Of note, R475C/H and R534H mutations have previously been
reported in Burkitt’s lymphoma (BL) (Richter et al., 2012). These results suggest that
DDX3X mutations may be prognostically important in DLBCL and other hematologic

neoplasms, NHLs, and are thus candidate driver lesions in these malignancies.

82



Table 4.2 DDX3X variants identified by WES in 4 out of 9 cases with R/R-DLBCL.

Case | Age/ MYC/BCL2/BC| TP53 DDX3X mutations in DLBCL
ID Sex L6 mutation
translocation | status |Nucleotide | Amino| Domain PolyPhen
status change acid | affected score
change
WES1 | 53/F [M.Y.C. trans W.T. |c.1423C>T | R475C |Helicase C 1
+ve, BCL2 trans -terminal
+ve, BCL6 trans domain
-ve
¢.598T>C | Y200H -- |
WES3 | 59/M [M.Y.C. trans - W.T. |c.1424G>A|R475H |Helicase C 1
ve, BCL2 trans -terminal
+ve, BCL6 trans domain
-ve
WES4 | 52/M M.Y.C. trans R273C |c.1118 111|V375fs| Helicase | Frameshift
+ve, BCL2 trans 9insG *8 ATP
+ve, BCLO6 trans binding
-ve domain
WES7| 55/F MYC trans -ve, WT. ¢.886C>T |R296C | Helicase 1
BCL2 trans -ve, ATP
BCLG6 trans -ve binding
domain
¢.1601G>A | R534H | Helicase C 1
-terminal
domain

Note: DLBCL patient samples were analyzed by Dr. Grigoropoulos, Singapore General

Hospital (SGH), Singapore.

4.3.2 DDX3X mutations are associated with worse clinical outcomes

DLBCL cases in cBioPortal. This analysis revealed that patients with mutant DDX3X
(n=14) had significantly worse median overall survival (OS) (41.13 months) compared
to wild-type (WT) cases (211.07 months, n=209) (Figure 4.2A). Further analysis
showed that the 5-year OS of patients with DDX3X mutations was only 22% compared

We performed Kaplan-Meier analysis based on the available data from 223

to 72% for patients with WTDDX3X. Furthermore, median disease-free survival (DFS)

of DLBCL cases with DDX3X mutations was worse than WT cases (although
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statistically insignificant due to values obtained from a limited number of patients, n=7)
(Figure 4.2B). OS and DFS analysis of patients with other NHL subtypes (CTCL and
NKTCL) carrying DDX3X mutations could not be performed due to a lack of relevant

information in the data repositories.
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Figure 4.2 Genomic lesions in DDX3X cause poor prognosis in patients with DLBCL. Kaplan-
Meier survival analysis of DLBCL patients with mutations in the DDX3X gene showing overall
survival (A) and disease-free survival(B) in comparison to that with DLBCL cases having no
alteration in the DDX3X gene.

4.3.3 DDX3X is abundantly expressed in cultured NHL cells

We analyzed DDX3X protein expression levels in a panel of 9 different cell lines
derived from patients with various NHL subtypes — CTCL (HuT78, HH, MJ, MyLa),
DLBCL (U2392), NKTCL (NKYS, SNK6), and BL (BJAB, Raji).In addition to the
above 9 NHL cell lines, we included an acute T cell leukemia cell line Jurkat and a
chronic myeloid leukemia cell line K562 line as controls since the expression of
DDX3X protein has previously been shown in these two cell types (Arvaniti et al., 2014;
Soto-Rifo and Ohlmann, 2013). Western immunoblot analysis showed variable levels
of DDX3X expression in all the cell lines assessed in this study (Figure 4.3A). This
suggests that changes in DDX3X expression levels may underlie the transformation
from functioning lymphocytes. The discrepancy of increase of the DDX3X expression
in these NHL cell lines remains unclear, but one may argue the possibility of
compensatory responses. Since the expression of DDX3X was abundant in HuT78 cells
and this cell line expresses WT DDX3X (Mondejar et al., 2017), we selected this CTCL
cell line for most of the experiments involving DDX3X knockdown to obtain functional

readouts. Confocal microscopy showed a polarized but punctate staining pattern of
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DDX3X protein expression in HuT78 cells, mainly localizing in the cytoplasm (Figure

4.3B).
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Figure 4.3 DDX3X expression and localization in a panel of cell lines derived from patients with
NHL (A) Cellular lysates (20 ug each) from HuT78, HH, MJ, MyLa, Jurkat, K562, NKYS, SNKG6,
BJAB, U2932 and Raji cells were subjected to Western immunoblot analysis for DDX3X
expression. Cell lysate from human primary T-cells was used as a control. Blots were re-probed
for GAPDH as a loading control. Relative densitometry graphs of DDX3X expression are
presented (mean + SEM, *, p<0.05)(B) HuT78 cells were immuno-stained for DDX3X (red),
actin (green, to visualize cytoplasmic region) and nuclei (blue), and imaged by Zeiss confocal
microscope using 63X oil objective. Representative datasets from at least three independent

experiments are presented.
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4.3.4 DDX3X knockdown in cultured CTCL, NKTCL and DLBCL cells

To mimic the loss of function DDX3X lesions in lymphomas, we knocked-down
DDX3X in a panel of cell lines derived from patients with CTCL (HuT78, MJ, MyLa),
DLBCL (U2392, HBL-1), BL (Raji, BJAB), or NKTCL (NKYS, SNK1, SNK6) using
the siRNA-or shRNA-mediated gene silencing technique. We generated stable DLBCL
cell lines U2932, BJAB, Raji, and HBL-1 expressing doxycycline-inducible DDX3X
shRNA constructs. The qRT-PCR analysis of cells following siRNA-or shRNA-

mediated knockdown showed significant depletion of DDX3X mRNA (> 80%,
depletion) in all the cells analyzed (Figure 4.4A, B).
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Figure 4.4 qRT-PCR analysis of DDX3X-depleted N.H.L. cells. (A) CTCL (HuT78, MJ, MyLa)
and NKTCL (NKYS, SNK1, SNKB6) cells line were nucleofected with DDX3X siRNA/ Mock siRNA
(control) for a period of 72. Total RNA was extracted and evaluated for mMRNA expression of
DDX3X using gqRT-PCR. (B) Doxycycline-inducible DDX3X shRNA constructs expressing
U2932, BJAB, Raji, and HBL-1 cells were incubated with 100 ng/mL doxycycline for 48 h. Total
RNA was extracted and evaluated for mRNA expression of DDX3X using gRT-PCR.
Representative datasets from at least three independent experiments are presented (mean +
SEM). ¥, p<0.05; **, p<0.01.
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Further analysis of siRNA-mediated knockdown cells by Western
immunoblotting. Results on the depletion of DDX3X protein in primary T cells, HuT78,
MJ, and NKYS are provided (Figure 4.5A). The expression of DDX3X was depleted
in DLBCL (U2932, HBL-1) and BL (BJAB, Raji) cells following incubation with
doxycycline for 48h. Western immunoblot analysis of U2932, BJAB, Raji, and HBL-1
cells following doxycycline-induced DDX3X silencing confirmed DDX3X depletion in
these cells (Figure 4.5B).
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Figure 4.5 Western immunoblot analysis of DDX3X-depleted cells of hematolymphoid
malignancies. (A) Cell lysates from DDX3X-depleted primary T-cells, HuT78, NKYS, and MJ
cells were immunoblotted for the evaluation of DDX3X expression and re-probed for GAPDH
as a loading control. (B) Doxycycline-inducible DDX3X shRNA constructs expressing U2932,
BJAB, Raiji, and HBL-1 cells were incubated with 100 ng/mL doxycycline for 48 h. Cell lysates
were immunoblotted for the evaluation of DDX3X expression and re-probed with anti-B-actin as
a loading control. Representative datasets from at least three independent experiments are
presented.

4.3.5 Transcriptomic analysis of DDX3X-depleted lymphoma cells
We performed RNA-seq analysis of DDX3X-depleted HuT78 cells (this Sézary

cell line was chosen as a representative model to study hematolymphoid malignancies)
in comparison to WT and identified 1,682 differentially expressed genes [DEGs](fold
change >2, False Discovery Rate [FDR] <0.05). A volcano plot prepared for the DEG
datasets clearly shows that a substantial number of genes were significantly upregulated

or downregulated in DDX3X-depleted HuT78 cells in comparison to control (Figure
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4.6A). Among the 1,682 DEGs, 922 genes were downregulated, and 760 genes were
upregulated in DDX3X-depleted cells relative to the control group. The top 50-
dysregulated mRNAs from RNA-seq analysis are listed in Table 4.3. GO classification
of the DEGs revealed 38% genes that regulate cellular processes, such as signal
transduction (Figure 4.6B). Other genes that were altered in DDX3X-depleted cells are
known to control metabolic processes (23%), biological regulation (19%) and molecular
localization (13%) (Figure 4.6B). IPA analysis of the RNA-seq datasets showed
enhanced activation of cytokine signaling pathways in DDX3X-depleted CTCL cells

(Figure 4.6C), indicative of increased cell proliferation.
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Figure 4.6 RNA-seq analysis of DDX3X-depleted HuT78 cells. Total RNA was extracted from
WT or DDX3X-depleted HuT78 cells (n=3), and mRNA differential expression of genes was
analyzed using RNA-seq. (A) A volcano plot showing DEGs in DDX3X-depleted HuT78 cells
(fold change Log2>2, FDR <0.05, and p<0.05). (B) DEGs were analyzed using GO (C) DEGs
were analyzed using IPA to predict affected protein networks, and a representative network was
presented.
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Table 4.3 A list of top 50 DEGs in DDX3X-depleted HuT78 cells.

S. N | Gene symbol Log: fold FDR value | S.N Gene Log: fold FDR value
change symbol change

1 DDX3X -2.47166 0 26 CEBPB 1.654593 5.42E-101
2 ASS1 2.934896 0 27 RRM?2 -1.35213 3.55E-98
3 INHBE 3.891941 1.40E-213 | 28 PHGDH 1.572457 2.25E-97
4 TXNIP 1.994021 1.93E-171 | 29 ESRPI 1.765227 3.09E-95
5 SOCS3 3.00113 9.12E-168 | 30 HSPA6 -3.81415 5.78E-95
6 RGSI16 2.152629 3.07E-165 | 31 VEGFA 1.753558 9.73E-95
7 SESN2 2.608481 8.83E-158 | 32 CBX4 1.371657 2.68E-93
8 UBALD?2 1.990409 5.32E-155 |33 SPNS3 1.921787 1.42E-92
9 MALATI -2.30321 6.61E-150 | 34 PLEK 1.534333 1.08E-90
10 CHACI 3.241475 2.21E-147 | 35 HSPAS -1.28545 3.19E-87
11 7SC22D3 1.886946 1.58E-140 | 36 DUSP5 2.79114 1.31E-86
12 LMNA -2.51151 1.85E-138 | 37 RFLNB 1.458262 3.64E-85
13 TRIB3 2.071372 1.24E-131 | 38 S100P 2.755481 5.73E-85
14 AC092368.3 | 1.888136 2.34E-128 | 39 MAPILC3B | 1.468787 3.71E-83
15 SGK1 2.000893 3.35E-128 | 40 NPTXI 1.440262 2.32E-82
16 HOXBY 2.056824 1.88E-126 | 41 PTBPI -1.27102 9.80E-81
17 BBC3 2.677357 491E-124 | 42 JDP2 3.212733 1.60E-80
18 GPT2 2.387823 7.95E-124 | 43 STC2 2.3718 3.05E-78
19 GAB2 2.00873 4.64E-120 | 44 DHRS?2 -4.40207 2.64E-77
20 HSPAIA -1.47062 3.61E-117 | 45 TBLIX 2.021399 3.60E-77
21 ADM?2 2.670839 1.29E-113 | 46 PIMI 1.346113 4.56E-77
22 INSIG1 1.479817 2.54E-113 | 47 SLC43A42 -1.5396 5.66E-75
23 HSPAIB -1.49392 6.18E-112 | 48 UTP20 -1.68077 7.08E-74
24 NEATI -1.85219 1.61E-107 | 49 WIPI1 2.27102 1.72E-73
25 CST7 1.800613 3.23E-105 | 50 CEBPG 1.336653 1.97E-73
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4.3.6 Upregulation of IL-10 in DDX3X-depleted cells of hematolymphoid

malignancies

Since RNA-seq analysis of DDX3X-depleted HuT78 cells and subsequent IPA
showed upregulation of cytokine signaling, we verified the expression levels of
cytokines in DDX3X-depleted HuT78 cells in comparison to controls by qRT-PCR.
Results showed significant upregulation of IL-2, IL-4, and IL-10 mRNA in DDX3X-
depleted HuT78 cells (Figure 4.7A). Further analysis by ELISA confirmed a significant
increase in the secreted levels of IL-10 in DDX3X-depleted HuT78 cells (Figure 4.7B);
however, no significant increase in the secreted levels of IL-2 was observed in DDX3X-
depleted HuT78 cells (Figure 4.7C). We could not detect secreted IL-4 in these cells by
ELISA (data not shown), possibly due to very low basal levels of IL-4, which was
beyond the detection limit of the kit used. DDX3X-depleted U2932 and BJAB cells
showed a more than 2-fold increase in IL-10 mRNA levels (Figure 4.7D, E).

A HuT78 B HUT78 (o4 HUT78
w &7 . = MocksiRNA § £
v ; & " S 80
: . D DDX3XsiRNA B 2000 3 .
< . g 1500 E 60
%4— : § £ 1000 - §:E'40 -
g, ’_‘ £ 8 500 £B
% 5 0 g 0 .
@ o =) N
’ Q o N '@S\P 9 & é@‘\-\} é\QS\
\\;‘L \\/,b« \;-\ A < c}“% rb_ifa = @\i& o+ %+
A\ @O 004'.. \‘@ @\0 0—1-
D U2932 E BJAB
@ * @ *
3 25 3 25 1
—— 2.0
2 P 15
¥ 15 Z 1
S 1.0 g ;g
< 05 2o
= 0.0 - = 00 - S
o o
> e?‘ % 2 &
= & = X &‘
3 & (g.‘\v 5 &\,e r}g-
o Q«\’ +~% r ¢ rb+
+° oF
¥ J

Figure 4.7 DDX3X depletion upregulates cytokine expression in cells of hematolymphoid
malignancies. (A)HuT78 cells nucleofected with DDX3X siRNA for 72 h were quantified by gRT-
PCR. HuT78 cells nucleofected with mock siRNA were used as control. (B) Supernatant media
from HuT78 cells nucleofected with DDX3X siRNA or Mock siRNA (control) were collected after
72 h, and secreted levels of IL-10 were evaluated using ELISA kit.(C) The mRNA levels IL-10
in U2932, and BJAB cells following shRNA-mediated DDX3X knockdown were evaluated using
RT-gPCR. Representative data (mean + SEM) from at least three independent experiments are
presented. **, p<0.001; *, p<0.01; ns, non-significant.
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Further, in silico analysis of DEGs using Database for Annotation, Visualization
and Integrated Discovery (DAVID) (Table 4.5)and Ingenuity Pathway Analysis (IPA)
(Table 4.6)showed that DDX3X depletion increases cytokine-cytokine receptor
interactions and activation of certain transcription regulators such as STAT3 and
NFKBIA. These results suggest that DDX3.X mutations may promote lymphoma growth

by impinging upon several important biological processes.

Table 4.5 Top 10 biological pathways altered in DDX3X depleted HuT78 cells based

on DAVID analysis.

SN. Biological Pathways FDR values
1 Cytokine-cytokine receptor interaction 0.018950459
2 Antigen processing and presentation 0.011091064
3 Hematopoietic cell linecage 0.029780314
4 Allograft rejection 0.024937115
5 Biosynthesis of amino acids 0.041354406
6 Glycine, serine and threonine metabolism 0.115185834
7 Asthma 0.111761789
8 Inflammatory bowel disease (IBD) 0.129008204
9 Jak-STAT signaling pathway 0.153897632
10 Toxoplasmosis 0.200518941

Table 4.6 Top 10 upstream transcriptional regulators altered DDX3X depleted HuT78
cells based on IPA.

SN. Regulators p-values Z-scores
1 ATF4 4.42E-10 4.395
2 STAT4 6.69E-09 2.861
3 STAT3 3.79E-07 3.611
4 EGR2 8.45E-06 2.069
5 TP53 1.09E-05 2.774
6 REL. 2.46E-05 2.257
7 CTNNBI 1.33E-04 2.009
8 NFKBIA 4.13E-04 3.041
9 NFIL3 1.26E-03 2.433
10 NUPRI 2.33E-03 3.452
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4.3.7 DDX3X depletion does not affect cell cycle progression in cells of

hematolymphoid malignancies

We examined the effect of DDX3X depletion on a panel of 4 cell lines (HuT78,
Raji, U293, and BJAB). Flow-cytometry analysis of DDX3X-depleted cells showed no
significant change in the number of cells at G1, S, and G2 stages of the cell cycle in
either of the four NHL cell lines tested in comparison to corresponding controls (Figure
4.8). It is important to note that cell cycle distribution varies in each cell line. In HuT78
and Raji cell lines, the G1 population was 65% and 80%, respectively. Whereas in
U2932 and BJAB, cell lines in the G1 population were 49.7 % and 44.7%, respectively.
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Figure 4.8 DDX3X depletion does not influence the cell cycle of NHL cells. (A, B) HuT78 and
Raji were nucleofected with DDX3X siRNA/ Mock siRNA (control) and were incubated for 48 hr.
These cells were stained with propidium iodide in the presence of RNase and analyzed by flow
cytometry. (C, D) Doxycycline-inducible DDX3X shRNA construct expressing U2932, BJAB,
Raiji, and HBL-1 cells were incubated with 100 ng/mL doxycycline for 48 h. These cells were
stained with propidium iodide in the presence of RNase and analyzed by flow cytometry.

4.3.8 DDX3X depletion enhances proliferation of cells of hematolymphoid

malignancies

Since IPA analysis of DEGs in DDX3X-depleted cells predicted impact on cell
proliferation, we examined the effect of DDX3X knockdown in a panel of NHL cell
lines by MTS-based cell viability assay. We observed significantly increased
proliferation of DDX3X-depletedHuT78, Raji, and SNK1 cells, while the viability of
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MJ, SNK6, NKYS, and healthy primary T-cells remained largely unaffected following
DDX3X knockdown (Figure 4.9A). Similarly, we found that DDX3X depletion causes
increased proliferation of Raji and SNK1 cells, while the viability of MJ, SNK6, NKY'S,
and primary T-cells remained largely unaffected following DDX3Xknockdown (Figure
4.9A). We further observed that DDX3X loss did not cause apoptosis in these NHL cells
(Figure 4.9B).
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Figure 4.9 DDX3X loss enhances the proliferation of NHL cells. (A) Six NHL cell lines (HuT78,
Raiji, SKN1, SNK6, MJ, and NKYS) and primary T-cells were transfected with DDX3X-targeted
siRNA to knockdown DDX3X expression. Non-specific (Mock) siRNA was used as a
transfection control. The effect of DDX3X knockdown on the viability of cells was quantified by
the MTS-based assay. (B) The effect of DDX3X knockdown on apoptosis induction in the above
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cells was determined by Annexin-V/PI labeling and flow cytometry. Data represent the mean +
SEM of at least three independent experiments. ns, not significant; *, p<0.05.

4.3.9 DDX3X depletion enhances the chemotactic and migratory potential of cells

of hematolymphoid malignancies

Results from Boyden chamber trans-well migration experiments showed significantly
increased (>6-fold) migratory potential of DDX3X-depleted HuT78 cells in comparison
to control (Figure 4.10A). We next performed trans-well migration assay using the
xCELLigence RTCA System, which quantifies cell migration in real-time based on
impedance measurements. Data showed significantly increased migration of DDX3X-
depleted HuT78 cells in comparison to control (Figure 4.10B). HuT78 cells exhibit a
typical T cell migration pattern in which cells migrate aggressively in the first 2-3 hours
of LFA1/ICAMI1 stimulation. The invasive potential of DDX3X-depleted HuT78 cells
was also significantly enhanced (>3-fold), as analyzed by a matrigel-based assay
(Figure 4.10C), although we did not observe a significant change in the migratory
behavior of U2932 and BJAB cells (Figure 4.10D, E). These findings suggest that the
effects of DDX3X depletion are cell-type specific.
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Figure 4.10 Effect of DDX3X loss on migration and invasiveness of NHL cells. (A, B) Control
or DDX3X-depleted HuT78 cells were serum-starved and allowed to transmigrate towards 10%
human serum-enriched medium in the trans-well plates for 24 h and analyzed by HCA (A) or
real-time impedance-based measurements (B). Cells were treated with vorinostat as a
migration inhibitory control. (C, D, E) Control or DDX3X-depleted HuT78, U2932, and BJAB
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cells were serum-starved and allowed to transmigrate through matrigel towards 10% human
serum-enriched medium in the trans-well plates for 24 h and cells in the lower chamber were
counted automatically using HCA Data represent the mean + SEM of 3 independent
experiments. ns, not significant; **, p<0.01; *, p<0.05.

