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ABSTRACT
OF THE THESIS OF

Sara Hisham Moodad for PhD in Biomedical Sciences
Major: Cell biology of Cancer

Title: Virally-Induced Hematological Malignancies with Dismal Prognosis: Impact of
Epigenetics and Potential Therapeutics

Blood malignancies are a heterogeneous group of cancer affecting blood cells or their
hematopoiesis, and are the leading cause of increased mortality rates worldwide. The
molecular mechanisms dictating oncogenesis and the currently used therapeutic
approaches still present many gaps and require further understanding, to increase the
overall survival of patients and alleviate the burden of these malignancies. In this
manuscript, we tackled two virally driven hematological malignancies having a dismal
prognosis and associated with chemo-resistance and high relapse rates.

Primary effusion lymphoma (PEL) is a rare aggressive subset of non-Hodgkin B cell
lymphoma. PEL is secondary to Kaposi sarcoma herpes virus (KSHV) and predominantly
develops in serous cavities. Current treatment modalities depend on aggressive
chemotherapy, yet fail to achieve long lasting remission or to improve overall survival in
PEL patients. Lenalidomide (Lena) is an immune-modulatory drug, which exhibits anti-
proliferative effects on PEL cell lines. Arsenic trioxide (ATO) proved efficient when used
as a combination therapy to treat multiple blood malignancies, including PEL. We
demonstrated that ATO/Lena enhanced survival of PEL mice, decreased peritoneal ascites
volume, and suppressed tumor organ infiltration. In ex vivo ascites-derived PEL cells,
ATO/Lena inhibited cell growth, downregulated latent viral proteins, and decreased NF-xB
activation. This was associated with decreased cytokine production and lytic reactivation
leading to apoptosis. Our results elucidate the mechanism of action of ATO/Lena and
present it as a promising targeted therapeutic modality in PEL management, which
warrants further clinical investigation.

Adult T cell leukemia (ATL) is an aggressive T-cell malignancy associated with the human
T-cell leukemia virus type 1 (HTLV-1). ATL associates with dismal prognosis and
develops after a long latency period, following accumulation of multiple genetic and
epigenetic alterations. Two viral proteins, Tax and HBZ, play central roles in ATL
leukemogenesis. Tax oncoprotein transforms T cells in vitro, induces ATL-like disease in
mice, and a rough eye phenotype in Drosophila melanogaster, indicative of
transformation. Among multiple functions, Tax modulates the expression of the enhancer



of zeste homolog 2 (EZH2), a methyltransferase of the Polycomb Repressive Complex 2
(PRC2), leading to H3K27me3-dependent reprogramming of around half of cellular genes.
HBZ is a negative regulator of Tax-mediated viral transcription. HBZ effects on epigenetic
signatures are underexplored. In this work, we established an hbz transgenic fly model, and
demonstrated that, unlike Tax, which induces NF-«kB activation and enhances PRC2
activity creating an activation loop, HBZ neither induces transformation nor NF-xB
activation in vivo. However, overexpression of Tax or HBZ increases the PRC2 activity.
Moreover, we report a novel interaction between HBZ and polycomb core components
EZH2 and SUZ12 resulting in upregulation of H3K27me3, a repressive transcription
hallmark. Importantly, overexpression of HBZ in tax transgenic flies prevents Tax-induced
NF-xB or PRC2 activation and totally rescues Tax-induced transformation and senescence.
Our results establish the in vivo antagonistic effect of HBZ on Tax-induced transformation
and cellular effects, and opens perspectives for new therapeutic strategies targeting the
epigenetic machinery in ATL. Overall, our work proposed a promising therapeutic
approach for PEL and offered a better molecular understanding on viral transformation in
ATL.
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CHAPTER |

INTRODUCTION

A. Primary Effusion Lymphoma

Primary Effusion Lymphoma (PEL) is a rare, aggressive, non-Hodgkin B-cell
lymphoma secondary to infection with the Kaposi sarcoma herpesvirus (KSHV), also
known as human herpesvirus type 8 (HHV8)* 2. PEL is associated with dismal prognosis
and high mortality rates®. It develops in immunocompromised patients including those

undergoing organ transplantation and more commonly in HIV-infected patients*®.