4.3.10 DDX3X depletion upregulates vimentin and miR-150 in HuT78 cells

Vimentin is a major cytoskeleton protein component of the intermediate
filament, and its overexpression is a critical prerequisite for metastasis in various tumor
types (Hu et al., 2004). We detected that the expression of vimentin was significantly
upregulated in DDX3X-depleted HuT78 cells (Figure 4.11A). Moreover, microRNA-
150 (miR-150, a known anti-metastatic molecule in advanced lymphomas) was
significantly downregulated in DDX3X-depleted HuT78 cells (Figure 4.11).
Altogether, the above datasets suggest that DDX3X loss can promote proliferation and

invasiveness of lymphoma cells depending upon biological milieu.
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Figure 4.11 DDX3X depletion enhances metastatic markers in HuT78 cells. (A) Control or
DDX3X-depleted HuT78 cells were analyzed for the expression of vimentin using Western
immunoblot. (G) Control or DDX3X-depleted HuT78 cells were analyzed for the expression of
miRNA-150. Data represent the mean + SEM of 3 independent experiments. (ns, not significant;
**, p<0.01; *, p<0.05).

4.3.11 DDX3X loss in cells of hematolymphoid malignancies enhances STAT3

activation

STATS3 is a well-studied oncogene known to be involved in the progression and
severity of several hematological malignancies, including CTCL, DLBCL, and

NKTCL(da Silva Almeida et al., 2015; Song et al., 2018; Verma et al., 2010; Woollard
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et al., 2016). We observed that DDX3X depletion resulted in significantly enhanced
expression of the phosphorylated (Y705) form of STAT3 in NHL cell lines U2932 [3-
fold], SNK6 [3-fold], HuT78 [3-fold], MJ [2-fold] and MyLa [4-fold](Figure 4.12A).
Notably, STAT3 phosphorylation remained unchanged in NKYS cells (Figure 4.12A),
probably because this cell line expresses mutant STAT3 with high levels of baseline
activity. DDX3X expression levels remained unchanged in STAT3-depleted HuT78
cells (Figure 4.12B).
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Figure 4.12 Effect of DDX3X loss on STAT3 phosphorylation in NHL cells. (A) Control or
DDX3X-depleted DLBCL (U2932), NKTCL (SNK, NKYS), and CTCL (HuT78, MJ, MyLa) cells
were lysed. Cellular lysates were analyzed to determine the phosphorylation levels of STAT3
by Western immunoblotting. (B) HuT78 cells were treated with DDX3X siRNA and STAT3
GapmeR. Cell lysates were collected from the cells and probed with STAT3, DDXS3X,
pSTAT3(Y705), and GAPDH (loading control) antibodies. Values in densitometry graphs are
mean + SEM from at least three experiments. (ns, not significant; **, p<0.01; *, p<0.05).

Notably, there was no direct interaction between DDX3X and STAT3 as
analyzed by the co-immunoprecipitation assay (Figure 4.13). These findings suggest
that STAT3 hyper-phosphorylation is a downstream effect of DDX3X lesions.
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Figure 4.13 DDX3X does not physically interact with STAT3. Cell lysates of HUT78 cells were
immuno-precipitated (/P) using anti-DDX3X or IgG (control). Subsequently, the immuno-
precipitates were resolved on SDS-PAGE and immunoblotted with anti-STAT3. Blots were re-
probed with anti-DDX3X as a control. Data represent two independent experiments. **, p
<0.001; *, p<0.01; ns, non-significant.

4.3.12 DDX3X loss enhances MAPK activation in DLBCL and CTCL cells

The MAPK protein family plays an important role in the development and
aggressiveness of hematologic malignancies, and several MAPK-targeted agents are
being investigated as therapeutics (Germann et al., 2017). Our RNA-seq analysis of
DDX3X-depleted HuT78 cells suggested the activation of the MAPK pathway
following DDX3X loss in NHL cells. Using Western immunoblotting, we observed that
DDX3X loss in DLBCL (U2932, Raji) and CTCL (HuT78) cell lines caused
significantly increased phosphorylation of p42/44 MAPK (Figure 4.14A, B). The
upregulation of the p42/44 MAPK pathway has previously been reported in DDX3X-
depleted NKTCL (Jiang et al., 2015).
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Figure 4.14 Effect of DDX3X loss on phosphorylation of p42/44MAPK in DLBCL and CTCL
cells. (A)Control or DDX3X-depleted DLBCL (U2932, Raiji) and (B) CTCL (HuT78) cells were
lysed. Cellular lysates were analyzed to determine the phosphorylation levels of phopsho-
p42/44MAPK (T202/Y204) by Western immunoblotting. Values in densitometry graphs are
mean + SEM from at least three independent experiments (ns, not significant; *, p<0.05).
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4.3.13 DDX3X loss upregulates cyclin D1 expression in cells of hematolymphoid

malignancies without impacting p53 and p21

Overexpression of cyclin D1 is often seen in hematolymphoid malignancies, including
DLBCL (Ok et al., 2014), and has been associated with doxorubicin resistance in gastric
cancer (Chang et al., 2006). Here, we observed significantly increased expression of
cyclin D1 in DDX3X-depleted U2932 (4-fold) and Raji (4.5-fold) cells as analyzed by
qRT-PCR (Figure 4.15A). Further analysis using Western immunoblotting confirmed
3-fold elevation in the protein levels of cyclin D1 in DDX3X-depleted U2932and Raji
cells (Figure 4.15B).

Similarly, we observed that mRNA levels of cyclin D1 are upregulated in
DDX3X depleted HuT78 and SNKI1 cells. We demonstrated using qRT-PCR that
mRNA levels of cyclin D1 upon DDX3X knockdown in HuT78 and SNKI1 cells
increases by 2.5-fold and 2-fold, respectively (Figure 4.15C). Because DDX3X
expression levels have been correlated to levels of the well-known tumor suppressors
p53 (Sun et al.,, 2013) and p21 (Chao et al., 2006), we sought to explore these
relationships in NHL cells. However, we did not detect any significant change in the
expression levels of either p21 or p53 associated with DDX3X loss in HuT78, U2392,
BJAB, HBL-1 and Raji cells (Figure 4.15D, E).
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Figure 4.15 DDX3X depletion enhances expression levels of Cyclin D1cells of hematolymphoid
malignancies. DDX3X shRNA-expressing U2932 and Raji cells were incubated in doxycycline
(100 ng/mL) containing medium for 48 h DDX3X depletion and were lysed. (A) The relative
amount of cyclin D1 mRNA was determined by qRT-PCR. (B) Cell lysates were immunoblotted
and were probed for cyclin D1, DDX3X, and B-actin. Graphs show mean + SEM of at least three
independent experiments; *p<0.05. (C) HuT78 and SNK1 cells nucleofected with DDX3X siRNA
for 72 h were quantified by gRT-PCR. HuT78 cells nucleofected with mock siRNA were used as
control. Representative data (mean + SEM) from at least three independent experiments are
presented. **, p<0.001; *, p<0.01; ns, non-significant. (D) DDX3X-depleted or control HUT78
cells were treated with vorinostat for 24 h, and cell lysates were probed with anti-p21 and anti-
B-actin antibodies. (E) DDX3X-depleted or control U2932, BJAB, HBL-1, and Raiji cells were
lysed, and cell lysates were probed with anti-p53 and anti-p21 antibodies. Blots were re-probed
with anti-B-actin as a loading control and presented. Data represent at least three independent
experiments.

4.3.14 DDX3X depletion increases drug resistance in cells of hematolymphoid

malignancies

Doxorubicin is widely used in the treatment of aggressive B-cell lymphoma
(Pfreundschuh et al., 2006). We, therefore, investigated whether the poor prognosis of
DLBCL patients with DDX3X mutations may be due to increased doxorubicin
resistance. DDX3X-depleted DLBCL cell lines (U2932 ad BJAB) were indeed found to
have a significantly higher ICso to doxorubicin (Figure 4.16A).
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To test whether the poor prognosis of NHL patients with DDX3X loss-of-
function mutations may be due to increased drug resistance, we treated DDX3X-
depleted HuT78, SNK1, U2932 and BJAB cells with a panel of commonly used
chemotherapeutic agents - HDAC inhibitors [vorinostat, panobinostat, trichostatin, and
romidepsin] (Zhang et al., 2019), STAT3 inhibitors [stattic and WP1066] (Schust et al.,
2006) and doxorubicin (Pfreundschuh et al., 2006). DDX3X loss caused significant
resistance to HDAC inhibitors in HuT78 and SNK1 cells and to doxorubicin in U2932
and BJAB cells (Figure 4.16B). Apoptosis-inducing effect of vorinostat was
significantly less in DDX3X-depleted HuT78 cells in comparison to WT HuT78 cells
(Figure 4.16B). We noticed that levels of apoptosis markers such as cleaved caspase-3
and cleaved PARP were significantly downregulated upon depletion of DDX3X
(Figure 4.16C). Most importantly, DDX3X-depleted N.H.L. cells remained sensitive to
pharmacological STAT3 inhibition (Figure 4.16B). These results strongly suggest that
DDX3X mutations cause true chemo-resistance and worse survival, rather than simply

being surrogate markers in NHLs.
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Figure 4.16 DDX3X loss induces resistance to chemotherapeutic agents in hematolymphoid
cancer cells in vitro. (A) Doxycycline-inducible shRNA-mediated DDX3X-depleted U2932 and
BJAB cells were seeded into 96-well plates (6000 cells/well). After 24 h, cells were treated with
0.001, 0.01, 0.1, 1, 10 and 100 uM doxorubicin for additional 72 h. Cell viability was evaluated
using MTS assay, and the log (doxorubicin) vs. normalized response curve derived from 4
independent experiments were plotted using GraphPad Prism.(B) DDX3X-depleted HuT78,
SKN1, U2932, and BJAB cells were incubated with ICso concentrations (based on WT cells) of
vorinostat, panobinostat, trichostatin, romidepsin, stattic, WP1066, or doxorubicin for 48 h. Cell
viability was analyzed by the MTS-based assay and the data was converted into color-coded
heat-map. Representative data from at least three independent experiments are presented. *,
p<0.05; **, p<0.01; ns, non-significant.(C) Cellular lysates from control or DDX3X-depleted
Hut78 cells following vorinostat treatment were analyzed by Western immunoblotting for the
expression of DDX3X, cleaved-PARP and cleaved-caspase 3.Blots were re-probed with anti-
GAPDH as a loading control. Relative densitometry graphs (meantS.E.M) of Western
immunoblots obtained from at least two independent experiments were presented. ****
p<0.001.

4.4 Discussion

In the current study, we provide several lines of evidence that DDX3X loss in
NHL cells exacerbates malignant phenotypes. First, we demonstrate a high prevalence

of DDX3X mutations in a cohort of patients with R/R-DLBCL and that such mutations
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are associated with worse overall survival in DLBCL. Second, DDX3X-depleted cells
exhibit enhanced migratory and chemotactic phenotypes. Third, DDX3X loss enhances
the phosphorylation of STAT3 and p44/42 MAPK and upregulates the expression of
cyclin D1. Finally, DDX3X-depleted CTCL and DLBCL cells are refractory to HDAC
inhibitors and doxorubicin, respectively, and yet remain sensitive to STAT3 targeting
agents. Collectively, these findings highlight a critical role of DDX3X loss in the

progression and chemo-resistance in, some if not all, hematolymphoid malignancies.

Genomic lesions in DDX3X have been detected earlier in various forms of
hematologic malignancies, including NKTCL (Jiang et al., 2015; Koo et al., 2012),
DLBCL (de Miranda et al., 2014; Gunawardana et al., 2014; Mareschal et al., 2016;
Morin et al., 2016), hairy cell leukemia (Waterfall et al., 2014), CLL (Quesada et al.,
2011), acute lymphoblastic leukemia (ALL) (Zhang et al., 2016) and Burkitt lymphoma
(Richter et al., 2012); but, the clinical significance of these lesions was unclear in most
cases. Our novel observation of a worse OS in DLBCL patients with mutant DDX3X is
consistent with the considerably higher prevalence of these lesions in our R/R-DLBCL
cohort (44%) compared to that of published unselected cohorts (5-7%) (de Miranda et
al., 2014; Reddy et al., 2017). Moreover, our observations are consistent with the
adverse prognostic impact of DDX3X mutations reported in NKTCL (Jiang et al., 2015)
as well as the association with chemo-resistance observed by earlier investigators in

CLL (Ojha et al., 2015).

Following on from our clinical findings, we sought to elucidate how DDX3X
mutations may contribute to the malignant lymphoma phenotype. The DDX3 gene has
two variants, DDX3X and DDX3Y, which share more than 90% sequence similarity.
Mutational analysis using cBioPortal and OncoKB showed critical functional
importance of the DDX3X variant compared to DDX3Y, as the X variant is frequently
mutated; whereas, the Y variant is not (mutational data on the DDX3Y variant is
provided in Appendix 5, FigureAS5.2). This is consistent with the observation that
DDX3X expression is ubiquitous, whereas DDX3Y expression is restricted to the testis
(Gueler et al., 2012). In cervical, breast, and hepatocellular carcinoma models, DDX3X
has been consistently implicated in cell cycle regulation through alterations in the G1/S
cell cycle checkpoint and cell proliferation (Chang et al., 2006). In a study specific to
NKTCL pathogenesis, mutated DDX3X resulted in premature entry into the S phase as
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the inhibitory control by DDX3X was lost (Jiang et al., 2015). This has been attributed
to DDX3X participation in the translational control of cell cycle regulatory factors (Lai

et al., 2010).

We have demonstrated an upregulation of a repertoire of cytokines, including
IL-2, IL-4, and IL-10 in DDX3X-depleted cells, which may mediate cancer
aggressiveness. High expression of IL-10 has been associated with worse prognosis and
identified by several studies to play crucial roles in the proliferation and migration in
hematological cancers (Wang et al., 2016b; Zhao et al., 2015). Moreover, a high level
of IL-4 expressed by follicular helper T-cells (Trn) acts as a tumorigenic factor in

follicular lymphoma (Pangault et al., 2010; Rawal et al., 2013).

Micro-RNAs (miRNAs) are a class of small RNA molecules that play crucial
regulatory roles in tumor development by binding with the 3’-untranslated region (UTR)
of target mRNAs and repressing their translation (Croce, 2009; Esquela-Kerscher and
Slack, 2006). For example, low expression of miR-150 has been reported in DLBCL
(Mazan-Mamczarz and Gartenhaus, 2013) as well as NKTCL and other T-cell
lymphomas (Ballabio et al., 2010; Watanabe et al., 2011). Moreover, loss of DDX3X
has had a profound effect on the miRNA profile of leukemic cells, suggesting an
important role in miRNA biosynthesis (Zhao et al., 2016). We extend these observations
by noting a reduction of miR-150 in DDX3X-depleted lymphoma cells. The expression
of miR-150 is downregulated by c-Myc (Chang et al., 2008) and the downregulation of
miR-150 can trigger telomerase activation by the upregulation of AKT2, which is a pro-
survival serine/threonine kinase known to be overexpressed in B-cell lymphoma. In
turn, AKT2 overexpression is associated with increased invasion and metastasis
(Arboleda et al., 2003; Xu et al., 2004). Consequently, the downregulation of miR-150
by loss of DDX3X may be another mechanism by which DDX3X mutations promote a

malignant phenotype in lymphoma.

Chemo-resistance is a critical problem in the treatment of lymphoma, and
several studies have shown an association between DDX3X loss of function and adverse
prognosis of NKTCL and CLL (Riva and Maga, 2019; Takahashi et al., 2018). In our
study, DDX3X loss was sufficient to induce resistance to multiple chemotherapeutics,
including the commonly used topoisomerase II inhibitor doxorubicin as well as several

epigenetic modifying agents. Moreover, DDX3X loss had a profound influence on the
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transcript pool, and induced pro-tumorigenic pathways in lymphoma cells, reaffirming
its role as a tumor suppressor gene in this cancer type. Based on our data, DDX3X loss
results in the up-regulation of the STAT3 and MAPK pathways, which are known to
inhibit apoptosis and decrease response to cytotoxic agents (Liang et al., 2019; Salas et
al., 2014). These pathways are thus likely to be key mediators of the tumorigenic effects
of DDX3X mutations in lymphoma.

Increased Wnt signaling has been associated with DDX3X mutations in
medulloblastoma (Jones et al., 2012; Pugh et al., 2012; Robinson et al., 2012). However,
we did not observe increased Wnt signaling upon DDX3X depletion in other assays
(Appendix 5, FigureAS.3), suggesting that DDX3X mutations can promote lymphoma
development through increased activation of the STAT3/MAPK pathway rather than
through increased Wnt signaling. Importantly, frameshift and nonsense mutations were
not reported in the medulloblastoma studies but were frequently observed in DLBCL,
suggesting different mechanisms of action of DDX3X lesions between the two cancer
types. Wnt inhibitors would, therefore, probably not be a reasonable therapeutic choice
for lymphoma patients with these mutations. However, we showed that DDX3X-
depleted lymphoma cells retain their sensitivity to STAT3 inhibition. STAT3 inhibitors
are currently in early phase clinical trials in breast cancer (Qin et al., 2019b) and would,
therefore, be a rational novel drug class to trial in lymphoma patients with DDX3X

mutations.

In conclusion, the results presented in this chapter of the thesis indicate that loss
of function mutations in DDX3X are important molecular determinants of disease
aggressiveness and treatment response in certain hematolymphoid malignancies.
Moreover, the downstream effects of these lesions are likely complex and not limited to
a single process or pathway. Further studies are needed in order to gain a complete
understanding of the consequences of DDX3X loss in hematolymphoid malignancies.
These data will help improve the risk stratification of lymphoma patients and may

identify new therapeutic options for a subgroup with poor prognosis.
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Chapter 5
Targeting defective STAT3 signaling in

hematolymphoid malignancies
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5.1 Introduction

Signal transducer and activator of transcription 3 (STAT3) is a member of the
STAT family transcription factors known to mediate a plethora of cellular responses to
a variety of cytokines and growth factors (Yu and Jove, 2004). Aberrant STAT3
activities underpin the majority of human cancers, including hematolymphoid
malignancies, and the prevalence of excessive STAT3 activities has been associated

with poor patient prognosis (Song et al., 2018; Zhu et al., 2019).

Emerging evidence from previous and ongoing research has expanded our
understanding of STAT3 and STAT3-mediated pathways in cancer(Johnston and
Grandis, 2011; Wake and Watson, 2015). Several clinical trials using STAT3-targeted
therapeutics are currently ongoing with encouraging outcomes(Wong et al., 2017; Yang
et al., 2019). The original findings reported in Chapters 3 and 4 of this thesis and our
previous publication “Oncogenic activation of the STAT3 pathway drives PD-LI
expression in natural killer/T-cell ymphoma, Blood, 2018", clearly establish a key role
of STAT3 in chemoresistance, aggressive phenotypes, and invasive potential of

hematolymphoid malignancies.

The use of antisense oligonucleotide molecules is one of the strategies to inhibit
the activity of STAT3. However, the triumph of antisense oligonucleotide-mediated
gene silencing in lymphoma cells has been impeded due to the suboptimal delivery of
oligonucleotides into cells (Yin et al., 2006). Huge loss of cell viability associated with
electroporation and nucleofection based delivery methods often dampens the yield of
the experiments (Mantei et al., 2008). The use of other delivery vehicles like viral,
cationic lipids, and peptides can cause significant cytotoxicity by nonspecific induction
of signaling pathways in these cancer cells derived from the hematopoietic lineage (Peer

etal., 2007).

Given the existing constraints regarding modulation of genes by silencing in
'hard to transfect' lymphoma cells, it is requisite to explore an alternate approach in these
cells. The locked nucleic acid (LNA)-conjugated chimeric single-strand antisense
oligonucleotide, called "GapmeR", is an emerging new class of molecules, which can
knock down a target gene of interest with precise specificity through the post-

transcriptional gene silencing.
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5.2. Objectives

Considering that there is an unmet medical need for innovative therapeutic
strategies, the development of novel STAT3-targeted inhibitors is urgently needed.
Therefore, the goal of this chapter was to develop a novel approach to target defective
STAT3 signaling in hematolymphoid malignant cells. The three specific objectives

were:
5.2.1 To verify STAT3 involvement in hematolymphoid malignancies.

5.2.2 To design a novel gene silencer for inhibiting STAT3 and validate its cellular

uptake and targeting efficiency.