In 1989, PEL was first described as a distinct uncommon AIDS-related neoplasm
of B-cell origin’. This new non-Hodgkin lymphoma (NHL) was unique in its morphologic,
immunophenotypic, and molecular genetic characteristics® °, and infected patients
developed weakness and cachexia with profound malignant pleural effusions’. Later in
1995, Cesarman et al. identified the presence of KSHV genome in lymphoma cells derived
from malignant effusions of AlIDS-related body-cavity lymphoma®. This distinct KSHV-
associated lymphoma with body cavity effusions was designated as PEL in 19968 and in
2001, the world health organization (WHO) classified PEL as a unique neoplasm of large

B-cell lymphomat?.
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1. Epidemiology

PEL is a rare lymphoma that is mostly, but not exclusively, observed in HIV
patients with decreased CD4 counts® 2. It accounts for around 4% of HIV-related NHL
and 1% of non-HIV related NHL® 12, PEL manifests also in immunocompromised patients
including organ transplant patients* *, patients with liver cirrhosis**, or KSHV/HHV8
seropositive elderly patients®®. PEL development is associated with multiple risk factors,
the most important of which are male homosexuality and drug abuse!!. PEL mostly
presents in young to middle aged men with a median age of 41-57 years at diagnosis®® ', It
is predominant in men with a 6:1 ratio as compared to women?®. In the Mediterranean
region, KSHV seroprevalence ranges between 20 and 30%?8. Co-infection with Epstein
Bar virus (EBV) is quite common in PEL whereby 70-90% of these patients test positive
for EBV10 1119 Yet, the role of EBV in PEL pathogenesis is still unclear. EBV-negative
PEL is commonly detected in HIV-negative elderly from endemic HHV-8 areas such as

central Africa and Mediterranean regions® 20,

2. Clinical presentation

Clinically, classical PEL presents as lymphomatous malignant effusions in body
cavities, with absence of a visible tumor mass? &, hence, the former name “body cavity
lymphoma”. PEL serous effusions occupy various body cavities including the pleural

space which is the most common site, peritoneal and pericardial cavities> 21, Other spaces
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such as meningeal and joint spaces can be rarely affected®. Typically, a single cavity is

involved, yet patients with the involvement of multiple cavities were also reported??.

Symptoms associated with PEL largely depend on the location of the disease and
the respective involved cavities ® 2%, Enlarged abdominal girth, increased abdominal
pressure from ascites accumulation, and edema in lower extremities often accompany
peritoneal accumulation of malignant effusions® 2. When PEL involves pleural or
pericardial effusions, symptoms such as cough, dyspnea, chest heaviness, cardiac
tamponade with dizziness, decreased blood pressure, and electrocardiogram abnormalities
may be encountered® 2. Patients may also complain of typical B-lymphoma symptoms

characterized by fever, night sweats, and weight loss?..

Occasionally, extra-cavitary PEL with solid tumor formation may develop?* %,
This subtype of PEL develops in regional lymph nodes (which represent the most common
location accounting for 58% of extra-cavitary PEL), or extra-nodal sites including the bone

marrow, lungs, mesenteric and gastrointestinal tract, central nervous system, and skin?* 26-

28

3. Prognosis

PEL is associated with a dismal prognosis and low survival rates? 6 2°, Aside
from lymphoma progression, the most common causes of death are immunosuppression or

HIV-related complications, such as opportunistic infections® 2% 29,
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Due to rarity of the disease, large randomized clinical trials are lacking, which
hurdled the improvement of PEL management? 3. An optimal regimen for PEL is still
unachieved and treatment is mostly guided by small longitudinal observational studies and
case reports'®. In untreated patients, the median survival for PEL after diagnosis is limited
to 2-3 months!? 1°. A multicenter retrospective study on 28 PEL patients demonstrated that
chemotherapy improved the median survival to approximately 6.2 months, and a one-year

survival rate in 39% of patients®.