5.2.3 To analyze the efficacy of STAT3 gene silencers in inducing apoptosis in cultured

lymphoma cells.
5.3 Results
5.3.1 STAT3 is constitutively activated in cells of lymphoid neoplasms

In Chapter 4, we have demonstrated that DDX3X loss in hematolymphoid cells
upregulates STAT3 activation. Here, we examined the expression and activation of
STAT3 in a panel of 6 different cell lines derived from patients with various subtypes
of hematolymphoid neoplasms — HuT78, MJ and MyLa derived from patients with
cutaneous T-cell lymphoma (CTCL) and NKYS, SNK1 and SNK6 derived from
patients with NK-T-cell lymphoma (NKTCL). Both the phosphorylation (Y705) and
expression of STAT3 in these cells were compared with human primary T cells derived

from healthy volunteers (used here as a control).

Cells of hematolymphoid neoplasms express variable levels of STAT3 and its
phosphorylated form (Y705) (Figure 5.1 A, B). It was evident from the graph that
CTCL cell lines such as HUT78, MJ, and MyLa, displayed higher levels of
phosphorylation of STAT3 compared to primary T cells. It has been previously reported
that HuT78, MJ, and MyLa cells harbor JAK mutations, which causes persistent
activation of STAT3 (Mondejar et al., 2017). Similarly, NKTCL cell lines (NKYS and
SNK6) showed elevated levels of phosphorylation of STAT3, whereas SNK1 cells
displayed low levels of STAT3 as well as pSTAT3 (Y705). NKYS and SNK6 possess
a mutant variant of STAT3, which are constitutively active whereas SNK1 has wildtype

STATS3 (Kucuk et al., 2015).
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Figure 5.1 Variable levels of phosphorylated STAT3 (Y705) in hematolymphoid malignant cell
lines. Cellular lysates from various lymphoid neoplasm, including CTCL (HuT78, MJ and MyLa)
and NKTCL (NKYS, SNK1, and SNKG6), were immunoblotted and probed with anti STAT3, anti
pSTAT3 (Y705) and GAPDH (loading control) antibodies. Cell lysate from human primary T-
cells was used as a control. Representative densitometry graphs from three independent
experiments were presented (Mean + SEM; ns, non-significant; *, p<0.05).

5.3.2 Somatic alterations in STAT3 are prevalent in hematolymphoid malignancies

Deep-targeted capture sequencing and analysis of DNA samples obtained from
171 cases with various lymphoma subtypes [101 tumor tissues and 8 cell lines from
NKTCL, 8 tumor tissues and 1 cell line from CTCL, 27 tumor tissues from Anaplastic
Large Cell Lymphoma (ALC L) and 26 tumor tissues from Peripheral T Cell Lymphoma
(PTCL)] by the collaborators at the National Cancer Centre Singapore (NCCS)
identified genomic lesions in the STAT3 gene. Detailed analysis and results have been
published in the Blood, 2018. Data clearly demonstrated that genomic lesions in the
STAT3 gene are prevalent across all subtypes (78% in NKTCL, 67% in ALCL, 54% in
PTCL, and 33% in CTCL). Using in silico analysis, we identified several mutations in
STAT3, including four novel mutations (p.D427H, p.E616G, p.E616K, and p.E696K),
which would have a deleterious effect on the progression on hematolymphoid

malignancies (Appendix 4, Table A4.3; Figure5.2).
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Figure 5.2 STAT3 is frequently mutated in hematolymphoid malignancies. Locations of the
novel, functionally validated, and hotspot mutations in STAT3 gene in lymphoid neoplasms.

5.3.3 Aberrant STAT3 activation drives PD-L1 expression in hematolymphoid

malignancies

The programmed death-ligand 1 (PD-L1) is a transmembrane protein
overexpressed on the surface of malignant cells and plays a major role in tumor evasion
from the host immune system (Tseng et al., 2001; Zitvogel and Kroemer, 2012). Several
clinical trials and FDA approvals of PD-L1 blocking drugs have established PD-L1 as
an important target in cancer, including hematolymphoid malignancies (Kwong et al.,

2017; Lai et al., 2017).

The collaborative work with the NCCS research group was extended to
determine the functional implications of the identified four mutations and Ba/F3 cells
expressing mutant variants of the STAT3 (p.D427H, p.E616G, p.E616K, and p.E696K)
were generated. Western immunoblot data clearly showed that the expression of STAT3
mutant variants causes auto-phosphorylation of STAT3 (Y705), even in the absence of
stimulation via IL-3 (Figure 5.3A). Most importantly, NKTCL cell lines with inherent
STAT3 mutations (SNTS8, SNK6, NKYS) resulting in STAT3 hyper-activation showed
upregulation of PD-L1 expression, as analyzed by Western immunoblotting (Figure
5.3B) as well as qRT-PCR (Figure 5.3C). Furthermore, expression of STAT3-p.E616K
and STAT3-p.E616G mutated forms in NKSI cells significantly increased PD-L1
protein (Figure 5.3D) and PD-L1 mRNA levels (Figure 5.3E).
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Figure 5.3 STAT3 activation is positively correlated with PD-L1 expression. (A) Novel STAT3
mutations cause constitutive STAT3 activity and correlate with PD-L1 expression. (A) Cell
lysates were collected from IL-3 treated Ba/F3 cells expressing empty vector, and STAT3
mutants and probed with anti STAT3 and pSTAT3 (705) antibody using immunoblot assay. [*,
p< .05 compared with STAT3 (-IL3); #, p< .05 compared with STAT3 (+IL-3)]. (B) Cell lysates
from NKTCL cell lines (NKS1, KAI3, SNK1, NK92, KHYG1, SNT8, SNK6, and NKYS) were
collected and immunoblotted with anti STAT3 and pSTAT3 (705) antibody, total STAT3, and
PD-L1. (C) Total mRNA was extracted from NKTCL cell lines, and qRT-PCR was performed
with CHMPA2 as control. (D) Cell lysates were collected from NK-S1 cells expressing
STAT3WT, p.E616K, and p.E616G vectors and immunoblotted for anti pPSTAT3 and total STAT3
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antibody. (E) PD-L1 mRNA in these cells was evaluated qRT-PCR. Relative densitometry and
ir‘rlRpl\i/E\)fOolc)l change graphs from three independent experiments were presented (mean + SEM,

However, to establish a direct relationship between STAT3 and PD-L1, it is
necessary to knockdown STAT3 in lymphoma cells and evaluates its effect on PD-L1
expression. One of the challenging endeavours was to deplete the expression of STAT3
efficiently in 'hard to transfect' lymphoma cells and to examine the effect of STAT3
knockdown on PD-L1 expression. Therefore, we optimized "GapmeR"-mediated gene-
silencing technique and evaluated the impact of STAT3 knockdown on PD-LI1
appearance. We further developed a novel epAON gene silencer (end-protected
antisense oligonucleotide) and assessed its efficacy for potential therapeutic

applications.
5.3.4 GapmeR molecules self-internalize into HuT78 cells

We have published the findings presented here as part of the results in the Nature
Scientific Reports, 2018 entitled “GapmeR cellular internalization by macropinocytosis
induces sequence-specific gene silencing in human primary T-cells”. In this paper, we
have established GapmeR as a self-permeating molecule, which can silence efficiently
genes of interest in both human primary T lymphocytes as well as lymphoma cells with

high specificity, i.e., no off-target effect.

To examine the cellular uptake of GapmeR in the CTCL cell line HuT78, we
added increasing concentrations of FAM-labelled non-targeting GapmeR (10 nM,
50 nM, 100 nM, 250 nM or 500 nM) in the cell culture medium. After 24 h of incubation,
GapmeR cellular uptake was analyzed by flow cytometry. Data clearly showed dose-
dependent cellular internalization of GapmeR through direct uptake "gymnosis".
Almost all the cells (99+0.4%) were transfected with 500 nM FAM-GapmeR in 24 h
(Figure 5.4A). Similar results on cellular uptake of FAM-GapmeR were obtained when
GapmeR molecules were delivered to cells by standard nucleofection protocol (Figure
5.4B). We further compared the transfection efficiency of GapmeR (500 nM) using
gymnosis and nucleofection protocols at multiple time points (6 h, 24 h, 48 h or 72 h).
Comparable amounts of GapmeR cellular uptake was evident upon transfection either
through gymnosis or through nucleofection (Figure 5.4C). To assess the potential
cytotoxicity of GapmeR molecules, we incubated HuT78 cells or human primary T cells

isolated from healthy donors in GapmeR containing media for 24 h. There was no
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appreciable loss in cell viability due to the incubation of primary T cells with even with
a higher concentration of GampeR (1 uM non-targeting GapmeR treated by gymnosis).
However, nucleofection procedure caused significant loss in cell viability (Figure 5.4
D).
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Figure 5.4 Cellular internalization of GapmeR in HuT78 T-cells delivered through gymnosis or
nucleofection. (A) HuT78 cells were incubated with 10 nM, 50 nM, 100 nM, 250 nM or 500 nM
FAM-GapmeR to allow gymnosis or transfected through nucleofection (B). After 48 h, GapmeR
uptake in cells was examined based on the detection of fluorescence intensity at FITC channel
by flow-cytometry. (C) HuT78 cells were transfected with 500 nM FAM-GapmeR by gymnosis
or nucleofection for 6 h, 24 h, 48 h or 72 h and cells analyzed by flow cytometry for the uptake
of GapmeR. (D) HuT78 cells were incubated or nucleofected with NS-GapmeR, and cell viability
was evaluated after 48 hours using MTS assay. Representative cell viability graphs from three
independent experiments were presented (Mean + SEM; ns, non-significant; *, p<0.05).

To examine further for cellular internalization of GapmeR, we performed
confocal microscopy of FAM-GapmeR-treated HuT78 cells. Confocal microscopic
images of HuT78 cells incubated with 500 nM FAM-GapmeR for 48 h showed
GapmeR localization in the cytoplasm as well as in the nucleus (Figure 5.5A). High
Content Analysis (HCA) of HuT78 cells showed a time-dependent increase in the
internalization of GapmeR in both cytoplasms as well as the nucleus (Figure 5.5B).

Similar results on the cellular uptake of FAM-GapmeR were obtained with other
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cell-types, including human primary T lymphocytes (published Nature Scientific
Reports, 2018), primary human dermal fibroblasts, lung epithelial carcinoma cell
line A549 and hepatocellular carcinoma cell line HepG2, as visualized by confocal

microscopy (Figure 5.5C).
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Figure 5.5 Transfection of GapmeR in HuT78 and adherent cancer cells. (A) HuT78 cells were
treated with nonspecific FAM-GapmeR (500 nM) for 48 h and were fixed and counterstained
with phalloidin-rhodamine and Hoechst. Cellular localization of GapmeR was analyzed by
confocal microscopy using 63X oil objective. At least 20 microscopic fields were scanned, and
representative images were shown. (B) Cellular localization of FAM-GapmeR (500nm) delivered
through gymnosis for the various time period (6 h, 24 h, 48 h, 72 h, and 96 h) was quantified by
High Content Analysis and presented. (C) Adherent cell lines (hDF, A549, and HepG2) were
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incubated with FAM-GapmeR (500nM) for 48 hr and stained with counterstained with phalloidin-
rhodamine and Hoechst. Cellular localization of GapmeR was analysed by confocal microscopy
using 40X oil objective. At least 20 microscopic fields were scanned, and representative images
were shown. Scale bar 10 ym. Z-sections (YZ) were shown beside each image. The relative
fluorescence unit of nuclear intensity and cell intensity of FAM-GapmeR from three independent
experiments were presented (mean + SEM, **, p<0.01).

5.3.5 GapmeR molecules are non-immunogenic

To assess the potential immunogenicity of GapmeR molecules, we incubated
human primary T cells isolated from healthy donors in medium containing non-targeting
GapmeR molecules (100 nM, 250 nM or 500 nM) for 24 h. We demonstrated using
ELISA that secreted levels of IL-2 were not were affected (Figure 5.6 A). We noticed
that secreted levels of IL-4, IL-5 and IFN-y were not detected, even though PHA
activated cells displayed significant expression of these cytokines (Figure 5.6C, D, and

E).
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Figure 5.6 GapmeR treatment does not induce an immunogenic response. Human primary T-
cells were incubated with various concentration of NS-GapmeR (100 nm, 250 nM or 500 nM)
for 24 h. Untreated cells and cells incubated with phytohemagglutinin (PHA) as negative and
positive controls, respectively. Supernatant was collected, and secreted levels of cytokines IL-
2 (A), IL-4 (B), IL-5 (C), and IFN-y (D) were analyzed by ELISA. Data were representative of
experiments performed on T-cells purified from at least three different donors. (Mean + SEM; *,
p<0.05).
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5.3.6 GapmeR internalization into lymphoma cells is through macropinocytosis

Cellular internalization of small molecules, such as GapmeR, may depend on
multiple cell entry processes. These include pinocytosis, phagocytosis, clathrin-
mediated endocytosis, or the caveolae-mediated uptake process (Lim and Gleeson,
2011). We have previously shown that GapmeR enters human primary T cells through
macropinocytosis. These findings have been published in Nature Scientific Reports,
2016. In this study, we used a panel of inhibitors consisting of inhibitors of pinocytosis,
phagocytosis, caveolae-mediated uptake, and clathrin-mediated endocytosis to treat
primary T cells which were subsequently seeded in FAM-GapmeR containing medium
for 6 hr. The cells were examined for the presence of GapmeR using flow cytometry
analysis. We noticed that amiloride treatment inhibits the uptake of GapmeR. To
confirm whether GapmeR enters into HuT78 cells through a similar mechanism, we
immuno-stained FAM-GapmeR-treated HuT78 cells for SNXS5 protein (a marker of
macropinosome body) and imaged using super-resolution microscopy (Lim et al., 2008).
Co-localization of FAM-GapmeR with SNX5-positive macropinosome bodies was
clearly detectable in the cytoplasm of GapmeR-treated HuT78 cells (Figure 5.7 A).
These results confirm that GapmeR cellular internalization in HuT78 occurs mainly

through macropinocytosis.
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Figure 5.7 GapmeR co-localization with macropinocytosis markerSNX5 in HuT78 cells. (A, B,
C) HuT78 T-cells treated with FAM-GapmeR (500 nm) for 6 h and stained with the anti-SNX5
antibody. Subsequently, cells were counterstained with secondary antibody (Alexa Fluor® 568,
red) and Phalloidin Alexa Fluor® 647 and imaged by super-resolution microscopy. Zoomed-in
images clearly indicated the co-localization of GapmeR and SNX5. The corresponding scales
are indicated in the images.

5.3.7 Design of GapmeR molecules targeting STAT3

Using genomic sequence information and Exiqon's "Design-Tool," three
different GapmeR molecules targeting STAT3 were designed for initial screening. The
oligonucleotide sequences of the GapmeR molecules are provided in Table 5.1. A non-
targeting oligonucleotide sequence was selected and used as nonspecific (NS) GapmeR

control (Table 5.1).
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Table 5.1 A list of GapmeR molecules against STAT3.

GapmeR Molecules Sequences®
NS-GapmeR AACACGTCTATACGC
STAT3-GapmeR1 GATCGTCGAAGCATTA
STAT3-GapmeR2 GTGTCACACAGATAAA
STAT3-GapmeR3 AGCACCTTCACCATTA

“Bases denoted in green are Locked Nucleic Acids.

5.3.8. GapmeR-mediated STAT3 knockdown in cells of hematolymphoid

neoplasms

For initial optimization to determine the STAT3 gene silencing efficacy of
GapmeR molecules, HuT78 cells were used as a representative cell culture model. Cells
were incubated with the three STAT3 targeting GapmeR molecules for varying time
periods (24 h, 48 h, 72 h, or 96 h), and STAT3 knockdown was analyzed by Western
immunoblotting (Figure 5.8 A, B & C). We identified STAT3-GapmeR2 (referred to
as STAT3-GapmeR in the following sections) as the most effective design among the

three designs tested (Figure 5.8 B).
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Figure 5.8 Screening of STAT3-GapmeRs.HuT78 cells were treated with 500nm of STAT3 -
GapmeR1 (A), STAT3-GapmeR2 (B), and STAT3-GapmeR3 (C) for the duration of 24h, 48h,
72h, and 96 h. The cell lysates were immunoblotted with anti- STAT3, a-tubulin, and GAPDH
antibodies. The relative densitometry graph represents data from at least two independent
experiments (mean + SEM, *, p<0.05).
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We further validated the gene-silencing efficacy of STAT3-GapmeR in 6
different cell lines: three from CTCL (HuT78, MJ, and HH) and three from NKTCL
(NKYS, SNK6, and SNK1). We observed variable but significant levels of STAT3
knockdown in all the cell types tested, ranging from 65-90% knockdown (Figure 5.9).
The observed variability of the efficiency of knockdown could be due to cell type-

specific differences in cellular uptake and turnover of target protein expression.
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Figure 5.9 GapmeR silences STAT3 expression in cells derived from CTCL and NKTCL. CTCL
cell lines [HuUT78 (A), MJ (B) and HH (C)] and NKTCL cell lines [NKYS (C), SNK6 (D) and SNK1
(F)] were treated with STAT3 GapmeR (500 nM) and NS GapmeR (500 nM). Cell lysates SNK1
(E) were collected after 72 hr, and protein levels of STAT3 were determined using immunoblot
assay. The relative densitometry graph represents data from at least three independent

experiments (mean = SEM, *, p<0.05).
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5.3.9 STAT3 regulates PD-L1 expression in NKTCL

To validate the correlation between STAT3 and PD-L1 expression as observed
in NKTCL cells (Figure 5.3), we knocked-down STAT3 in NKY'S and SNK6 cell lines
using STAT3-GapmeR. We observed that STAT3 depletion in both cell lines
significantly decreased the expression of PD-L1 protein (Figure 5.10A) as well as
mRNA levels (Figure 5.10B). In contrast, overexpression of STAT3 in these cells
significantly increased PD-L1 expression (detailed experiments and data presented and
published in the Blood, 2018). These findings suggest that STAT3 regulates PD-L1

through transcriptional control.
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Figure 5.10 STAT3 knockdown in NKTCL cells diminishes expression of PD-L1 (A) NKTCL cell
line (NKYS and SNK6) were treated with STAT3 GapmeR (1000 nm) for 72 hr. Cell lysates were
collected and immunoblotted with anti pSTAT3 (Y705), total STAT3, PD-L1, and GAPDH (loading
control). (B) Total RNA was extracted from STAT3 GapmeR treated NKYS, and SNKG6 cells RT-
gPCR was performed on the extracted mRNA from and to detect PD-L71 mRNA. Relative graphs
of mMRNA expression are presented (mean + SEM; *, p<0.05).

5.3.10 Design of end protected Antisense OligoNucleotide (epAON) targeting
STAT3

Guanine-rich D.N.A. sequences can fold into four-stranded, non-canonical
secondary structures called "G-quadruplex" (GQ) and are found in a various genomic
location such as telomere, promoters and untranslated regions (Huppert and
Balasubramanian, 2005). Following a specific protocol of a series of controlled heating
and cooling, G-rich sequences form GQ. structure in the presence of salts (Bates et al.,
1999; Bishop et al., 1996). We conceived the development of a novel gene silencer by
replacing the LNA sequences of GapmeR with primary sequences that form the GQ.
structure and protect the antisense oligonucleotide from nuclease-mediated destruction
(Figure 5.11A). This antisense molecule was termed as "epAON". The sequences of

nonspecific and STAT3-targeting epAON (STAT3-epAON) are provided in Table 5.2.
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Table 5.2 A list of epAON molecules.

SN. Targets Sequences

epAON (53"

1. NS- TTGGGTGGGTGGGTGGGTAACACGTCTATACGCTTGGGTGGGTGG
epAON | GTGGGT

2. STAT3 | TTGGGTGGGTGGGTGGGTGTGTCACACAGATAAATTGGGTGGGTG
epAON | GGTGGGT

“Bases denoted in green are end protecting nucleic acid sequence, which forms the"GQ.

structure".

We confirmed the formation of GQ. structure in epAON molecules by circular
dichroism (CD) spectroscopy, which displays characteristic CD spectra peaks at 240 nm
and 260 nm. (Figure 5.11B-D). No peak was observed in oligonucleotide without the
end-protecting sequence (Figure 5.11E). These results confirmed that ends of epAON

molecules form GQ. structure.
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Figure 5.11 Designing of STAT3-epAON. (A) Nucleic acid Sequence of STAT3 GapmeR 2 and
Control GapmeR was flanked by end protecting sequence “G quartets”. CD spectra of G quartet
nucleotide (B), epAON STAT3 (C), and non- specific epAON (D) using different conditions such
as media, water, and salt buffer. (E) CD spectra of DNA sequence without end protecting
sequence.
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5.3.11 epAON molecules are nuclease resistant

Next, to determine the stability of epAON, we incubated epAON molecules in
buffer and serum-containing media for different time points such as 12, 24, and 72 hr.
We resolved these mixtures using gel electrophoresis and observed oligonucleotide
bands on gel (Figure 5.12 A). This data suggested that epAON molecules are stable in
serum for at least 72 h. We noticed that epAON molecules had reduced electrophoretic

mobility, possibly due to binding with the serum protein.