Multiple potential prognostic factors for patients with PEL were identified. Poor
performance and lack of combined anti-retroviral therapy (c-ART) prior to PEL diagnosis
were identified as negative prognostic factors contributing to a lower overall survival in
HIV-positive PEL patients®. The location and the number of affected cavities play also a
role in the prognosis of PEL. In a retrospective study of 104 PEL patients, patients with
only one involved cavity had a better overall survival (18 months) as compared to patients
with more than one affected cavity (Overall survival 4 months)®®. In addition, the location
of the affected cavity affects disease prognosis. Indeed, patients with pericardial cavity
involvement had better overall survival than those with pleural or peritoneal cavity
involvement (40 months compared 27 and 5 months respectively)®. This might be due to
the volume and size of the body cavity which reflects the tumor burden. High lactate
dehydrogenase (LDH) levels and decreased CD4 cells counts may also contribute to
dismal outcomes®. Recently, Lurain et al. established that EBV status and inflammatory
cytokines (Interleukin-10 (IL-10) and (IL-6)) are among the strongest prognostic factors

for PELSL. EBV positivity in PEL was identified as a positive prognostic factor associated
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with better prognosis while inflammatory cytokines were linked to inferior prognosis®..
Finally, when compared to classic PEL, extra-cavitary PEL was associated with a better

prognosis®.

4. Diagnosis

PEL diagnosis can be guided by an array of clinical manifestations and imaging.
However, lymphomatous effusion examination is essential for definitive diagnosis® 2% %,
In PEL, effusions are commonly bloody and exudative. Cytological preparation (cytospin)
allow the identification of malignant PEL cells, which exhibit a predilection to grow in the
liquid effusions® 2L, Assessment of cell morphology, immunophenotype unique
characteristics, and viral components detection contribute to PEL diagnosis®® %,
Morphologically, PEL cells are pleomorphic large cells with intense abundant basophilic
cytoplasm and occasional vacuolated cells*® 34, Nuclei are large and round with an
irregular shape and prominent nucleoli®**, Large anaplastic cells with poor
differentiation resembling Reed Sternberg cells may be occasionally present. For extra-
cavitary PEL, the histological features of cells in sections/biopsies resemble those in

effusions®® %,

Detection of KSHV/HHV8 infection in PEL cells is a must for confirmation of
PEL diagnosis'® *® 37, Immunohistochemistry assay for Latency-associated nuclear antigen
(LANA-1), a KSHV/HHV8 viral protein, is currently the gold standard method for

definitive diagnosis®® *°. Amplification of HHV8 constructs by Polymerase chain reaction
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(PCR) is another alternative®. Verification of HHVS infection is crucial for the differential
diagnosis of PEL from other lymphomas with similar morphological characteristics and
clinical presentation such as plasmablastic lymphoma?® 1% 37, It is worth noting that, any
PEL patient presenting with effusions at diagnosis belongs to stage 1V of the disease,

following Lugano classification criteria for NHL.

5. Cytological features of PEL

PEL cells express the common leukocyte antigen marker CD45 but lack B-
lymphocyte markers including CD19, CD20, and CD79a as well as surface and
cytoplasmic immunoglobulins? 333437 In addition, PEL cells express lymphocyte
activation markers such as CD30 and CD38, and typically express post-germinal B-cell
antigens/plasma cell-associated markers (CD138, VS38c, and MUM-1/IRF4) implying that
malignant cells are commonly in a late B-cell differentiation stage®® 344942, Moreover,
malignant cells usually lack NK cell markers and T-lymphocyte markers (CD2, CD3, CD4,
CD5, CD7, and CD8), although atypical T-cell antigen expression have been reported