To determine nuclease resistant properties of epAON, we subjected epAON to DNase
treatment and resolved on agarose gel (1.5%). We found that epAON molecules remain
stable upon DNase treatment. However, the control 27mer oligo was digested (Figure
5.12 B). We showed that epAON molecules are stable in serum and are nuclease

resistant.
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Figure 5.12 Effect of nucleases on epAON. (A) PS oligo and epAON were incubated for various
time points 12 h, 24 h, and 72 h in serum and KCL buffer. The oligonucleotides were mixed with
gel loading dye, resolved by gel electrophoresis, and visualized by SYBR safe staining (B)
epAON were treated with DNase for 2h and resolved by gel electrophoresis and visualized by
SYBR safe staining.

5.2.12 epAON molecules self-internalize in HuT78 cells through macropinocytosis

To determine cellular uptake of epAON, we incubated nonspecific FAM-
epAON (250 nm, 500 nm or 1 uM) with HuT78 cells for various time points (6 h, 24 h,
48 h or 72 h). Distribution of FAM-epAON in cytoplasm and nucleus was analyzed
using High Content Analysis (HCA) of HuT78 cells treated with FAM-epAON. We
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observed a dose-dependent increase of nuclear as well as cytoplasmic intensities of

FAM-epAON (Figure 5.13).

A Nucleus intensity B Cellintensity
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Figure 5.13 Cellular internalization of epAON by HuT78. (A, B) HuT78 cells treated with FAM
epAON (250 nm. 500 nm and 1000 nm) were delivered through gymnosis for various period (6
h, 24 h, 48 h, 72 h and 96 h). Nuclear and cellular localization of FAM epAON was quantified
by High Content Analysis (cell intensity and nuclear intensity) and presented. (C) HuT78 cells
treated for 24 h with FAM epAON were fixed and counter stained with Phalloidin-Rhodamine
and Hoechst. GapmeR cellular localization was analysed by confocal microscopy using 40X oil
objective. At least 20 microscopic fields were scanned, and representative images are shown
Scale bar 10 ym. Z-sections (YZ) are shown besides each image.

We pre-treated HuT78 cells with a panel of endocytosis inhibitors [pinocytosis
inhibitor amiloride (1 mM - 4 mM), phagocytosis inhibitor cytochalasin D (1 uM, 5 uM
or 25 uM), caveolae-mediated uptake inhibitor filipin (1 pg/mL, 5 pg/mL or 25 pg/mL)
and clathrin-mediated endocytosis inhibitor chlorpromazine (1 uM, 5 uM or 25 uM)]
for 30 min before incubating cells with FAM-epAON. After 24 h, the cellular uptake of
epAON was evaluated using flow-cytometry analysis (Figure 5.14 A). There was no
appreciable inhibition of epAON uptake upon pre-treatment with filipin,
chlorpromazine, or cytochalasin D (Figure 5.14 B, C, and D). We observed a dose-
dependent inhibition of epAON uptake in amiloride-treated cells with 81.4% inhibition
at 4 mM amiloride (Figure 5.14 E). This suggested that epAON enters HuT78 cells

through macropinocytosis.
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Figure 5.14 Effect of endocytosis inhibitors on epAON cellular internalization in HuT78 cells.
(A) HuT78 cells were untreated or 500 nM FAM-labeled epAON. HuT78 cells pre-treated with
(B) cytochalasin D [1, 5 and 25 pM], (C) chlorpromazine [1, 5 and 25 uM], (D) filipin [1, 5 and
25 pg/mL] and amiloride [1-4 mM] for 30 min. Pre-treated cells were incubated in FAM epAON
(500nM) and were analyzed using flow cytometry.
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Amiloride inhibits the activity of Na(+)/(H+) antiporters, which decreases
cytosolic pH (Grinstein et al., 1989). Acidification of cytosol causes deactivation of rac1
and cd42 signaling pathways, which are involved in macropinosome formation
(Koivusalo et al., 2010). These studies suggest that cellular pH is a crucial determinant

of oligonucleotide uptake by cells.

It is important to note that the concentrations of inhibitors for the pre-treatment
of HuT78 cells were selected based on our previously optimized protocols, published in

Nature Scientific Reports, 2016.

5.3.13 epAON-mediated knockdown of STAT3 in cells of hematolymphoid

malignancies

We evaluated the efficiency of STAT3-epAON-mediated STAT3 gene silencing
in hematolymphoid cells. We demonstrate using gRT-PCR and Western
immunoblotting, that treatment of HuT78 cells with STAT3-epAON significantly
depletes the expression of STAT3 mRNA (>70% knockdown) (Figure 5.15A) and the
STAT3 protein (>65% knockdown) (Figure 5.15B). Similarly, STAT3-epAON
efficiently silenced STAT3 in MyLa and NKS1 cells with knockdown efficiency of 60%
and 80%, respectively (Figure 5.15C, D). Both STAT3-GapmeR and STAT3-epAON
molecules were equally effective in the depletion of STAT3 (Figure 5.15D).
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Figure 5.15 STAT3-epAON- mediated depletion of STAT3 expression in CTCL and NKTCL cells.
(A) HuT78 cells were treated with STAT3 epAON for 72 hrs. Cells were harvested, lysed, and
MRNA levels of STAT3 were evaluated using gRT-PCR. Relative graphs of STAT3 mRNA from
three independent experiments were presented (mean + SEM, *, p<0.01). Cell lysates from
HuT78 (A), MyLa (B), and NKS1 (C) cells treated with STAT3-epAON were extracted and were
immunoblotted with anti-STAT3 and anti-GAPDH (loading control) antibodies. STAT3-GapmeR
was used as a positive control in the NKS1 cell line model. (Relative densitometry graphs of
STAT3 expression are presented (mean £ SEM, *, p<0.01).

5.3.14 STAT3-epAON-mediated depletion of STAT3 induces apoptosis in cells of

hematolymphoid malignancies

Persistent activation of STAT3 in lymphoma cells is involved in evasion from
apoptosis. We examined whether STAT3-epAON-mediated depletion of STAT3
decreases the viability of cells of hematolymphoid malignancies. We demonstrated
using MTS assay that treatment of HuT78, MyLa, and NKS1 cells with STAT3-epAON
decreases cell viability by 50%, 60%, and 50%, respectively (Figure 5.16A). We
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confirmed the induction of apoptosis in these cell lines using AnnexinV/PI staining and
flow cytometry analysis. We found that STAT3-epAON induces significant levels of
apoptosis in HuT78 (35 £ 2.1%), MyLa (55 £ 2.0%), and NKSI1 cells (68.4 + 3.2%)
(Figure 5.16 B).
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Figure 5.16 STAT3-epAON induces apoptosis in CTCL and NKTCL cell lines. (A, B) HuT78,
MyLa, and NKS1 cells were treated with STAT3-epAON, and cell viability was evaluated after 5
days of incubation using MTS based assay. (B) Above mentioned cells were evaluated for
apoptosis using Annexin V/PI staining-based flow cytometry. Annexin V and PI Stained cells are
quantified based on fluorescence intensity detected in Annexin V-FITC channel and propidium
iodide-PE channel of flow cytometry, respectively. Representative graphs of cell viability from 3
independent experiments were presented (mean + SEM, **, p<0.01).

Finally, we demonstrated that STAT3-epAON-mediated depletion of STAT3
causes a significant decrease in the phosphorylated form of STAT3 (Y705) and survivin,
a key anti-apoptotic protein in hematolymphoid malignancies (Appendix 5, Figure

A5.4).
5.4 Discussion

In this chapter, we have demonstrated that alterations in the STAT3 signaling

are highly prevalent in hematolymphoid malignancies suggesting that targeting the
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STAT3 would be of therapeutic benefit to such patients. Oncogenic activation of STAT3
has been associated with poor prognosis and drug refractoriness in patients with
hematolymphoid malignancies (Dufva et al., 2018; Kucuk et al., 2015). We also
provided evidence for GapmeR mediated gene silencing of STAT3 in cell lines derived
from CTCL and NKTCL. This chapter also reported a novel STAT3 antisense molecule

with remarkable knockdown efficiency in lymphoma cell culture models.

Thus far, we are the first group to report PD-L1 expression correlates with
STAT3 activation in NKTCL cells. We silenced STAT3 expression in NKTCL cells
and examined the implication on PD-L1 regulation. Several groups have shown that PD-
L1 expression and STAT3 activation are positively correlated in lung cancer as well as
head and neck cancer (Bu et al., 2017; Fujita et al., 2015). This suggests a potential
synergistic effect when combining STAT3 inhibitors and anti-PD1/PD-L1 antibodies in
the treatment of NKTCL. Targeting STAT3 has the potential to not only directly inhibit
tumor growth but also overcome tumor-induced immunosuppression to enhance anti-

tumor efficacy.

In line with our observation, various studies have shown targeting STAT as an
effective therapeutic approach in managing hematolymphoid malignancies. However,
successes of STAT3 inhibitors/silencers are bleak due to a lack of specificity and
efficacy. Hence no drugs have been approved, which directly targets STAT3. Here, we
showed that GapmeR/epAON-mediated-silencing approach might be an effective
alternative to specifically target STAT3. In this chapter, we specifically designed
chimeric GapmeR molecules that can internalize and target STAT3. We also developed
a novel epAON molecule, which can deplete the expression of STAT3 and induce

apoptosis in CTCL and NKTCL cell lines.

Delivery of gene silencers remains one of the major hurdles in the success of
antisense-based therapeutics. Oligonucleotides are impermeable to cells due to the
charge composition and require liposomal or nanoparticle formulation for delivery into
cells (Akhtar et al., 1991; Juliano et al., 2008). We have shown that GapmeR molecules
can self-internalize into cells through macropinocytosis. Our study is first to show that

GapmeR internalizes in “hard to transfect” cells (Figure 5.17).

Limited studies have been conducted on GapmeR based silencing of oncogenes

in cell-derived from lymphoma cells. cEt STAT3-GapmeR showcased exquisite
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silencing effect on STAT3 expression in SUP-M2 and KARPAS299 cells (Hong et al.,
2015). In this chapter, we used LNA-based GapmeR to silence STAT3 in cell lines
derived from CTCL and NKTCL.

In pursuit of novel STAT3 gene silencers, we developed epAON molecules,
which are composed of antisense sequence and protective GQ forming nucleotides.
AS1411, a G-quadruplex structure-based aptamer, is currently under investigation for
the supra-molecular delivery system of drugs (Carvalho et al., 2019). We conceived a
design of the STAT3 antisense molecule, which is, based on G quartet structure, which

is cell-permeable as well as nuclease resistant (Bates et al., 1999; Dapic et al., 2003).
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Figure 5.17 An illustration of Gymnotic uptake of GapmeR in T cells. GapmeR enters cells
through macropinocytosis and causes to specific gene silencing through RNaseH-mediated
cleavage.

We have shown that epAON enters HuT78 cells through macropinocytosis.
Different mechanisms of internalization of GQ structures have been proposed, which
include endocytosis, macropinocytosis (Reyes-Reyes et al., 2010; Soundararajan et al.,

2009).

We have demonstrated in this study that STAT3-epAON molecules were stable
in serum-containing medium and were not degraded upon DNase treatment. GQ

forming nucleotides are nuclease resistant and are stable in serum-containing medium
(Choi et al., 2010).
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STAT3-epAON effectively silences STAT3 expression in cell lines derived
from CTCL and NKTCL. Finally, we demonstrated that STAT3-epAON mediated
STATS3 depletion causes apoptosis in HuT78, MJ, and NKSI1 cells. NS-epAON does not
influence the gene expression profile of HuT78 and does not induce cell death,
indicating the absence of nonspecific effects on cells. High efficacy of STAT3-epAON
to deplete STAT3 and induce apoptosis in hematolymphoid malignant cells encouraged

us to translate this novel technology into potential therapeutics.

Subsequently, we have evaluated the safety profile of NS-epAON and STAT3-
epAON in mouse models. We have demonstrated epAON molecules were tolerated in
mice. We noticed that the treatment of mice with epAON did not affect the weight of
the mice. Similarly, we demonstrated that serum levels of alanine transferase, aspartate
transferase, creatine kinase, and IgG1 level were not perturbed upon treatment of mice
with epAON (Appendix 5, Figure AS.5). We also showed that epAON is remarkably
localized to the liver and kidney (Appendix 5, Figure AS.6). These observations
suggest that epAON are safe and do not cause toxic effects on mice. We anticipate that
epAON alone or in combination with a delivery system such as thermo-gelling polymer
will display anti-tumor activity in preclinical models. STAT3-epAON is a potential

antisense therapeutic agent to treat malignancies with oncogenic activation of STAT3.

In conclusion, we have shown the prevalence of frequent STAT3 mutation in
hematolymphoid malignancies and its influence on the expression of immune
checkpoint molecules such as PD-L1. This chapter provided essential insights in
antisense mediated gene targeting in "hard to transfect" lymphoma cells. We have
established "add and analyze" protocol of antisense technology in suspension cell lines,
which has been published in the Methods in Mol Biol, 2019. We also reported a novel
STAT3 antisense molecule "STAT3-epAON," which is cell-permeable and effectively
depleted STAT3 expression inducing apoptosis in hematolymphoid malignant cells.
This study presented a potential candidate for novel anticancer drug development

targeting STATS3.

130



Chapter 6

General Discussion
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6.1 Contribution of this thesis to the understanding of hematolymphoid

malignancies

Since the first published description of hematolymphoid malignancy in 1832 by
Thomas Hodgkin, significant progress has been made to understand this group of
diseases (Lichtman, 2008). There have been progressive and seminal advances, over the
past decade, in the understanding of the molecular basis of hematologic neoplasms. It
has now been widely recognized that hematolymphoid malignancies are much more
complex than initially thought. The inherent complexity of these malignancies presents
a formidable intellectual challenge. The Non-Hodgkin lymphoma represents major

groups of hematolymphoid malignancies

Due to the multifaceted nature of a diverse range of phenotypes and multiple
hematopoietic cell types involved in hematologic cancer, this thesis employed a
multidisciplinary approach and concepts to advance the knowledge in this area of
hematolymphoid malignancies. It provided additional information on tumorigenic
pathways, primarily mediated via DDX3X or STAT3 alteration in the drug resistance
mechanism of hematolymphoid malignancies and developed a novel strategy to target
these oncogenic pathways. In the first segment of the thesis, we sought to understand
the molecular features of HDAC inhibitor-resistant CTCL cells. In the subsequent
segment, we investigated the potential impact of DDX3X mutation on eliciting
oncogenic signaling and drug resistance in hematolymphoid malignancies. Finally, I
developed a novel gene silencer to target STAT3 and induced apoptosis in malignant

cells.
6.1.1 Importance of STAT3 and ERK pathways in lymphoma vorinostat resistance

How can we be more successful in managing patients who are refractory to
certain chemotherapeutics? While a number of genes, proteins, and signaling pathways
that we identified to be altered in vorinostat-resistant HuT78vr cells in chapter 3 of this
thesis, they may serve as a credible rationale for selecting pharmacological targets. At
the same time, chapter 3 provides some basic starting points to study the drug-resistance

mechanisms in hematologic malignancies.

We have revealed in chapter 3, that vorinostat resistant cells have enhanced

invasive characteristics using transcriptomic analysis. A recent report has shown that
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genes, which are involved in migration, are upregulated in drug-resistant CTCL
patients(Andrews et al., 2019). These metastatic markers may emerge as potential
predictors of HDACi-resistance in CTCL. In Chapter 3, we provided evidence for
attenuated apoptotic machinery in vorinostat resistant cells, which is a general
characteristic of drug-resistant cells. Proteomic analysis of HuT78vr identified ERK
signaling as a decisive oncogenic signaling pathway, which activated in acquired drug-
resistant cells. This chapter provided substantial evidence that ERK signaling plays a

crucial role in the acquired drug resistance model.

Interestingly, we observed that STAT3 is significantly downregulated in
acquired drug resistance model HuT78vr cells, which was similar to the observation of
Chakraborty and his group. Our data support the previous finding on the variable levels
of phosphorylated STAT3 in drug-resistant cells, and that STAT3 has a complex role in
pathogenesis and drug resistance in CTCL. Vorinostat resistant CTCL cells were cross-
resistant to other HDAC inhibitors and doxorubicin, suggesting that patients, who fail
to respond to CHOP, may also be resistant to vorinostat. HuT78vr is sensitive to ERK
inhibitors, suggesting the use of ERK inhibitors as drug modality to circumvent HDAC
inhibitor resistance in CTCL. The current work provides proof of the concept that the
use of ERK inhibitors may be a possible approach in overcoming vorinostat resistant
CTCL. This will need to be explored in animal studies and/or clinical trials. This model
can be a potential platform for clinicians and researchers to interrogate multidrug
resistance and to investigate on vorinostat resistance. The development of the acquired
drug-resistant model is a painstaking process, which requires immense time (more >6
months) and is labor-intensive. Our vorinostat resistant model can serve as a system to
screen panels of drugs, which can augment in devising novel regimens in clinical cases
with drug refractoriness. In addition, it would aid researchers to investigate the
underlying mechanism of resistance mimicking a scenario where patients are refractory

to chemotherapy due to acquired resistance.

6.1.2 DDX3X loss as a crucial driver for disease aggressiveness in hematolymphoid

malignancies

DDX3X is frequently mutated in hematolymphoid malignancies, such as DLBCL and
NKTCL (Jiang et al., 2015; Reddy et al., 2017). Nevertheless, limited numbers of

studies have shown the causality of DDX3X alteration in these lymphoid neoplasms.
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Chapter 4 provided evidence on the association of DDX3X alteration and poor
prognosis in DLBCL patients. Transcriptomic signatures of DDX3X ablated NHL cells,
and its gene enrichment analysis predicted oncogenic features such as enhanced
proliferation and invasiveness of cells. Oncogenic activation of STAT3/ERK upon
DDX3X depletion in cell lines derived from lymphoid neoplasm is one of the highlights
of the study. STAT3 is commonly implicated with poor prognosis and chemoresistance
in DLBCL, CTCL, and NKTCL (Huang et al., 2013; Kiel et al., 2014; Kucuk et al.,
2015). In our knowledge, this is the first report that establishes the tumor-suppressive
role of DDX3X in DLBCL and CTCL. The drug sensitivity profile of DDX3X depleted
cells showed resistance to vorinostat, doxorubicin and other HDACi but sensitive
JAK/STAT inhibitors. DDX3X depletion enhanced mRNA and protein levels of cyclin

D1, which is associated with doxorubicin resistance (Ji et al., 2018).

Our studies have two main implications in determining the clinical outcome of
chemotherapy treatment. Firstly, the status of DDX3X mutation could explain the low
response of chemotherapy and augment decision-making determining targeted
therapeutic strategies. Application of these concepts of prediction markers and
stratification reduces the chemotherapeutic side effects and financial costs. Next,
targeting JAK/STAT pathway is a viable option for treating patients with altered
DDX3X.

While only speculation at this stage, these possibilities could account for
clinically unexplained anomalies caused by DDX3X loss-of-function relevant to
hematolymphoid malignancies and associated processes, such as invasiveness and
metastasis. Moreover, these observations can be extrapolated to other cancer forms
where DDX3X acts as a tumor suppressor gene. Although the various molecular
mechanisms involved in DDX3X-mediated pathways in hematolymphoid malignancies
still require clarification, we propose DDX3X as a novel driver in disease development

and aggressiveness.

6.1.3 STAT3-epAON as a novel drug targeting STAT3 in hematolymphoid

malignancies

In the previous two segments of the thesis, we have demonstrated the oncogenic
signaling pathways involved in drug resistance of hematolymphoid cells. We have

shown that targeting ERK and STAT3 signaling circumvents drug resistance in CTCL
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and DLBCL cells, respectively. In the final segment, we have designed a novel gene
silencer targeting the oncogenic signaling pathway with anti-cancer activities in

hematolymphoid malignancies.

The clinical efficacy of STAT3 targeted therapeutics is well established, and
many STAT3 inhibitors are currently under clinical trials for decades. However, none
of the STAT3 inhibitors were successful in FDA approval (Wake and Watson, 2015).
This prompted us to design and develop a new generation of agents targeting STATS3.
Data presented in Chapter 5 clearly indicates that a novel STAT3 targeting compound
STAT3-epAON can inhibit the growth of cells derived from hematolymphoid
malignancies and inducing apoptosis in these cell types. We characterized the biological
effects of epAON and GapmeR antisense molecules in terms of their cellular uptake in
human T lymphoma cell line HuT78 as well as primary T cells. We established that
STAT3-epAON is safe in vivo and in vivo (Appendix 5, Figure AS.5S).

Also, of interest was the finding that STAT3 regulates the expression of PD-L1.
Using STAT3-targeted GapmeR, we delineated the relation between STAT3 and PD-
L1 expression in NKTCL (Song et al., 2018). We demonstrated that inhibition of STAT3
causes a decrease in mRNA and protein levels of PD-L1. These datasets suggest that
STATS3 inhibitors may serve as a potential candidate for combination therapeutics, and
targeting STAT3/PD-L1 axis would improve the efficacy of immunotherapy in NKTL,
and possibly PTCL. Through further studies, we remain optimistic that the novel
STAT3-epAON will prolong patient survival in the years ahead. Optimization of
explicit clinical strategy and approaches by clinicians and researchers will improve

clinical outcomes and minimize possible side effects or complications.
6.2 Limitations of the study

This thesis illuminated our understanding of role oncogenic signaling involved
in drug resistance of hematolymphoid malignancies and strived to devise strategies to
target oncogenes in these lymphoid neoplasms. However, it is critical to mention the

limitation of the study, which play a crucial role in shaping the prospects of the thesis.

Limited availability of CTCL patient samples restricted the use of the clinical
drug resistance model. Hence, the investigation on vorinostat resistance was performed

in the cell culture model. In our study, we have identified and validated certain
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phenotypic features of HuT78vr cells such as enhanced migration and increased cell
size. However, the consequences of these enhanced features have not been covered in
this thesis. We had demonstrated the upregulation of ERK in HuT78vr cells; however,
we were unable to perform validation in non-responders to vorinostat treatment due to

limited access for clinical samples.

Vorinostat-resistant CTCL model loses its insensitivity to vorinostat upon
culturing in the absence of drug pressure (Appendix 5, Figure A5.6). This suggested
that acquired resistance in this model was a temporal epigenetic regulation rather than
permanent genetic alteration (Xavier et al., 2016). Reversibility of HuT78vr sensitivity
to vorinostat further increases the existing complexity in drug resistance. These
observations have led to the postulation that epigenetic regulation may play a crucial

role in HDAC resistance in CTCL.

Chapter 4 explains the connotation of DDX3X mutation in chemoresistance on
NHL. One of the limitations of this study was that the drug sensitivity of DDX3X-
depleted cells was tested in a panel of a limited number of drugs. Another limitation of
our survival analysis is the retrospective nature of the cBioPortal cohort and our
consequent inability to perform multivariable analysis to confirm if DDX3X mutations
are independent predictors of poor survival. Our demonstration of increased resistance
to doxorubicin and retained sensitivity to STAT3 inhibition in DDX3X depleted cells

argues for an independent influence of DDX3X on cancer drug response.

Identification of a novel, simple, and reproducible biomarkers has proved very
challenging in DLBCL, and we, therefore, propose that the prognostic significance of
DDX3X mutations be validated in a large prospective cohort. The relative rarity of
DDX3X mutations in DLBCL prevents us from validating our in vitro findings on
clinical samples, so the precise role of these lesions in lymphoma patients remains in
question. Demonstration of reversion of key features such as drug resistance and
activation of oncogenic signaling pathways through re-expression DDX3X protein in
shRNA cell lines DDX3X/ siRNA depleted cells could have confirmed that these effects
were specific to DDX3X depletion.

Nevertheless, the current study provides important clues in many aspects of the
role of DDX3X in lymphoma and strongly suggests that these uncommon lesions ought

to be evaluated thoroughly, particularly regarding their prognostic significance.
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We have developed antisense molecule STAT3 epAON, which shows exquisite
knockdown efficiency in vitro models. Nonetheless, it is imperative to evaluate
knockdown efficiency and anti-cancer activity of epAON in the xenograft mice model.
To proceed in this direction, we had completed the safety evaluation of epAON

molecules in mice model.
6.3 Future directions

Much of the current general understanding of the molecular mechanisms
involved in the initiation and development of hematolymphoid malignancies has been
based on the studies performed on a limited type of cells and variants. Defective
tumorigenic pathways associated with clinically diverse forms of hematolymphoid
malignancies are still far from being elucidated and constitute a major challenge for

future studies.

The projects reported herein have generated substantial data and formed a
foundation upon which subsequent studies can be pursued. We believe that several
differential genes and proteins identified in HuT78vr reported in Chapter 3 represent a
basic form of the altered signaling network, which might be exploited for their
functional involvement and to understand molecular mechanisms in drug resistance. Our
investigation on acquired vorinostat resistance in HuT78vr cells has postulated the role
of epigenetic regulation in drug resistance. However, we have not yet correlated the role
of epigenetic regulation with multidrug resistance. It would be interesting to perform
the CHIP-seq analysis of HuT78vr cells, which will reveal the role clonal evolution and
trans-regulatory apparatus and cis-regulatory elements, such as transcription factors
(TFs), promoters and super-enhancers (SEs) in acquired resistance to HDAC inhibitors

in hematologic malignancies.

The HuT78vr cell line, in Chapter 3, serves as a model for screening compounds
that may be effective for targeting drug-resistant lymphomas. While we presented data
on screening of few compounds for their efficacy in killing HuT78vr cells, it would be
interesting to screen a larger panel of novel and traditional antineoplastic agents to get
a comprehensive view of chemoresistance in the current therapeutic landscape. Such
analyses may also help to identify more classes of drugs that can be used to treat patients

with DDX3X loss of function mutations.
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We have demonstrated activation of ERK as a key event in acquired vorinostat
resistance in CTCL cells. It is imperative to correlate clinical drug resistance and ERK
activation in CTCL. It is important to determine ERK expression in various CTCL cell
lines and correlate with sensitivity to vorinostat. Another approach could use the
lentiviral mediated expression of an active mutant of ERK in CTCL cell lines and
evaluate drug sensitivity in the modified cells. Finally, examining levels of metastatic
markers and ERK activation in non-responder to HDAC treatment will provide evidence

on the involvement of the above-mentioned features in drug resistance.

Little is known about cell-type specific signaling pathways that are controlled
by the DDX3X. We are only beginning to understand that the proper functioning of
DDX3X is crucial in hematologic cancer using experiments in the in vitro setting and a
limited number of patient samples. It would be important to know how DDX3X is
regulated in hematopoietic cells and how DDX3X controls many factors unique to these
cell types. Association of DDX3X and EBV virus in lymphoid neoplasms has interested
many research groups; however, no significant conclusion has been achieved.
Therefore, a holistic view of the mechanisms pertaining to DDX3X's involvement in
hematologic malignancies will be imperative to open new avenues for promising
therapeutics. To understand the clinical significance of DDX3X mutation in
hematolymphoid malignancies, it would be important to analyze larger cohort of
patients. Although limited numbers of studies have uncovered the genomic landscape
of lymphoid neoplasm and have reported the occurrence of DDX3X mutations, none of
the studies has investigated the functional implications of the DDX3X gene. This void
in the understanding of genomic lesions in the local cohort would provide us an

opportunity to scrutinize and extrapolate our findings and observations of the thesis.

We have ventured into exploring the therapeutic potential of STAT3-epAON.
Based on our observations on the safety profile of epAON in the mouse model, we have
designed a dose regimen schedule for testing the efficacy of STAT3-epAON in the
mouse model. It would be interesting to test epAON alone/ or in combination with a
delivery system such as thermo-gelling polymer and evaluate anti-tumor activity in
mouse models. STAT3 epAON is a potential antisense therapeutic agent to treat

malignancies with oncogenic activation of STATS3.
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6.4 Conclusion

This thesis highlights on various molecular cues involved in drug resistance of
hematolymphoid malignancies and provides a strategic solution to target the genes

involved.

Our study contributes to the insights to oncogenic signaling pathways involved
in the acquired drug-resistant model of CTCL. We have shown that acquired drug
resistance involves changes in the invasiveness behavior of cells suggesting the
aggressive representation of CTCL on skin. Along with it, we have proven that the
upregulation of ERK signaling as a decisive factor in refractory CTCL and targeting this
pathway would circumvent vorinostat resistance. This study provides an explanation for
the use of ERK inhibitors to treat CTCL patients, refractory to HDAC inhibitor-based
therapy.

This thesis establishes a firm basis for the implication of genomic alteration in
DDX3X through whole-exome sequencing and biological repository. This thesis reports
occurrence of DDX3X mutation in DLBCL cohorts and further validates its implication
in cell culture models. Our study shows that loss of DDX3X is a key event to instigate
cancer progression in NHL and drug resistance and previously less-known phenomena
of STAT3 activation in DDX3X depleted cells. Our study shows that CCND! is one of
the key determinants of drug resistance in DDX3X altered NHL. These observations
will augment the risk stratification of lymphoma patients with DDX3X alteration and

may identify alternative therapeutic treatment for this subgroup with poor prognosis.

This thesis furnishes substantial evidence on the role of oncogenic activation of
STATS3 in the regulatory expression of the immune checkpoint, PD-L1 in NKTCL, and
provides support to the clinical reports on the use of PD-L1 inhibitors in the clinical
treatment of NKTCL. STAT3 has been eluding therapy due to a lack of potent
inhibitors. Our study contributes to the development of a promising antisense molecule
"epAON" that can target STAT3 and elicit anti-cancer activities in cells with oncogenic

activation of STATS3.
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Figure 6.1 An illustration summarizing findings presented in the thesis. In chapter 3, we
identified the upregulation of phosphorylation of p42/44 MAPK in acquired drug resistance along
with attenuation of death machinery through the downregulation of Caspase3 and BID. In
chapter 4, the influence of DDX3X mutation in lymphoid neoplasms was investigated. We
showed that DDX3X altered patients have a poor survival rate, probably due to poor response
to chemotherapy. DDX3X depletion causes phosphorylation of STAT3 and expression cyclin
D1, which are key determinants of drug resistance. In chapter 5, we first established that
oncogenic STAT3 mutations cause PD-L1 expression, and this regulatory axis was validated
using GapmeR technology. Finally, we developed a novel gene silencer to target STATS3.

6.5 Intellectual property

The work described in this thesis is a part of fundamental research primarily
aimed at understanding the biology of hematolymphoid cancer cells. Therefore, the
results presented in this thesis may not have significant immediate potential as an object
of intellectual property. However, to explore such possibility (if any), in addition to the
publicly accessible literature databases (including PubMed and Web of Science), an
extensive multi-parameter and multi-boolean comprehensive Patent search were carried
out using the worldwide patent search WIPO (World Intellectual Property Organisation)
and the European Patent Office search engine ESP@CENET. Currently, we are
exploring the possibilities of patenting epAON.
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6.6 Translational benefits of this work

Despite the fact that we could not perform in vivo testing of STAT3-epAON, the
results presented here have narrowed the gap between fundamental research and clinical
benefits to the patients in several ways. For example, this thesis contributes to a better
understanding of molecular mechanisms underlying drug resistance in lymphoma cells
as well as attempting an approach to screen other drugs that could be potentially useful
in CTCL vorinostat resistance. The vorinostat resistant HuT78vr cell culture model
developed in this study could be used for screening and discovering lead compounds
that could be effective in drug-resistant cases. In an era of increased demand for new in
vitro cell culture model systems, HuT78vr will provide pharmaceutical and life science
researchers a robust, stable, and advanced platform for drug screening. HuT78vr cells
should accelerate pharmaceutical research and drug discovery processes by easily
identifying candidate drugs affecting resistant variants. The optimization of GapmeR-
mediated gene silencing processes to knockdown genes of interest reported in Chapter
5 of this thesis provides fast and reliable solutions to gene silencing applications.
Overall, discoveries made in this thesis has the potential to be translated to clinical
benefit, particularly understanding complex disease phenotypes associated with

hematolymphoid malignancies.
6.7 Importance of this thesis in the societal context

Hematolymphoid malignancies, including Hodgkin's and non-Hodgkin's
lymphomas (NHL), afflict a huge population across the world, leading to death and
financial liabilities. These diseases cause a huge burden in social and economic terms
and can affect children, young adults, and the elderly, and their incidence increases with
age. In 2018, lymphomas and leukemia combined accounted for approximately 5% of
all cancers across the world. Quality of life of patients with hematologic cancer is
usually impaired, and the 5-year survival rates of these diseases vary depending on the
type and stages of tumors. In the US, the survival rate of NHL and leukemia are 74 %
and 65 %, respectively.

Among the Asian countries, Singapore has the highest age-standardized
incidence rate of NHL (10.1). In Singapore, lymphoid neoplasm accounts for 6.8% and
4.4% of total cancer in males and females, respectively. The incidences of lymphoid

neoplasm have nearly doubled over the past five decades. More importantly, the strong
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predilection of certain forms of lymphoid neoplasm such as NKTCL in the East Asian

population is evident in Singapore.

Despite intensive research, a very limited number of drug modalities have been
innovated for treatment or cure of hematolymphoid malignancies. The use of R-CHOP
and HDAC inhibitors remains the bedrock of treatment of the majority of
hematolymphoid malignancy cases. The success of molecularly targeted therapeutics in
clinical trials, including STAT3 targeted agents, has been variable and largely
disappointing. Nevertheless, STAT3 remains one of the most important targets for
therapeutic intervention and provides a common avenue for the development of novel
drugs. Therefore, a holistic overview of the signal transduction and biochemical
mechanisms that blood cancer cells use to survive, proliferate, and metastasize may lead

to better treatment options for this complex group of diseases.

In this thesis, we report a crucial role of DDX3X in disease aggressiveness,
which would attract the interests of clinicians and scientists for further research. The
demonstration that a novel STAT3 targeting epAON is capable of inhibiting lymphoma
cell growth and inducing apoptosis explains its beneficial effects. Thus, STAT3-epAON
may be used therapeutically to down-regulate STAT3 expression in hematolymphoid
cancer cells. Findings presented in this thesis have led to the concept that the effective
inhibition of STAT3 might propose an ingenious rationale-based clinical strategy for

this complex group of hematolymphoid diseases.
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Appendix 1

Table A1.1 A list of reagents used in the thesis.

S.N. Reagents Sources
1. Acetone Merck
2. Acetonitrile Sigma-Aldrich, Merck
3. Acrylamide-bisacrylamide solution, (30%) Nacalai Tesque
4, Agarose Vivantis
5. Alanine transferase (ALT) assay kit Abcam
6. Amaxa 4D nucleofection kits P4 and S3 Lonza
7. Amiloride Sigma-Aldrich, Merck
8. 7-Aminoactinomycin D (7-AAD) Thermo Fisher Scientific
9. Ammonium bicarbonate Sigma-Aldrich, Merck
10. | Ammonium persulphate (APS) Bio-Rad
11. | Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis | ThermoFisher Scientific
Kit
12. | Anti-fade mounting medium Dako, Agilent
13. | Aprotinin Merck
14. | Aspartate aminotransferase (AST) assay kit Abcam
15. | BD Matrigel™ basement membrane matrix BD Bioscience
16. | Bio-Rad protein assay kit Bio-Rad
17. | Bovine serum albumin (BSA) Sigma-Aldrich, Merck
18. | Bromophenol blue Sigma-Aldrich, Merck
19. | CellTiter 96® AQueous One Solution cell proliferation | Promega
assay kit
20. | Chlorpromazine Sigma-Aldrich, Merck
21. | Creatine kinase (CK) assay kit Abcam
22. | Crystal violet Sigma-Aldrich, Merck
23. | Cytochalasin D Sigma-Aldrich, Merck
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24. | Deoxy nucleotide solution (10 mM) New England Biolabs
25. | Dihydroethiduim Sigma-Aldrich, Merck
26. | Dimethyl sulphoxide (DMSO) Sigma-Aldrich, Merck
27. | Dithiothreitol (DTT) Sigma-Aldrich, Merck
28. | Doxycycline Sigma-Aldrich, Merck
29. | Dulbecco's Modified Eagle Medium (DMEM) Gibco

30. | ECL plus reagent Amersham GE

31. | Ethanol Merck

32. | Ethylene diamine tetra acetic acid (EDTA) Sigma-Aldrich, Merck
33. | Ethylene glycol tetra acetic acid (EGTA) Sigma-Aldrich, Merck
34. | Fetal bovine serum (FBS) Gibco

35. | Filipin Sigma-Aldrich, Merck
36. | Formaldehyde Sigma-Aldrich, Merck
37. | Formic acid Sigma-Aldrich, Merck
38. | Gelloading dye 6X Thermo Fisher Scientific
39. | Glacial acetic acid Sigma-Aldrich, Merck
40. | Glucose solution (45%) Sigma-Aldrich, Merck
41. | Glycerol Sigma-Aldrich, Merck
42. | B-Glycerophosphate Sigma-Aldrich, Merck
43. | Glycine Sigma-Aldrich, Merck
44. | HEPES buffer Sigma-Aldrich, Merck
45. | Hoechst 33342 Sigma-Aldrich, Merck
46. | Human recombinant ICAM-1(riICAM-1) Sino Biological

47. | Human recombinant Interleukin-2 (IL-2) Peprotech

48. | Human recombinant Interleukin-4 (I1L-4) Peprotech

49. | Hydrochloric acid (HCL) Sigma-Aldrich, Merck
50. | Kodak® light sensitive film, carestream Sigma-Aldrich, Merck
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51. | Leupeptin Sigma-Aldrich, Merck
52. | L-glutamine Gibco

53. | LNA primers miR150 & U6 Qiagen

54. | Lymphoprep® Stemcell Technologies
55. | Magnesium chloride (MgCl,) Sigma-Aldrich, Merck
56. | B-Mercaptoethanol Sigma-Aldrich, Merck
57. | Methanol Merck

58. | mMIRCURY LNA RT Kit Qiagen

59. | mMIRCURY LNA SYBR® Green PCR Kits Qiagen

60. | M-Mulv reverse transcriptase (200 U/uL) New England Biolabs
61. | N,N,N',N-Tetramethylethylenediamine (TEMED) Sigma-Aldrich, Merck
62. | Oligo(dT) primer Promega

63. | Paraformaldehyde (PFA) Sigma-Aldrich, Merck
64. | Paraplast X-tra Sigma-Aldrich, Merck
65. | Penicillin-streptomycin solution (Antibiotics) Gibco

66. | Phenylmethylsulfonylfluoride (PMSF) Sigma-Aldrich, Merck
67. | Phosphate buffer 10X Vivantis

68. | Phytohemagglutinin (PHA) Thermo Fisher Scientific
69. | Pierce BCA protein assay kit Thermo Fisher Scientific
70. | Polyvinylidene Flouride PVDF membrane Bio-Rad

71. | Poly-L lysine Sigma-Aldrich, Merck
72. | Protein marker spectra broad range Thermo Fisher Scientific
73. | Puromycin Sigma-Aldrich, Merck
74. | Rhodamine 123 Sigma-Aldrich, Merck
75| Rhodamine Phalloidin erto Fisher

76. | RiboLock RNase inhibitor (40 U/uL) Thermo Fisher Scientific
77. | RNase free water
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78. | RNase from bovine pancrease Sigma-Aldrich, Merck

79. | Roswell park memorial institute (RPMI1640) Gibco

80. | SILAC Protein Quantitation Kit (LysC), RPMI 1640 | Thermo Fisher Scientific

81. | siRNAs SMART pool Control Non Specific | Thermo Fisher
Dharmacon / Mock siRNA Scientific

82. | SiRNAs SMART pool DDX3X Dharmacon sT hermo Fisher

cientific

83. | Sodium bicarbonate Merck

84. | Sodium chloride (NacCl) Merck

85. | Soduim Dodecyl Sulphate Biorad

86. | Sodium fluoride (NaF) Sigma-Aldrich, Merck

87. | Sodium orthovanadate (Na3;VO,-2H,0) Gibco

88. | Sodium pyrophosphate (NasP2O7) Gibco

89. | SYBR green gPCR cocktail (2X) Primer Design

90. | Tetra methyl ethylene diamine TEMED Biorad

91. | Tetra methyl rhodamine, methyl ester Gibco

92. | Tris base Promega

93. | Triton X-100 Biorad

94. | Tween20 Sigma-Aldrich, Merck

95. | Xylene Sigma-Aldrich, Merck
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Table A1.2 A list of RNAi molecules and their sequences used in the thesis.