particularly in extra-cavitary PEL33 42,

B. Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8

1. Discovery of Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8

KSHYV belongs to the rhadinovirus genus in the y2-herpesvirus subfamily of

mammalian herpesviruses in the Herpesviridae family!® 4344 Members of this family are
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classified into a, B, and y-herpesviruses and are well known for establishment of life-long
infection and latency in infected hosts* %, Mostly, these viruses result in mild to
asymptomatic illness with severe disease developing in immunocompromised settings
only* 47, Eight human herpesviruses have been identified (Summarized in table 1). Human
a-Herpesviruses such as Human Simplex Viruses 1 and 2 (HSV-1 and HSV-2, also known
as HHV-1 and HHV-2) and Varicella zoster virus (HHV-3) establish latency in neuronal
cells of infected people®® 47, B-herpesviruses include Cytomegalovirus (CMV, also known
as HHV-5) as well as Human Herpes Viruses 6 and 7 (designated HHV-6 and HHV-7
respectively)*. These establish their latency in peripheral blood mononuclear cells
(PBMC) excluding B-lymphocytes. As for y-herpesviruses, these include EBV (HHV-4)
and KSHV (HHV-8) whose main, but not exclusive, target for latency is B-lymphocytes*.

In fact, KSHV may also infect endothelial cells lining blood or lymph vessels*®: 474950,
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Table 1. Human herpes viruses’ classification, characteristics, and resultant diseases.

Viral Taxonomic Common Name Primary Major
Subfamily name Target Cells Related Disease
Human Herpes | Human simplex virus | Muco- Oral herpes
Virus-1 (HHV- | 1 epithelial cells | Encephalitis
a- 1) (HSV-1)
herpesvirinae | Human Herpes | Human simplex virus | Muco- Genital herpes
Virus-2 2 epithelial cells
(HHV-2) (HSV-2)
Human Herpes | Varicella Zoster Muco- Chickenpox
Virus-3 (HHV- | Virus epithelial cells | Shingles
3) (VSV)
Human Herpes | Human Monocyte Mononucleosis
Virus-5 (HHV- | Cytomegalovirus Lymphocytes
B- 5) (HCMV) Epithelial cells
herpesvirinae | Human Herpes | HHV-6 variant Aor | T- Roseola Infantum
Virus-6 (HHV- | B Lymphocytes
6)
Human Herpes | HHV-7 T- Roseola Infantum
Virus-7 (HHV- Lymphocytes
7)
Human Herpes | Epstein Bar Virus B- Mononucleosis
Y- Virus-4 (HHV- | (EBV) Lymphocytes | Lympho-
herpesvirinae | 4) Epithelial cells | proliferative
diseases
Human Herpes | Kaposi Sarcoma B- KS
Virus-8 (HHV- | Human Virus Lymphocytes PEL
8) (KSHV) Endothelial MCD
cells
Epithelial cells

CCID: Congenital cytomegalic inclusion disease, KS: Kaposi Sarcoma, PEL: primary
effusion lymphoma, MCD: multi-centric disease.

KSHV was first discovered by Chang and Moore et al. in 1994*3, Since 1980,

studies on Kaposi Sarcoma (KS), an AIDS-defining tumor, linked the disease to an

unknown sexually-transmitted infectious agent®: %2, It was until 1994 that Chang, Moore,

and their colleagues used representational difference analysis on KS and normal
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counterpart tissue and identified unique DNA sequences that were solely present in the
AIDS-KS patients*. The two identified fragments of 330 bp and 631 bp were present in
90% of KS patients*®. DNA sequences of these fragments were homologous, but not
identical, to genes encoding capsid and tegument proteins of y-herpesviruses capable of
cellular transformation®® 5354, Since then, KS was linked to a newly identified herpesvirus
designated as HHV -8 or KSHV. KSHYV entire genome was then cloned and its complete
DNA sequence was later identified®®. Soon after, KSHV was linked to the rare deadly
lymphoma PEL® !°, among other malignancies including KS, Multicentric Castleman’s

disease (MCD), KSHV inflammatory cytokine syndrome (KICS) 10:43.5558,

2. KSHYV epidemiology and Transmission

KSHYV is highly endemic in areas such as sub-Saharan Africa and south America
(the Amerindian population) (Figure 1) 1#181° The two regions present a similar pattern
of prevalence, where 70% of children, aged 4-9, are seropositive and the prevalence
increases with age to reach >90% at age 40 suggesting an early childhood KSHYV infection.
In the Mediterranean region (Spain, Italy, Sardinia, and Sicily)>® %, KSHV seroprevalence
is around 20-30%. Low seroprevalence rates (<10%) is reported in the United States®1-63,
Asia®, and Northern Europe. The geographical variation of KSHV seroprevalence is still
not understood. Some studies suggested that sociological or environmental factors
including co-infection with parasites, such as malaria, may increase KSHV

seroprevalence!? %,
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Figure 1. Geographical sero-prevalence of KSHV. KSHV is endemic in sub-saharan Africa
(>40%), less prevalent in Mediterranean (ltaly, Spain, Sicily, Sardinia) with 10-30%, and
slightly detected in Asia, USA, and northern Europe (<10%)°% ',

Primary KSHV infection may occur at any age during childhood or adulthood and
the virus may be transmitted through sexual or asexual routes'? 1% KSHV is present in
PBMC and can be shed in saliva and oropharyngeal mucosa®®. It can be also found in other
body secretions such as vaginal secretions, semen, and in prostate glands®®. KSHV modes
of transmission depend on the endemicity of the region'?. In non-endemic areas, such as
United states, sexual transmission especially among homosexual men, may be the most
probable route of transmission'? %8, In endemic areas, the major route of transmission is

through saliva'? .
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3. KSHYV Virion Structure and Genome

KSHV share the characteristic architecture of herpesviruses*” °. In electron
micrographs of KSHV-infected PEL cell lines and KS biopsies, KSHV appears as particles
of 100-150 nm in diameter with an electron dense core and an outer lipid envelope’?.
KSHV comprises a double stranded linear DNA genome of approximately 165-170 kb
encapsulated within a thick-walled icosahedral nucleocapsid** %% ’* 72 The capsid is
surrounded by an amorphous protein tegument layer and an outer envelope layer. KSHV
envelope is a lipid bilayer derived from host cells and covered with viral glycoproteins®* 4>

73 (Figure 2).

Glycoproteins

Virus DNA

Envelope
Outer tegument layer

Inner tegument layer

Capsid

Envelope proteins  Tegument proteins Capsid proteins

ORF8(gB) ORF45 ORF25(Major Capsid Protein)
ORF39(gM) ORF52 ORF26
ORF53(gN) ORF75 ORF62
ORF22(gH) ORF64 ORF65(Small Capsid Protein)
ORF47(gL) ORF11 ORF17
ORF68 ORF21 ORF17.5
K8.1 ORF33
ORF63

Figure 2. KSHV virion structure and structural proteins’.
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KSHV genome encompasses a central long unique region (LUR) of
approximately 140.5 kb with low GC content (53.3%) accommodating all coding
sequences® 7% 72, This coding region is flanked on both sides by multiple terminal repeats
(TR), of 801 bp each, with rich GC content (84%)°% % 72, KSHV isolates comprise
different numbers of TRs varying between 16-75 TR which explains the difference in
genome size among isolates. LUR encodes for highly conserved genes designated with the
prefix “ORF” (open Reading frame) numbered consecutively across the genome from left
to right as ORF4 to ORF75°% 474 Many ORF have homologs in other herpesvirus
members and encode for proteins involved in viral replication or structural proteins®*. In
addition, KSHV genome encodes for unique genes that interspace the LUR and are
assigned with prefix “K” (K1 to K15). Originally, these genes were thought to be
distinctive of KSHV®3 % 775 However, K3, K5, K7 and K13 and others were later found
to have homologues and additional new unique genes were identified’®. These unique
genes control various functions including virus-associated diseases and viral replication’®.