S.N. | Targets Sequence

GapmeR (5—-3)

1. NS AACACGTCTATACGC

2. CG-NAP ACTAGCCTGTAATTG GGATGCAATGCTCTTA

3. Talin TTGGCAGTAGGATTGG CAGAGTGTCAAAGTCA

4, CDlla GATGGTAGTGGCTGAA ACGTCAATCATTAAAC

5. PKC6 TAGGATGAAACTGGAA AAGCAGCAGTAGAGTT

6. Stathmin AGGTAATCAATGCAGA AGGTAATCATTGCAGA

7. STAT3 GATCGTCGAAGCA | GTGTCACACAGATAA | AGCACCTTCACCA

TTA A TTA
epAON (5—3)
1. NS TTGGGTGGGTGGGTGGGTAACACGTCTATACGCTTGGGTGGGTG
GGTGGGT

2. STAT3 TTGGGTGGGTGGGTGGGTGTGTCACACAGATAAACGCTTGGGTG
epAON GGTGGGTGGGT

ShRNA (5'—-3’)

1. CTL CTCTCAACCCTTTAAATCTGATTCAAGAGATCAGATTTAAAGGGTT
shRNA GAGAG

2. DDX3X GGATCTCGTAGTGATTCAAGATTCAAGAGATCTTGAATCACTACG
shRNA#1 | AGATCC

3. DDX3X GGTAGAATAGTCGAACAAGATTTCAAGAGAATCTTGTTCGACTATT
shRNA#2 | CTACC

NS, non-specific; CTL, control

Table A1.3 A list of gRT-PCR primers used in the thesis.

S.N. Gene Forward primers (5—3’) Reverse primers (5'—3)
1. ABCB1 | TGATCCGAAATAAGCCCAGG ACTTCGTTCTCAGGCACATC
2. ABCC1 | TGATCCGAAATAAGCCCAGG ACTTCGTTCTCAGGCACAT
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3. ABCG2 | AGAACAAGATGGAAGGATCAGTG CAGGGTCATTCAAGAGTTAGGTC
4, ACTB | AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG
5. CD1la | ACCTGGTACATGTGCTTGAC GACAACTCAGCCACTACCATC
6. CG-NAP | CATCCGACTGACTGAGCTTTTCTTTTG | TTTCCTTTCTATCCCCAACCAC
7. c-Myc | ATTAGGCCGCTCTTACCTTTAC GTAATCCCAGCACTTTGGGA
8. DDX3X | ATGTGGCAGTGGAAAATGCG ATATAGCGCCCTTTGCTGGC
10. FASLG | CATAGGTGTCTTCCCATTCCAG AAAGGAGCTGAGGAAAGTGG
11. GAPDH | TGTAGTTGAGGTCAATGAAGGG ACATCGCTCAGACACCATG

12. IFNG1 | AGTTCCATTATCCGCTACATCTG GCATCGTTTTGGGTTCTCTTG
13. IL-10 ACCTGCCTAACATGCTTCG TGTCTGGGTCTTGGTTCTCA
14. IL-2 GCATTTACTGCTGGATTT GATGTTTCAGTTCTGTGGC

15. IL-4 GAACGTAGGAGGCACTCAATAA GATAGGGTCTTGTTCTGTCACC
16. IL-6 TTCGGTCCAGTTGCCTCTC TGGCATTTGTGGTTGGGT CA
17. IL-8 AAGAGAGCTCTGTCTGGACC GATATTCTCTTGGCCCTT GG
18. MMP-9 | CACTGAGGAATGATCTAAGCCC CGAACTTTGACAGCGACAAG
19. Notch-1 | GTGTTCCTGAGTCCCTGTTTAG CTAAACTGCACTCACAGGCA
20. PD-1 CGGAGAGCTTCGTGCTAAA CTGTGTTCTCTGTGGACTATGG
21. PD-L1 | CCTGCAGGGCATTCCAGAAA TAGGTCCTTGGGAACCGTGA
22. PKCO | TACTTTGGCGATTCCTCTGG CCTACCTTCTGCAATCACTG
23. STAT3 | TTCTGGGCACAAACACAAAA TCAGTCACAATCAGGGAAGC
24. STMN | TTCAAGACCTCAGATTCATGG AGCCCTCGGTCAAAAGAATC
25. VIM GGAAAGTTTGGAAGAGGCAG CGTGAATACCAAGACCTGCTC

Table Al1.4 A list of antibodies.

S.N. Antibodies Source
1. Anti-rabbit 1IgG, HRP-linked #7074 Cell Signalling Technology
2. Anti-a-Tubulin—FITC antibody, Mouse monoclonal Sigma-Aldrich, Merck
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3. Goat anti-Mouse 1gG (H+L), Superclonal™ Thermo Fisher Scientific
Recombinant Secondary Antibody, Alexa Fluor 647

4, Goat anti-Rabbit IgG (H+L), Superclonal™ Thermo Fisher Scientific
Recombinant Secondary Antibody, Alexa Fluor 647

5. Goat polyclonal anti-mouse 1gG# P044701 Dako, Agilent

6. Goat anti-human IgG Fc Thermo Fisher Scientific

7. Anti-human Fc-specific 1IgG Sigma-Aldrich, Merck

8. Mouse monoclonal anti-BID #8762 Cell Signalling Technology

9. Mouse monoclonal anti-CD11a #clone MEM83 Monosan

10. | Mouse monoclonal anti-CG-NAP/AKAP Clone BD Bioscience
7IAKAP450

11. Mouse monoclonal anti-GAPDH #C87727 Millipore

12. | Mouse monoclonal anti-PKCB #SC-1680 Santa Cruz

13. Normal Rabbit IgG #2729 Cell Signalling Technology

14. Rabbit monoclonal anti- B-actin #8457 Cell Signalling Technology

15. Rabbit monoclonal anti-BCL-2 #15071 Cell Signalling Technology

16. Rabbit monoclonal anti-BIM #2933 Cell Signalling Technology

17. Rabbit monoclonal anti-caspase-3 #9662 Cell Signalling Technology

18. Rabbit monoclonal anti-cleaved PARP #5625 Cell Signalling Technology

19. Rabbit monoclonal anti-DDX3X Nicholas Grigoropoulous

Lab

20. Rabbit monoclonal anti-DDX3X #A300-474A Bethyl Laboratories

21. Rabbit monoclonal anti-EZH2 #5246 Cell Signalling Technology

22. Rabbit monoclonal anti-GAPDH #5174 Cell Signalling Technology

23. Rabbit monoclonal anti-MAPK #9102 Cell Signalling Technology

24. Rabbit monoclonal anti-phospho-MAPK (T202/Y204) | Cell Signalling Technology
#4370

25. Rabbit monoclonal anti-MDR #13342 Cell Signalling Technology

26. Rabbit monoclonal anti-mTOR #2983 Cell Signalling Technology

27. Rabbit monoclonal anti-phospho-mTOR (52448) Cell Signalling Technology
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#5536

28. Rabbit monoclonal anti-STAT3 #12640 Cell Signalling Technology
29. Rabbit monoclonal anti-phospho-STAT3 (Tyr705) Cell Signalling Technology

#9145
30. Rabbit monoclonal anti-phospho-STAT3 (Ser727) Cell Signalling Technology

#9134
31. Rabbit monoclonal anti-talin #4021 Cell Signalling Technology
32. Rabbit monoclonal anti-phospho-talin (S425) #13589 | Cell Signalling Technology
33. Rabbit monoclonal anti-stathmin #13655 Cell Signalling Technology
34. Rabbit monoclonal anti-survivin #2808 Cell Signalling Technology
35. Rabbit monoclonal cleaved anti-caspase-3 #9664 Cell Signalling Technology
36. Rabbit polyclonal anti-mouse HRP #P0260 Dako, Agilent

Table A1.5 A list of ELISA kits used in the thesis.
S.N. | Target Manufacturer

1 IFNy Human IFNy Uncoated ELISA kit Invitrogen # ESS0002

2 IgG1 Mouse IgG1 ELISA Kit (ab133045)

2 IL-2 Human IL-2 Uncoated ELISA kit Invitrogen (88-7025)

3 IL-4 Human IL-10 Elisa Ready —Set-Go eBioscience (88-7044)

4 IL-6 Human IL-6 Elisa Ready —Set-Go eBioscience (88-8863)

5 IL-10 Human IL-4 Elisa Ready —Set-Go eBioscience (88-7106)

Addresses of the manufacturers listed above:

Abcam, Discovery Drive Cambridge Biomedical Campus, Cambridge CB2 0AX, UK
Agilent, Santa Clara, California, USA
Bethyl Laboratories, 25043 FM 1097, Montgomery, TX 77356, USA
BD Bioscience, 30 Tuas Ave 2, Singapore

Bio-Rad, 27 International Business Park, Singapore

Cell signalling Technology, Danvers, Massachusetts, USA
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Monosan, frontstraat 2c, 5405 pb uden, Netherlands

Peprotech, Rocky Hill, NJ, USA

Promega, 2800 Woods Hollow Road, Madison, WI, USA

Santa Cruz, 10410 Finnell St, Dallas, Texas, USA

Sigma-Alrich, Merck, Darmstadt, Germany

Sino biological, 1400 Liberty Ridge Drive, Suite 101, Wayne, USA
STEMCELL Technologies, Vancouver, Canada

ThermoFisher Scientific, Waltham, Massachusetts, USA

Qiagen, 8 Commonwealth Ln, Singapore
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Table A1.6 A list of equipment used in this thesis.

S.N. Equipment Manufacturers Locations
1 Confocal Zeiss Experimental Medicine Building,
Microscope Level 7, NTU
2 LSR Fortessa BD Bioscience Experimental Medicine Building,
Level 7, NTU
2 High Content GE healthcare Experimental Medicine Building,
Screening Level 7, NTU
Microscope - IN Cell
2200
3 Microplate Cytation Biotek Experimental Medicine Building,
Reader Level 4, NTU
4 ASP6025 - Leica Experimental Medicine Building,
Automated Vacuum Level 7, NTU
Tissue Processor
5 Leica EG1150 Leica Experimental Medicine Building,
Modular Tissue Level 7, NTU
Embedding Center
Leica RM2255 Fully Leica Experimental Medicine Building,
Automated Rotary Level 7, NTU
Microtome
7 X-Ray Developer SMITECH Asia Experimental Medicine Building,
Level 7, NTU
8 ChemiDoc BioRad Experimental Medicine Building,
Level 4, NTU
9 StepOnePlus™ Thermofisher Experimental Medicine Building,
Real Time System Scientific Level 4, NTU
10 Veriti Thermal Thermofisher Experimental Medicine Building,
Cycler Scientific Level 4, NTU
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Appendix 2

Table A2.1 Complete cell culture medium - RPMI

S.N. Components Volume
1. RPMI1640 500 mL
2. Heat inactivated fetal bovine serum (FBS) 50 mL
3. Sodium pyruvate solution (100 mM) 5mL
4. Penicillin-Streptomycin solution 5mL
Table A2.2 Complete cell culture medium — DMEM
S.N. Components Volume
1. DMEM 500 mL
2. Heat inactivated fetal bovine serum (FBS) 50 mL
3. Penicillin-Streptomycin solution 5mL
Table A2.3 Cell cryopreservation medium
S.N. Components Volume
1. RPMI1640 / DMEM 4 mL
2. Heat inactivated fetal bovine serum (FBS) 5mL
3. Dimethylsulfoxide (DMSO) 1mL
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Table A2.4 Cell lysis buffer for protein extraction.

S.N. Components Concentration
1. HEPES (pH 7.4) 50 mM
2. Sodium chloride 150 mM
3. Magnesium chloride 1.5 mM
4. Ethylene glycol-bis(p-aminoethyl ether)- 1mM

N,N,N’,N'-tetraacetic acid
5. Sodium pyrophosphate 10 mM
6. Sodium fluoride 50 mM
7. B-glycerophosphate 50 mM
8. Sodium othovanadate 1 mM
9. Triton X-100 1% (viv)

10. Phenylmethylsulphonyl 2mM

11. Leupeptin 10 pg/mL

12. Aprotinin 10 pg/mL

N.B. Protease and phosphatase inhibitors are added fresh before cell lysis.

Table A2.5 50X Tris base EDTA buffer for gel electrophoresis.

Add the Tris base and EDTA to approximately to 700 ml distilled H20 and stir until the Tris
base and EDTA are dissolved. Add the acetic acid and adjust the volume to 1 L. The final
concentration of TAE solution is 40 mM Tris, 20 mM Acetate and 1mM EDTA and typically

S.N. | Components Amount

1. Tris Base 242 gm

2. Ethylene diamine tetra acetic | 18.61 gm
acid (EDTA)

3. Glacial Acetic acid 57.1ml

has a pH around 8.6 (do not adjust).
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Table A2.6 Composition of cDNA master mix.

S.N. Components Volume
1. RNase-free water 2 ul
2. 10 X Reaction buffer 2 uL
3. Deoxy nucleotide solution (10 mM) 2 uL
4. RNase inhibitor (40 U/puL) 0.5 uL
5. M-Mulv reverse transcriptase (200 U/uL) 1 uL
Total 7.5uL
Table A2.7 Composition of SYBR gRT-PCR master mix.
S.N. Components Volume
1. Gene specific primer (10 uM) 0.2 uL
2. 2X SYBR green gPCR cocktail 10 uL
3. RNase-free water 7.4 uL
4. ROX (high) 0.4 uL
Total 18 uL
Table A2.8 Composition of miRCURY reverse transcription.
S.N. Components Volume
1. 5X miRCURY RT reaction buffer 2 UL
2. RNase-free water 4.5 uL
3. 10X miRCURY RT Mix 1puL
4. Synthetic RNA spike 0.5 uL
5. Template 2uL
Total 10 pL
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Table A2.9 Composition of mMIRCURY LNA miRNA PCR assay

S.N. Components Volume
1. 5X miRCURY SYBR green mastermix 5L
2. RNase-free water 1puL
3. ROX reference dye 0.5 uL
4, PCR primer mix 1uL
5. cDNA template 3uL
Total 10 pL
Table A2.10 Resolving gel solution for SDS-PAGE
S.N. Component of gel 7% 8% 10 % 12 %
1. Distilled water 10.03 mL | 9.37 mL 34mL | 2.7mL
2. 1.5 M Tris-HCI; pH 8.8 4 mL 4 mL 4 mL 4 mL
3. 10 % w/v SDS 80 uL 80 uL 80 uL 80 uL
4, 10 % w/v APS 80 uL 80 uL 80 uL 80 uL
5. TEMED 8 uL 8 uL 8 uL 8 uL
6. | Acrylamide-bisacrylamide | 4.67mL | 533 mL | 27mL | 3.4mL
solution, (30%)
7. Total 8 mL 8 mL 8 mL 8 mL
Table A2.11 Stacking gel solution for SDS-PAGE
S.N. Component of gel 4% 5% 6%
1. Distilled water 3.6 mL 3.4 mL 3.2mL
2. 1.5 M Tris-HCI; pH 8.8 0.630mL | 0.630 mL | 0.630mL
3. 10 % w/v SDS 50 uL 50 uL 50 uL
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10 % w/v APS 50 pL 50 uL 50 uL
TEMED 5uL 5uL 5uL
Acrylamide-bisacrylamide 0.67mL | 0.85mL 1mL

solution, (30%)
Total SmL SmL SmL

Table A2.12 Laemmli sample buffer (5X SDS-PAGE loading buffer)

S.N. Components Concentration
1. Tris-HCI (pH 6.8) 0.312 M
2. Sodium Dodecyl Sulphate 10 % wiv
3. R-Mercaptoethanol 25 % viv
4. Bromophenol blue 0.05 % w/v
Table A2.13 SDS-PAGE running buffer (10X)
S.N. Components Weight
1. Tris base 3049
2. Glycine 142 g
3. Sodium Dodecyl Sulphate 10¢

Dissolve in deionised water to a final volume of 1 L. Dilute 1:10 in deionised water before

use.

Table A2.14 Western blot semi-dry transfer buffer

S.N. Components Amount
1. Tris base 58¢
2. Glycine 299
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Dissolve in deionised water to 800 mL and then add 200 mL methanol was added to a final
volume of 1L.

Table A2.15 Components of Western blot stripping buffer

S.N. Components Concentration
1. Sodium Dodecyl Sulphate 2% (w/v)
2. Tris-HCI (pH 6.8) 50 mM
3. R-Mercaptoethanol 100 mM

Table A2.16 Preparation of glutamate standards

S.N Glutamate Assay Final volume Glutamate
Standard Buffer standard in well | concentration
(uL) (uL) (uL) (nmol/well)
1. 0 50 50 0
2. 2 40 50 2
3. 4 46 50 4
4, 6 44 50 6
5. 8 42 50 8
6. 10 40 50 10 nmol/well

Table A2.17 Components of AST reaction mix

S.N. Component Colorimetric reaction mix
(uL)
1. AST assay Buffer 80
2. Developer 8
3. AST Enzyme Mix 2
4, AST substrate 10
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Table A2.18 Preparation of NADH standards.

S.N NADH standard | Assay buffer | Final volume NADH
(uL) (uL) standard in concentration
well (L) (nmol/well)
1. 0 150 50 0
2. 6 144 50 2
3. 12 138 50 4
4. 18 132 50 6
5. 24 126 50 8
6. 30 120 50 10
Table A2.19 Components of CK reaction mix.
S.N. Component Reaction Background
mix (uL) reaction mix (uL)
1. CK assay 34 36
Buffer
2. CK Enzyme 2 0
mix

3. CK Developer 2 2

4. ATP 2 2

5. CK substrate 10 10
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Table A2.20 Preparation of pyruvate standards

SN Pyruvate Assay Final volume Pyruvate
standard buffer standard in well | concentration in
(uL) (uL) (UL) well
1. 0 60 20 0
2. 6 54 20 2
3. 12 48 20 4
4, 18 42 20 6
6. 24 36 20 8
7. 30 30 20 10

Table A2.21 Components of AST reaction mix.

S.N. Component Colorimetric reaction mix
(ML)
1. AST assay Buffer
2. Developer
3. AST Enzyme Mix
4. AST substrate

A.20




Appendix 3

List of Publications, Presentations and Awards

A. Publications

1. Kizhakeyil A, Fazil MHUT, Ong ST, Chalasani ML, Low JH, Kottaisamy A,
Praseetha P, Verma NK (2019), Isolation of human peripheral T cell lymphocytes,
Methods Mol Biol 1930:11-18. (Copy enclosed)

2. Fazil MHUT, Ong ST, Chalasani MLS, Low JH, Kizhakeyil A, Mamidi A, Carey
FHL, Lakshminarayanan R, Kelleher D, Verma NK (2016), GapmeR cellular
internalization by macropinocytosis induces sequence-specific gene silencing in

human primary T-cells, Sci Rep 6:37721. (Copy enclosed).

3. Fazil MHUT, Ong ST, Chalasani MLS, Kizhakeyil A, Verma NK (2019), GapmeR-
mediated gene silencing in motile T-cells. Methods Mol Biol 1930:67-73. (Copy
enclosed).

4. Kizhakeyil A, Verma NK (2019), Quantitative real time PCR for transcriptional
changes in T-lymphocytes. Methods Mol Biol 1930:59-68. (Copy enclosed).

5. Song TL, Nairismégi ML, Laurensia Y, Lim JQ, Tan J, Li ZM, Pang WL, Kizhakeyil
A, Wijaya GC, Huang DC, Nagarajan S, Chia BK, Cheah D, Liu YH, Zhang F, Rao
HL, Tang T, Wong EK, Bei JX, Igbal J, Grigoropoulos NF, Ng SB, Chng WJ, Teh
BT, Tan SY, Verma NK, Fan H, Lim ST, Ong CK (2018), Oncogenic activation of
the STAT3 pathway drives PD-L1 expression in natural Killer/T-cell lymphoma,
Blood 132 (11):1146-1158. (Copy enclosed).

6. Verma NK, Sadeer A, Kizhakeyil A, Pang JH, Chiu QYA, Tay S W, Kumar P,
Pullarkat SA (2018), Screening of ferrocenyl-phosphines identifies a gold-
coordinated derivative as a novel anticancer agent for hematological malignancies,
RSC Adv 8:28960-28968.

7. Ong ST, Chalasani MLS , Fazil MHUT, Prasannan P, Kizhakeyil A, Wright GD,
Kelleher D, Verma NK (2018), Centrosome- and Golgi-localized protein kinase N-
associated protein serves as a docking platform for protein kinase a signaling and

microtubule nucleation in migrating T-cells, Front Immunol 9:397.

A.21


https://www.ncbi.nlm.nih.gov/pubmed/?term=Fazil%20MHUT%5BAuthor%5D&cauthor=true&cauthor_uid=30610600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ong%20ST%5BAuthor%5D&cauthor=true&cauthor_uid=30610600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chalasani%20MLS%5BAuthor%5D&cauthor=true&cauthor_uid=30610600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kizhakeyil%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30610600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Verma%20NK%5BAuthor%5D&cauthor=true&cauthor_uid=30610600

8. Liow SS, Dou Q, Kai D, Sugiarto S, Chris YYY , Ryan TKK, Chen X, Wu YL, Ong
ST , Kizhakeyil A, Verma NK, Tang BZ, Loh XJ (2017), Long-term fluorescent
real-time in vivo monitoring of drug release by AIE thermogelling polymer, Small
13:1603404.

9. Verma NK, Fazil MHUT, Ong ST, Chalasani ML, Low JH, Kottaiswamy A,
Praseetha P, Kizhakeyil A, Kumar S, Panda AK, Freeley M, Smith SM, Boehm BO,
Kelleher D (2016), LFA-1/ICAM-1 ligation in human T cells promotes Thl
polarization through a GSK3p signalling dependent Notch pathway, J Immunol
197(1):108-118.

10. Sandeep K K, Kizhakeyil A, Raghavendra R, Verma NK, Lakshminarayanan R, T.S.
Sampath K, Mukesh D, Seeram R (2019), Drug loaded electrospun polymer/ceramic
composite nanofibrous coatings on titanium for implant related infections, Ceram
Int. 2019: 097.

11. Sandeep K K, Merum S, Raghavendra R, Kizhakeyil A, Verma NK,
Lakshminarayanan R, T.S. Sampath K, Mukesh D, Seeram R (2019), Modulation of
biological properties by grain refinement and surface modification on titanium
surfaces for implant-related infections, J Mater Sci (2019) 54: 13265.

12. Verma NK, Palapetta SM, Ong ST, Fazil MHUT, Chalasani MLS, Prasannan P,
Kizhakeyil A, Kelleher D (2019), A laboratory model to study T-cell motility.
Methods Mol Biol 1930:19-23.

13. Kizhakeyil A, Fazil MHUT, Verma NK (2019), Targeted gene silencing in

malignant hematolymphoid cells using GapmeR. Methods Mol Biol (in press).
Manuscript in preparation

14. Kizhakeyil A, Poh Z, Ng AS, Prasannan P, Tan SH, Kelleher D, Verma NK (2019),
Integrated analysis of transcriptomic and proteomic signatures identifies raf-ERK

signaling axis as target in vorinostat resistant CTCL.

15. Kizhakeyil A, Zaini NBM, Poh Z, Loh X, AS Ng, Low ZS, Prasannan P, Gong
Chun, Tan MGK, Nagarajan C, Huang D, Ong CK, Ong ST, Lim ST, Chng WJ,
Follows G, Hodson D, Du MQ, Goh YT, Tan SH, Grigoropoulos N F,Verma NK
(2019), DDX3X loss is associated with aggressive phenotypes in non-Hodgkin’s

lymphomas.

A.22



. Presentations

Kizhakeyil A, Fazil MHUT, Tan SH, Verma NK (2019) STAT3 as a second line
therapeutic target in vorinostat resistant CTCL. Singapore Health and Biomedical
Congress, October 10-12, 2019 (poster presentation).

Kizhakeyil A, Loh X, Chi ZH, Fazil MHUT, Ong ST, Rajamani L, Grigoropoulos
NF, Kelleher D, Tan SH, Verma NK (2017) DDX3X is a key regulator of metastasis
in hematolymphoid malignancies. Singapore Health and Biomedical Congress,
October 12-14, 2017 (poster presentation).

Fazil MHUT, Chirumamilla CS, Kizhakeyil A, Low JH, Martin D, Ostade XV,
Verma NK (2016) Withaferin A inhibits LFA-1-mediated migration of human T-cells
by modulating kinome signatures. Singapore Health and Biomedical Congress,
September 24-26, 2016 (poster presentation).

. Chalasani MLS, Kizhakeyil A, Yeo I, Kumar P, Verma NK, Lakshminarayanan R
(2016) Hyper-charged peptides targeting non-Hodgkin’s lymphoma and leukemia.
Peptide and Protein Society of Singapore Symposium Dec 8-9, 2016 (poster

presentation).

. Award

. Won the Best Presentation Award at LKCMedicine Retreat, 2017 (oral

presentation).

A.23



A.24



Appendix 4

Additional Materials and Methods
A4.1 Whole Exome Sequencing (WES) and analysis

Nine patients included in the study had de novo R/R-DLBCL. Patients were being
treated with curative intent using R-CHOP or a similar regimen and had one of the following:
i) primary progressive disease, ii) partial response to chemotherapy followed by disease
progression within two years of diagnosis, or iii) disease relapse within 2 years following a
complete response. They were identified using the Addenbrooke’s Hospital lymphoma
database and their fulfilment of inclusion criteria was confirmed by reviewing case records.
Patient selection was based solely on tissue availability and verbal telephonic consents were
sought from either the patients or their surviving relatives and documented in the hospital
notes before retrieving archived materials. The study was approved by the ethics review
board of Cambridge University Hospitals NHS Foundation Trust (05/Q1604/10) and

conducted in accordance with the Declaration of Helsinki.

Tissue sections (10 pum) prepared from formalin-fixed paraffin-embedded tissue
blocks on glass slides were dewaxed using a standard xyelene/ethanol series. Tissue samples
were crudely dissected a scalpel and DNA was extracted using the QlAamp DNA micro kit
(Qiagen) according to the manufacturer’s instructions. DNA concentration was measured
using Qubit (Life Technologies) according to the manufacturer’s instructions and 2 ug DNA

from each sample was used for WES.

Exome libraries were created from template DNA and sequenced at the Wellcome
Trust Sanger Institute. DNA was sheared to 100-400 bp on an ultrasonicator (Covaris) and
purified with the QlAquick system (Qiagen). Fragmented DNA was end-repaired and re-
purified. This was followed by addition of an A-tail and Minelute purification (Qiagen).
Adapters were ligated to the DNA fragments with Quick T4 DNA ligase (Agilent) and
purified with Ampure magnetic beads (Beckman Coulter). DNA was quantified on a
BioAnalyser (Agilent) and specimens with less than 500 ng of libraried sample underwent a
further 6 PCR cycles. Libraries were hybridised to biotynilated 120mer cRNA baits designed
for exome capture (SureSelect, Agilent). Hybridised DNA was captured using streptavidin

magnetic beads, purified, and sequenced on the HiSeq platform (Illumina).

Reads were aligned to the human genome and unmapped reads were dropped from
analysis. Taking into account read position, orientation, and base quality, a naive Bayesian
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algorithm (CaVEMan) was used to estimate the posterior likelihood of each possible
nucleotide at every position. The Pindel algorithm was used to analyse insertions and
deletions. Where matched normal tissue was available, genomic variants were excluded.
Where a library was successfully created for a tumour sample but not its matched normal, a
normal sample from a different patient was used instead. SNVs were cross-referenced with
the dbSNP database but not filtered on this basis. In order to enrich the dataset for high-
confidence variants, a called variant was excluded if any of the following filters applied: i)
Less than 1/3 mutant alleles were >25 base quality, ii) Coverage was less than 8 and no
mutant alleles were found in the first 2/3 of a read, iii) More than 3% of mutant alleles that
were >15 base quality were also found in the matched normal, iv) At least 2% of mutant
alleles of base quality >20 were found in at least 2 unmatched normal samples, v) Mutant
alleles were all on one direction of a read and only in the second half of the read. Second half
of read contains the motif GGC[AT]G in sequenced orientation and the mean base quality of
all bases after the motif was <20, vi) Mean mapping quality of the mutant allele reads was <
21, vii) The variant position falls within a simple repeat using the supplied normal, viii)
Position falls within a centromeric repeat using the supplied normal, ix) Mutant reads were on
one strand (permitted proportion on other strand: 4%), and mean mutant base quality was
<21, x) More than 10% of reads covering the variant’s position contained an indel according
to mapping, xi) More than 80% of reads contain the mutant allele at the same read position,
xii) The variant falls within a high sequencing depth region using the supplied bed file, xiii)
The variant position could not be annotated against a transcript using the supplied bed file,
xiv) The variant position has >3 mutant alleles present in at least 1% of unmatched normal
samples in the unmatched VCF, xv) Coverage is >10 on both strands but the mutant allele is
only present on one strand, and xvi) Tumour to normal sample mutant allele proportion is
<0.2.

Silent mutations and those in non-coding regions were excluded. The damaging
potential of mutations was assessed using PolyPhen-2 (Polymorphism Phenotyping v2
software), which predicts potential impact of an amino acid substitution based on protein
structure and function. The PolyPhen-2 score ranges from 0.0 (tolerated) to 1.0 (deleterious).
Variants with scores (0.0 to 0.15), (0.15 to 1.0) and (0.85 to 1.0) were predicted to be benign,
probably damaging and possibly damaging respectively. Variants in known cancer genes in
the census of the Catalogue of Somatic Mutations in Cancer (COSMIC) which were

predicted to be “benign” were also included. Variants in recurrently mutated genes were
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cross-referenced with COSMIC to determine if they are novel. Manual pathway analysis was
carried out on these variants. High confidence SNVs and indels identified in tumour samples
for which the patient’s matched normal tissue were sequenced were subjected to gene
functional annotation and functional classification clustering analyses using DAVID, with

medium classification stringency and Bonferroni and Benjamini corrections.
A4.2 Beta-catenin and p53 staining

The WNT3A-expressing cell line HEK293 STF3A cells were cultured until 70%
confluent and the conditioned media was used in a 50-50 mixture with fresh media. Induced
U2932 and HBL-1 knockdown and control HEK923TF cells were seeded and cultured in
STF3A-conditioned media for 24 h. Cytoplasmic and nuclear fractions were extracted from
the cells using NE-PER Nuclear and Cytoplasmic extraction reagents (Thermo Scientific)
following the manufacturer’s protocol and tested for cytoplasmic and nuclear beta-catenin

expression using western blot analyses.
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Table A4.1 A list of DEPs altered in HUT78vr.

Gene Symbol Sum PEP | Q-value Unique Log2(HuT78vr Average
Score Peptides / HUT78) HuT78vr /
HuT78
MUC1 14.262 0 2 6.64 100
UNC119B 19.435 0 2 6.64 100
TUT1 55.744 0 7 6.64 100
RTN2 15.726 0 2 6.64 100
TPPP 18.115 0 2 6.64 100
CA2 23.903 0 3 6.64 100
ISG15 56.648 0 4 6.64 100
PCCA 38.646 0 8 6.64 100
EPHX1 37.191 0 9 6.64 100
CKB 301.781 0 18 6.64 100
ENO3 123.83 0 6 6.64 100
PTMS 5.676 0.001 2 6.64 100
MAOA 14.399 0 2 6.64 100
AHR 51.136 0 10 6.64 100
NUDT1 36.091 0 5 6.64 100
STXBP1 36.713 0 9 6.64 100
RIPK1 25.1 0 5 6.64 100
NAB2 21.183 0 6 6.64 100
FAM111B 39.514 0 9 6.64 100
KCTD12 36.895 0 7 6.64 100
REEP6 30.43 0 2 6.64 100
RPP25 12.204 0 2 6.64 100
WDR35 43.837 0 5 6.64 100
BLVRB 134.557 0 9 6.10 68.73
ITGAL 36.575 0 8 5.79 55.1655
UBE2T 28.293 0 9 5.76 54.167
EEF1A2 370.597 0 10 5.73 52.942
HEBP1 24.343 0 4 5.72 52.652
SFXN3 53.463 0 6 5.70 52.1465
PLBD2 33.974 0 6 5.70 51.8365
IFT27 22.977 0 3 5.69 51.7555
PRAF2 24.634 0 5 5.69 51.4915
DNAJC10 43.686 0 8 5.68 51.397
FOXK2 26.502 0 5 5.68 51.351
PGPEP1 44.259 0 3 5.68 51.262
FYTTD1 22.056 0 2 5.68 51.209
KDELC1 75.345 0 13 5.68 51.1785
TBPL1 35.218 0 6 5.68 51.174
GCAT 31.896 0 5 5.68 51.168
PXMP2 51.238 0 6 5.68 51.167
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ATP6VOAL 32.396 0 6 5.68 51.142
PAFAH1B2 41.978 0 6 5.68 51.1275
CDIPT 57.473 0 5 5.67 51.079
KIFC1 71.149 0 10 5.67 51.047
NCEH1 18.229 0 4 5.67 51.0285
POLR3C 49.078 0 8 5.67 51.021
LGALS1 105.748 0 7 5.29 39.1805
LMNA 316.984 0 11 4.39 20.95
GSN 235.045 0 17 4.25 19.0885
HSPB1 171.164 0 16 4.04 16.488
PLEC 2490.401 0 228 3.45 10.951
SFN 144.396 0 11 3.37 10.332
PLEKHF1 21.978 0 4 3.28 9.7155
CRELD2 28.494 0 3 3.18 9.0675
GAMT 68.136 0 6 3.16 8.9675
FUCA1 93.994 0 9 3.14 8.824
TMEM205 51.523 0 4 3.08 8.44
PECR 88.542 0 11 2.73 6.6405
CKMT1A 68.833 0 9 2.54 5.8325
CPT1A 249.336 0 29 2.49 5.6235
CLGN 109.406 0 12 2.47 5.559
LPCAT3 56.946 0 9 2.43 5.3795
KRT81 35.532 0 5 2.43 5.372
VAT1 101.619 0 12 2.40 5.279
MVP 255.289 0 36 2.39 5.2425
CRYZ 102.885 0 11 2.38 5.2035
MAP1A 103.334 0 17 2.36 5.1385
SNAP29 53.648 0 7 2.21 4.6145
HSDL1 42.616 0 11 2.16 4.4695
CRIP1 6.247 .00 2 2.15 4.4535
DHRS7 56.122 0 9 2.12 4.3345
LAMP1 37.599 0 5 2.11 4.326
STOM 182.185 0 14 2.06 4.1735
CYB5R1 48.546 0 8 1.97 3.9225
EBP 27.243 0 3 1.95 3.851
SUN2 293.591 0 28 1.94 3.838
MAPK3 186.504 0 12 1.90 3.721
TUBA4A 344.291 0 6 1.84 3.5795
DHCR24 119.716 0 15 1.83 3.546
PACSIN2 90.17 0 12 1.81 3.5145
SLC2A3 44,126 0 5 1.80 3.493
PMVK 86.346 0 11 1.80 3.4815
ZYX 173.45 0 3 1.77 3.415
NQO1 116.507 0 10 1.77 3.403
GANAB 435.771 0 2 1.77 3.4025
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ETHE1 77.021 0 5 1.76 3.3825
TMX2 52.708 0 9 1.75 3.365
FAHD1 41.033 0 6 1.75 3.3625
VCL 569.386 0 53 171 3.271
C14orfl 34.165 0 5 1.71 3.2705
GALM 65.566 0 8 1.68 3.2125
ATOX1 22.257 0 3 1.67 3.18
LMCD1 66.194 0 11 1.66 3.1545
DGUOK 31.904 0 3 1.66 3.152
JMJID6 38.286 0 4 1.65 3.135
SLC25A1 65.631 0 8 1.64 3.123
SQLE 104.106 0 14 1.63 3.088
GNS 50.002 0 7 1.62 3.084
ARL3 74.813 0 11 1.62 3.065
GIPC1 43.65 0 8 1.60 3.0215
CTSA 65.929 0 7 1.59 3.007
LNPEP 227.471 0 28 1.55 2.9215
ACOT13 47.959 0 5 151 2.8385
PRDX5 118.072 0 13 1.50 2.835
AAK1 79.838 0 10 1.50 2.8315
MANBA 40.232 0 7 1.47 2.7685
PARP4 50.942 0 11 1.47 2.7655
FSCN1 107.19 0 16 1.46 2.7515
FLAD1 78.612 0 15 1.45 2.733
PRCP 47.054 0 6 1.45 2.726
NAA40 23.258 0 3 1.44 2.721
HSPB11 74.602 0 4 1.44 2.704
HSD17B10 329.014 0 18 1.43 2.699
FYB 58.317 0 8 1.42 2.6755
MTCH1 69.578 0 8 1.42 2.674
PGM2L1 111.002 0 22 1.42 2.6705
UBXN1 113.367 0 13 141 2.6525
ABHD11 54.868 0 9 1.38 2.602
CAMK2D 109.317 0 9 1.37 2.586
MBOAT7 53.487 0 8 1.37 2.5805
SCPEP1 62.543 0 8 1.36 2.569
PPME1 86.496 0 14 1.36 2.563
UBAC2 62.93 0 9 1.35 2.556
RTN3 27.25 0 2 1.35 2.5445
SDF2L1 70.153 0 6 1.33 2.5145
GSTK1 252.436 0 13 1.33 2.508
SEC22B 122.776 0 11 1.32 2.492
PEXS 64.976 0 10 1.32 2.49
PSAP 66 0 9 131 2.4835
ITGB1 40.614 0 6 1.30 2.4595
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PDP1 45.143 0 8 1.29 2.447
HEXB 78.401 0 12 1.29 2.4385
THEM4 12.976 0 2 1.28 2.434
ARRB1 253.689 0 20 1.28 2.433
AAMDC 19.396 0 4 1.28 2.4215
GLO1 108.589 0 12 1.27 2.4085
MLEC 149.145 0 10 1.26 2.4025
PDPR 98.573 0 15 1.24 2.358
BLVRA 104.563 0 12 1.23 2.3535
NIT1 51.204 0 9 1.23 2.3425
CYB5R3 179.904 0 13 1.22 2.3305
PRKCSH 193.382 0 19 1.21 2.3165
ORMDL3 33.177 0 4 1.21 2.3165
SERPINBG6 65.094 0 8 1.20 2.3045
MUT 115.779 0 19 1.20 2.292
ECHS1 177.604 0 14 1.20 2.2915
UBAl 861.872 0 55 1.19 2.2855
APMAP 119.36 0 13 1.18 2.2665
Uncharacterized 19.62 0 3 1.18 2.263
HSPA1B 601.626 0 29 1.17 2.257
CLPTM1 128.221 0 12 1.16 2.2415
TIGAR 71.715 0 9 1.16 2.2315
CDK5 97.296 0 11 1.15 2.2155
PIP4K2A 65.141 0 6 1.15 2.214
ACTN4 904.916 0 42 1.14 2.2095
ALDH6A1 71.96 0 13 1.12 2.1775
NADK2 50.308 0 8 1.12 2.172
HIBADH 138.39 0 11 1.12 2.1695
TUBB4A 494.821 0 3 1.12 2.1665
EMD 40.639 0 6 1.11 2.164
BCS1L 166.293 0 19 1.11 2.163
ACOTS8 40.661 0 5 1.10 2.15
PSMB5 94.46 0 11 1.09 2.135
CDS2 71.382 0 7 1.09 2.128
PNP 352.458 0 23 1.09 2.1255
NT5DC3 59.911 0 7 1.09 2.1245
DNAJB6 80.151 0 8 1.07 2.1045
EEF1G 369.528 0 29 1.06 2.088
ARHGAP25 36.682 0 3 1.06 2.079
CDC37 144.451 0 15 1.04 2.0525
SLC25A20 45.12 0 10 1.03 2.049
PBDC1 32.923 0 8 -1.04 0.487
ACAT2 153.812 0 11 -1.05 0.4845
MMAB 60.425 0 6 -1.05 0.482
NME1-NME2 370.402 0 6 -1.09 0.47
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PSMD10 98.365 0 8 -1.09 0.4695
HLA-A 132.404 0 6 -1.09 0.469
PPP6R1 176.929 0 18 -1.09 0.4685
ACSL4 186.245 0 24 -1.10 0.4665
NDUFA4 6.337 .00 2 -1.11 0.463
NAA1S5 343.426 0 29 -1.12 0.4615
VBP1 127.883 0 9 -1.13 0.4585
IDH3A 111.812 0 11 -1.13 0.4555
GTF2I 355.412 0 42 -1.14 0.453
IAH1 61.108 0 6 -1.14 0.453
Clorfl23 29.853 0 5 -1.14 0.4525
MRE11 87.293 0 16 -1.15 0.4515
PFDN4 30.904 0 3 -1.15 0.451
SRP9 16.808 0 4 -1.16 0.448
KDM3B 102.367 0 18 -1.16 0.446
UBE3A 65.958 0 12 -1.18 0.4415
SUB1 97.362 0 8 -1.18 0.441
IDH2 316.647 0 21 -1.18 0.44
THYN1 41.936 0 8 -1.18 0.44
NUBP1 12.127 0 3 -1.19 0.4395
GNAS 83.219 0 12 -1.19 0.438
SCAF4 93.381 0 6 -1.19 0.4375
SEPT6 205.187 0 14 -1.19 0.437
SRP14 42.525 0 5 -1.20 0.436
SEPT1 93.973 0 16 -1.20 0.4355
STK26 69.143 0 8 -1.21 0.433
KIAAO0368 309.14 0 35 -1.21 0.4325
UBTF 123.544 0 17 -1.21 0.432
ARHGAP15 110.221 0 14 -1.21 0.431
SH3BGRL 71.481 0 7 -1.22 0.4295
CCDC58 68.034 0 5 -1.22 0.429
COAG 41.535 0 4 -1.22 0.428
CASP3 52.358 0 8 -1.23 0.4275
ABRACL 68.625 0 5 -1.23 0.4275
PRPS1 123.094 0 7 -1.23 0.4255
RAD21 274.048 0 23 -1.24 0.424
PRKRA 64.85 0 7 -1.25 0.421
PAK2 211.316 0 23 -1.25 0.4205
ACLY 531.273 0 50 -1.25 0.42
RCC2 221.542 0 25 -1.25 0.42
NKRF 61.495 0 13 -1.26 0.4185
HCFC1 269.157 0 35 -1.26 0.418
CYP51A1 53.825 0 10 -1.26 0.417
TM9OSF3 49.08 0 9 -1.28 0.4125
DDX6 260.527 0 17 -1.29 0.4085
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PRPS2 107.544 0 5 -1.29 0.408
WAS 65.625 0 13 -1.30 0.4075
FERMT2 64.003 0 8 -1.30 0.4075
MPI 66.644 0 7 -1.30 0.407
ANP32B 127.876 0 6 -1.30 0.4065
BPTF 184.382 0 31 -1.30 0.406
POLDIP3 74.494 0 10 -1.30 0.405
DDX50 219.086 0 20 -1.33 0.3975
GART 405.694 0 37 -1.33 0.397
GRK2 115.447 0 13 -1.33 0.397
DUT 113.405 0 9 -1.34 0.396
ARHGDIB 253.456 0 11 -1.34 0.3955
HPRT1 110.339 0 14 -1.34 0.395
RIOX2 29.834 0 5 -1.34 0.3945
IDH3G 58.836 0 8 -1.36 0.39
IFITM2 116.828 0 2 -1.36 0.3895
UBE20 214.073 0 8 -1.37 0.388
NPEPPS 286.995 0 34 -1.37 0.386
DOCK2 409.829 0 57 -1.39 0.3825
FMR1 40.574 0 7 -1.39 0.382
SMARCC1 257.455 0 24 -1.39 0.382
CGGBP1 50.848 0 8 -1.41 0.377
EVL 238.468 0 17 -1.41 0.3755
HMGB3 109.573 0 9 -1.43 0.371
PDCL3 112.557 0 11 -1.43 0.371
TOP2B 753.927 0 60 -1.43 0.3705
PTPN2 74.882 0 11 -1.45 0.3665
CD247 42.316 0 6 -1.46 0.363
STAG2 257.165 0 26 -1.46 0.363
HLA-DRA 118.389 0 7 -1.47 0.361
STT3A 82.988 0 14 -1.47 0.3605
BDH1 84.939 0 11 -1.47 0.36
FABPS 182.351 0 11 -1.49 0.357
MBD3 79.159 0 9 -1.49 0.356
ITGB2 79.379 0 3 -1.50 0.3535
ADA 74.713 0 8 -1.51 0.3505
PSMB10 44,521 0 5 -1.51 0.3505
COASY 62.189 0 14 -1.51 0.35
PTRHD1 40.177 0 6 -1.51 0.35
RAB27A 69.078 0 10 -1.52 0.348
LIGS3 134.323 0 20 -1.56 0.339
LYAR 150.447 0 15 -1.57 0.337
CD3G 10.746 0 2 -1.57 0.3365
DOCKS8 393.271 0 58 -1.57 0.3365
CHCHD4 71.499 0 6 -1.60 0.331
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PTPRC 154.248 0 28 -1.60 0.3305
MSI2 22.413 0 3 -1.60 0.33
EIF3J 54.72 0 8 -1.66 0.316