KSHYV also encodes for multiple viral microRNAs (miRNA) and long non-coding RNAs**

54,74

Among various KSHV encoded proteins are structural proteins; these include the
icosahedral capsid proteins; ORF62, ORF26, ORF65 and ORF25™* 7", The Tegument layer
proteins such as ORF11, ORF21, ORF33, ORF45, ORF52, PORF63 and ORF75 contribute
to genome entry following primary infection and early replication events’® 78 7°, Virally
encoded envelope glycoproteins are seven; ORF8 (also called glycoproteinB, gB), K8.1,

ORF22 (gH), ORF47 (gL), ORF39 (gM), ORF53 (gN), and ORF6874 %82 These are
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crucial for viral recognition, binding, and invasion of target cells during primary

infection®% 8183,

Interestingly, some KSHYV genes are thought to be up taken by the virus from
previous hosts as part of the viral evolution process® . As such, KSHV encodes for viral
homologs of cellular genes such as viral interleukin 6 (v-1L-6), viral cyclin D (v-cyclin),
viral bcl-2 (v-bcl2), viral ¢-FLIP (v-FLIP), and viral IL-8R (v-1L-8R)"® 84, Studies suggest
that these homologous genes allow for direct manipulation of host cell machinery by the
virus®*. Additional cellular proteins including actin, HSC70, HSP90, and translational

repressor EF-2b were also detected in virions’®.

4. KSHYV Life Cycle

a) Invasion and primary infection

KSHYV infects an array of cells including B-lymphocytes, endothelial cells,
keratinocytes, monocytes, and epithelial cells’ ®, The virus identifies and infects target
cells through glycoproteins including gB, gH, K8.1, and gL embedded/studded in its outer
envelop®’. Glycoproteins bind multiple host cell receptors including heparin sulfate, ephrin
receptor tyrosine kinase (EphA2), integrins, cysteine transporter xCT, and dendritic cell
specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN)8%. 83 87-9
Binding of glycoproteins to host cell receptors provide the first point of contact and result

in membrane fusion between the virus and host cells®® 8687,
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Following initial binding, viral endocytosis is facilitated by a cellular E3 ligase
protein referred to as Casitas B-lineage Lymphoma (c-Cbl), which transfers the KSHV-
host cell receptor complex onto lipid rafts®*2 (Figure 3). This enables the association of
integrins with ephrin receptors resulting in a complex formation composed of c-Cbl,
integrins, and myosin® %, Formation of such complex induce endocytic blebs through
which KSHV virus gain access to the cell®. In addition, binding of KSHV to integrin
receptors also result in auto-phosphorylation of cytoplasmic focal adhesion kinase
(FAK)®: %, Once phosphorylated, FAK interacts with downstream effectors such as Src, c-
Cbl, and phosphatidylinositol-3-kinase (P13-K) to aid in viral entry and endocytosis® %7,
In the cytoplasm, KSHYV loses its envelope and traffics in its capsid form. Phosphorylated
FAK also facilitates the transport of the viral capsid across the cytosol and its delivery to
the nucleus through association with RhoA and cytoskeletal proteins, in specific Dynein
and microtubules’™ 92 93.96.97 Once the viral capsid reaches the nucleus, viral DNA is
released into the nucleus through nuclear pores®2. Inside, viral genome circularizes forming
an episome’ 9298 Afterwards, viral genome expresses an array of viral genes involved in
host cell reprogramming such as activation of anti-apoptotic machinery, deregulation of
cell cycle, host cell immune evasion, and deregulation of key signaling pathways including