RABY9A 89.221 0 10 -1.69 0.311

HLA-DRB1 91.566 0 7 -1.71 0.306

S100A4 33.005 0 3 -1.71 0.305
ABT1 34.892 0 4 -1.76 0.295
PGM1 118.971 0 17 -1.76 0.2945

FMNL1 196.257 0 9 -1.79 0.289

ARID1B 75.334 0 15 -1.81 0.2845
TFRC 443.92 0 37 -1.83 0.282

SLC7Al 24.11 0 4 -1.83 0.281

CLASP2 132.476 0 18 -1.85 0.2775
GBP1 126.184 0 15 -1.85 0.2765
PML 89.105 0 18 -1.86 0.276

KMT2C 50.793 0 9 -1.89 0.269
ITGAL 129.704 0 22 -1.91 0.2665
MPP1 45.802 0 6 -1.97 0.255
SCO1 44.008 0 5 -1.98 0.2535

REXO4 24.435 0 3 -1.98 0.2535
CSTB 65.952 0 4 -1.98 0.253

SRPRA 67.57 0 12 -2.00 0.2505

PTPRA 41.57 0 7 -2.02 0.2465

ARHGEF2 250.852 0 23 -2.03 0.2455

VPS13C 184.653 0 29 -2.03 0.245

TXLNG 33.205 0 6 -2.06 0.24
BAP18 149.195 0 13 -2.10 0.234

FAM136A 46.916 0 5 -2.13 0.229

DCPS 93.212 0 11 -2.15 0.225

PARP14 117.645 0 17 -2.16 0.224
RTCA 41.722 0 7 -2.17 0.2215
ALG3 10.216 0 3 -2.18 0.2205

PM20D2 82.635 0 9 -2.25 0.21

CASP6 49.715 0 6 -2.30 0.203

PPIP5K2 69.231 0 5 -2.30 0.2025

METAP2 72.145 0 2 -2.33 0.1985

FERMT3 326.88 0 30 -2.40 0.1895
DTX3L 32.96 0 4 -2.47 0.1805

DOCK11 65.62 0 12 -2.56 0.1695

PYCARD 47.533 0 6 -2.57 0.1685
CREBBP 41.872 0 3 -2.59 0.166
GNPNAT1 36.184 0 7 -2.60 0.1655
TMEM164 6.732 0.00 2 -2.63 0.162

SPAG7 48.069 0 8 -2.74 0.15
FLNA 1396.571 0 109 -2.79 0.1445
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SASH3 77.511 0 6 -2.82 0.142
UNC13D 242.969 0 23 -2.82 0.142
KDM4B 58.029 0 10 -2.85 0.139
COX11 29.886 0 3 -2.87 0.1365
FAS 67.783 0 6 -3.04 0.122
DENND1C 27.181 0 4 -3.09 0.1175
THY1 45,222 0 4 -3.10 0.117
FLNB 1429.939 0 109 -3.57 0.084
ADI1 49.146 0 8 -3.59 0.083
CTH 140.521 0 13 -3.69 0.0775
DCTD 78.316 0 8 -4.46 0.0455
ASS1 81.944 0 12 -4.88 0.034
ATP11C 73.495 0 12 -6.64 0.01
HLA-C 64.347 0 3 -6.64 0.01
LIN28B 30.96 0 7 -6.64 0.01
EPCAM 48.986 0 6 -6.64 0.01
IRF5 33.211 0 5 -6.64 0.01
ARHGAP27 29.783 0 5 -6.64 0.01
C120rf75 24.036 0 3 -6.64 0.01
STXBP3 34.121 0 6 -6.64 0.01
BIN1 75.797 0 8 -6.64 0.01
RPP14 13.396 0 3 -6.64 0.01
CSTA 16.173 0 2 -6.64 0.01
CTSH 23.835 0 3 -6.64 0.01
AK4 30.205 0 6 -6.64 0.01
COIL 24.268 0 6 -6.64 0.01
STAT5A 104.81 0 7 -6.64 0.01
BID 72.6 0 9 -6.64 0.01
GBE1 60.403 0 12 -6.64 0.01
APOBR 107.401 0 16 -6.64 0.01
GALNT2 17.947 0 3 -6.64 0.01
TARBP1 69.718 0 9 -6.64 0.01
ATR 56.265 0 9 -6.64 0.01
FLOT2 40.499 0 8 -6.64 0.01
PRPSAP1 63.476 0 7 -6.64 0.01
C9orf64 17.379 0 5 -6.64 0.01
QSOX2 36.372 0 6 -6.64 0.01
TRMT11 24.891 0 4 -6.64 0.01
WAPL 84.219 0 10 -6.64 0.01
CENPV 24.67 0 4 -6.64 0.01
PCGF5 25.707 0 2 -6.64 0.01
TRAPPC6B 11.893 0 3 -6.64 0.01
SLC35F2 24.512 0 3 -6.64 0.01
TMEM192 18.332 0 3 -6.64 0.01
PTPMT1 29.95 0 6 -6.64 0.01
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TOPBP1 21.003 0 3 -6.64 0.01
HVCN1 17.807 0 3 -6.64 0.01
THOC3 34.331 0 5 -6.64 0.01
TMEM209 36.961 0 7 -6.64 0.01
PYM1 51.185 0 6 -6.64 0.01
CDK19 19.946 0 2 -6.64 0.01
UPF3B 13.407 0 3 -6.64 0.01
NHEJ1 31.559 0 5 -6.64 0.01
BRD7 27.333 0 5 -6.64 0.01
SIRTS 24.314 0 4 -6.64 0.01
USE1 30.106 0 5 -6.64 0.01
ZC3H7B 43.269 0 6 -6.64 0.01
ZMYND8 38.867 0 4 -6.64 0.01
GIT1 59.126 0 10 -6.64 0.01
UFC1 33.051 0 4 -6.64 0.01
HEBP2 25.368 0 4 -6.64 0.01

Sum PEP Score: Protein score calculated as the sum of the negative logarithms
of the posterior error probability (PEP) values of the connected peptide spectrum
matches (PSMs)
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Table A4.2 A list of DDX3X variants in hematological malignancies reported in cBioPortal.

Protein Change

Mutation Type

Protein Change

Mutation Type

R528H

Missense_Mutation

M330K

Missense_Mutation

R534C Missense_Mutation M330K Missense_Mutation
R534H Missense_Mutation M330K Missense_Mutation
R534H Missense_Mutation AG8V Missense_Mutation
R534H Missense_Mutation R326C Missense_Mutation
Y525H Missense_Mutation R37C Missense_Mutation
S489* Nonsense_Mutation R475H Missense_Mutation
Q309* Nonsense_Mutation R531H Missense_Mutation
R46* Nonsense_Mutation M379I Missense_Mutation
R46* Nonsense_Mutation M379I Missense_Mutation
D354G Missense_Mutation 1158V Missense_Mutation
S24* Nonsense_Mutation N194S Missense_Mutation
X439_splice Splice_Site Y200C Missense_Mutation
X439_splice Splice_Site 1211T Missense_Mutation
E169Rfs*52 Frame_Shift_Del L235P Missense_Mutation
S456Ffs*40 Frame_Shift_Del C317Y Missense_Mutation
1214Tfs*7 Frame_Shift_Del C317Y Missense_Mutation
P568Cfs*5 Frame_Shift_Ins D350G Missense_Mutation
T369Nfs*14 Frame_Shift_Ins D350E Missense_Mutation
X590_splice Splice_Site V365D Missense_Mutation
DDX3X-BCOR fusion Fusion 1415T Missense _Mutation
K418Sfs*15 Frame_Shift_Del F487L Missense_Mutation
K418Sfs*15 Frame_Shift_Del F487L Missense_Mutation
S429Kfs*29 Frame_Shift_Del R488C Missense_Mutation
Y53Tfs*168 Frame_Shift_Del R488C Missense_Mutation
T411Pfs*9 Frame_Shift_Del S492G Missense_Mutation
X342 _splice Splice_Site A499T Missense_Mutation
E180* Nonsense_Mutation R503G Missense_Mutation
R263H Missense_Mutation F613L Missense_Mutation
P267S Missense_Mutation D347V Missense_Mutation
R603Q Missense_Mutation 1507L Missense_Mutation
R603Q Missense_Mutation L495V Missense_Mutation
R603Q Missense_Mutation F487L Missense_Mutation
R603Q Missense_Mutation A322V Missense_Mutation
R475C Missense_Mutation K452E Missense_Mutation
P568S Missense_Mutation D347H Missense_Mutation
S410F Missense_Mutation S228F Missense_Mutation
S410F Missense_Mutation P324Q Missense_Mutation
S410F Missense_Mutation R333G Missense_Mutation
1415V Missense_Mutation
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Table A4.3 A list of STAT3 variants identified in exome sequencing of NKTCL and PTCL
samples.

Gene.refgene | Ref | Alt Func.refgene | ExonicFunc.refgene | AAChange.refgene | FATHMN
STAT3 C T exonic missense SNV R278H T
STAT3 C G exonic missense SNV G618R D
STAT3 T A exonic missense SNV N647I D
STAT3 C T exonic missense SNV .D171N T
STAT3 C G exonic missense SNV D427H D
STAT3 T C exonic missense SNV H410R D
STAT3 C A exonic missense SNV V667L D
STAT3 C T exonic missense SNV D566N D
STAT3 T G exonic missense SNV S614R D
STAT3 G A exonic missense SNV P715L D
STAT3 C G exonic missense SNV Q344H D
STAT3 C T exonic missense SNV E696K D
STAT3 C T exonic missense SNV E616K D
STAT3 G C exonic missense SNV S614R D
STAT3 T A exonic missense SNV Y640F D
STAT3 C A exonic missense SNV D661Y D
STAT3 C T exonic missense SNV D566N D
STAT3 T A exonic missense SNV Y640F D
STAT3 T C exonic missense SNV E616G D
STAT3 T A exonic missense SNV N647I D
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Appendix 5

Ab5.1 STAT3 depletion enhances vorinostat sensitivity in HuT78 cells

We noticed that cells pre-treated with STAT3 GapmeR are more susceptible to
apoptosis caused by vorinostat. We depleted expression of STAT3 in HuT78 cells using
GapmeR and incubated with vorinostat (ICso = 2 uM). We demonstrated using Annexin V/PI
based flow cytometry analysis that 69% of STAT3 depleted HuT78 cells were in apoptotic
stage compared to WT cells, which was 42%. This data clearly indicated that STAT3

depletion enhances vorinostat sensitivity in HuT78 cells.

Wild-type STAT3 knockdown
k 3.4% | 48%
No treatment 1 ;N‘ : |
42% 69%

Vorinostat

Figure A5.1 STATS3 inhibition increases sensitivity of HuT78 cells to vorinostat. Previously, it has
been reported that STAT3 activation causes vorinostat resistance in cTCL cell lines such as STAT3.
Here, we HuT78 cells were treated with STAT3 antisense GapmeR for period of 48 hr and were
subsequently incubated in vorinostat containing medium for 24 hr. The cells were washed and
staining with Annexin V/ Pi and examine for apoptosis using flow cytometry.
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A5.2 DDX3Y, another isoform of DDX3 is rarely mutated in hematolymphoid

malignancies

Using cBioPortal, we identified seven mutation in DDX3Y gene, however, none of
them were oncogenic as predicted by OncoKB. This data suggests that DDX3Y may not play

crucial role in progression of hematolymphoid malignancies.

™

# DDX3Y Mutations

]

Cancer Hotspots
@ Oncoke

Figure A5.2 Mutational landscape of DDX3Y (A) To investigate the role of DDX3Y in hematolymphoid
maliagncies, we used cBioPortal and OncoKB, to derive mutational variants of DDX3Y gene.
Interestingly in 19,584 samples, only 7 variants were identified, however none of them were
oncogenic.
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A5.3 WNT signalling is not influenced in DDX3X depleted DLBCL cells

To investigate the effect of DDX3X depletion in DLBCL cells, we evaluated the
nuclear translocation of 3-catenin in DDX3X depleted cells. We showed that DDX3X
depletion in U2932 and HBL-1 cells does influence cytoplasmic level of B-catenin. We used

HEK293T cells are positive control.

Cytoplasmic fraction
WNT3 *

Cell line U2932 HBL-1 U2932 HBL-1 HEK293T

Nuclear fraction

= + -

WNT3 *
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Figure A5.3 DDX3X does not influence WNT signaling. The WNT3A-expressing cell line HEK293
STF3A cells were cultured until 70% confluent and the conditioned media was used in a 50-50
mixture with fresh media. Induced U2932 and HBL-1 knockdown and control HEK293T cells were
seeded and cultured in STF3A-conditioned media for 24 h. Cytoplasmic and nuclear fractions were
extracted from the cells and tested for cytoplasmic and nuclear B-catenin expression using western
blot analyses.
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Ab5.4 epAON-mediated STAT3 depletion diminishes expression of survivin in HUT78

cells

To further, elucidate the mechanism of cell death in STAT3-epAOn treated cells, we
evaluated levels of survivin expression, which is key anti apoptotic gene. We demonstrated
that epAON mediated STAT3 depletion reduces the phosphorylated levels of STAT3 (Y705)
and protein levels of survivin in HuT78 cells. It was evident that STAT3-epAON
significantly decreased levels of pSTAT3 (Y05) and survivin.
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Figure A5.4 STAT3-epAON induces apoptosis through depletion of survivin in HuT78 cells. Previous
reports suggest that STAT3 depletion induces apoptosis through down regulation of survivin. To
demonstrate that STAT3-epAON HuT78 causes downregulation of phosphorylated STAT3 and
survivin, we cell were treated with NS-epAON and STAT3-epAON for 96h and cell lysates were
collected which ere immunoblotted with anti STAT3, anti pSTAT3 (Y705) and survivin.
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A5.5 epAON molecules are safe

To evaluate the safety of epAON molecules, Twenty-five BALB/c mice were
maintained Singapore Experimental Medicinal Centre, Singapore. Mice were categorized into
five experimental groups: i) PBS ii) 5 mg/kg NS epAON iii) 25 mg/kg NS epAON iv) 5
mg/kg STAT3 epAON v) 25 mg/kg STAT3 epAON. Mice were administered with
intervention through subcutaneous injection (200 pL) with dose regimen of 2 doses\ week for
2 weeks. The mice were monitored and were sacrificed after 15 days. Blood was collected at
two time points i) before treatment (from venous sinus) and ii) after sacrifice (cardiac

puncture). The organs were collected and froze in liquid nitrogen.

We noticed that no appreciable influence in the body-weight of mice upon epAON
treatment (Figure A5.5A). We also demonstrated that administration of epAON does not
influences serum levels of levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and Creatine kinase (CK) in serum from mice treated epAON
compared to PBS control (Figure A5.5 B, C, D). We also analysed the levels of IgG 1 of
treated mice group. However, there were no significant changes in IgG 1levels (Figure A5.5
E). All experiments were performed according to the National Advisory Committee for
Laboratory Animal Research guidelines (IACUC #2016/SHS/1252).
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Figure A5.5 Assessment of toxicity of epAON. Mice were subcutaneously, injected with 5 mg/Kg and
25 mg/Kg non-targeting epAON 2 dose/week for 2 weeks. (A) The body-weight was monitored using
weighing machine and data was presented as average of each treatment group. (B, C) Serum
collected from treated mice groups were analysed for expression of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) using kit-based assay. (D) Creatine kinase (CK) levels in
serum were evaluated using kit-based assay. (E) IgG1 levels in serum of treated mice were analysed
using ELISA test. (Meant S.E.M.; ns, non-significant)
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A5.6 In vivo distribution of epAON

To understand dissemination of epAON in body, we subcutaneously injected 5mg/kg
FAM-epAON in BALB/C mouse. After 6 h, mouse was sacrificed and organs were collected.
The organs were cryo-sectioned and stained (Fig. 5.12). It was observed that FAM-epAON

was localised in liver, kidney, spleen but not in muscle and brain. It was inferred that epAON

does not permeate blood -brain barrier.

Bright field Hoechst FAM epAON Phalloidin Merge
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Figure A5.6 In vivo distribution of epAON. Mice were subcutaneously, injected with 5 mg/Kg non-
targeting FAM-epAON (green) for 6 h. The tissues, such as brain, liver, kidney, spleen and skeleton
were cryosectioned, fixed and counter-stained with Rhodamine-Phalloidin (to visualize cells, red) and
Hoechst (to visualized nuclei, blue). The images were by confocal microscopy (40X).
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Ab.7 VVorinostat resistance of HUT78vr cells are reversible

To check whether reversibility of vorinostat resistance, we cultured HuT78vr cells in cell
culture medium without vorinostat for period of one month. We found that ICso of HUT78vr

reverts to 2 uM from 36 uM. This clearly indicated that vorinostat resistance is reversible.
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Figure A5.6 Acquired drug resistance is reversed upon incubation in absence of drug pressure. To
check whether growing of HuT78vr in absence of drug pressure will reverse vorinostat resistance.
(A)HuUT78, HuT78vr and reversed HuT78vr (grown in normal medium) were treated with vorinostat
and IC50 was calculated using GraphPad prism.(B) Cell lysates from HuT78, HUT78VR and
HuT78VR (grown in normal medium) were collected and immunoblotted and probed for MDR1 and

GAPDH. (ns non-significant, *p>0.01). These data suggested that vorinostat resistance mechanism in
HuT78vr are reversible.
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