Notch, NF-xB, and MAPK** %2,

The outcome of KSHV primary infection and expression of viral genes vary
according to the targeted cell whether a B lymphocyte, an endothelial cell, or a
keratinocyte** ™. Similar to other human herpesviruses, KSHV life cycle has two major

phases; a transient short lytic replication phase and a persistent latent replication phase!®
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% Both phases have complex, yet distinct, gene expression patterns. Life-long latency is
considered as the default life cycle for KSHV virus following primary host infection3® %,
Occasionally, throughout its life cycle, the virus may undergo sporadic episodes of lytic

reactivation® (Figure 3).
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Figure 3. lllustrative figure depicting the invasion, entry, latent and lytic phases of
KSHV?®’. Surface viral glycoproteins mediate cell fusion and entry by binding cellular
receptors including integrin receptors, heparin sulfate. The viral-host interaction triggers an
intracellular signaling cascade which recruits microtubule proteins (blue lines). This results
in viral transport throughout the cytoplasm to the nucleus where viral expression allows for
either establishment of latency via LANA or initiation of virion production via RTA-
mediated lytic replication. Once inside, KSHV manipulates several key pathways
including PI13K, MAPK, NF-«B.
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b) Viral Latency

KSHYV latency is mainly established in B lymphocytes and endothelial cells of
infected hosts’* 190 191 Tq enter the latent phase, viral genome circularizes and is
maintained as episomes in the nucleus of host cell; Episomes tightly control gene
expression in an off-on latent specific form%2 1% |atency is maintained through the
simultaneous replication of the viral genome along with the host cellular DNA38: 103,
KSHYV replicated genome is passed in highly precise and even manner to the host daughter
cells and is maintained as limited 10-150 genome copies in each infected cell*® 1%, During
latency, daughter virion progenies are not produced®* *, Rather, the virus maintains a
limited viral expression confined for latent genes crucial for latency maintenance3 105106,
These involve the major latency locus genes which includes ORF73 (encoding for LANA-
1)38. 98,106,107 " ORF71 (encoding for viral FLICE inhibitory protein (v-FLIP))1% 1% ORF72
(encoding for v-Cyclin (ORF72))!% 110 ORFK12 (encoding for kaposins)’® 111 and 12
miRNAs (also called K-miRNA)?, Latent genes also involve ORFK10.5 (encoding for

viral interferon regulatory factor-3 (v-IRF3), also called LANA-2)!13,

In PEL, KSHYV is maintained in latent replicative state®® 1% whereby latency-
associated proteins are always expressed and their expression is paramount for the survival
of latent-infected PEL cells’* 1%, KSHV latent infection promotes oncogenesis and
presents a barrier against the elimination of malignant cells mainly through alteration of
host cell survival machinery and immune response’® 14, Indeed, expression of viral
latency locus latent genes in B cells increased predisposition to lymphoma and hyperplasia

in mice!'*. KSHV latency is maintained through multiple mechanisms including
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suppression of lytic replication and evasion of immune system3 15 Latency is a reversible
state; it can be disrupted by multiple physiological and/or environmental stimuli including
inflammatory cytokines, hypoxia, and oxidative stress*'® 7. Such stimuli may induce the
resting viral genome/hidden virus to switch into the lytic replicative phase!!® 7, In the

below section, an overview on latent proteins and their known functions will be provided.

i.  LANA-1: the major regulator of latency

LANA-1 also called ORF73, is a multifunctional protein and the master regulator
of latent infection that drives KSHV-induced malignancies®®. Among latent proteins,
LANA-1 is detected in almost all KSHV-infected cells with a dot-like nuclear pattern by
immunohistochemistry and immunofluorescence assays® . Detection of LANA-1 in PEL

ascites/tissues became the gold standard for definitive diagnosis of PEL3-°,

LANA-1 establishes and maintains KSHV latency and viral genome stability by
tethering the episome to the host genome?® %, In brief, LANA-1 directly binds to the
LANA-binding sites (LBS) in the TR repeats of the viral genome via its C-terminal DNA-
binding domain, while binding to the host chromatin-associated proteins via its N-terminal
histone-binding regions thereby securing KSHV genome on the host genome!!8: 11, This
allows for episomal replication, prevents viral genome loss during host cell mitosis,
ensures even distribution of replicated viral DNA copies to daughter cells, and thus
maintains latency!8 12, In addition, viral replication in latent cells is totally dependent on
the host cellular replication machinery'® 12, L ANA recruits host DNA replication
machinery to the viral origin of replication (ori-P) to allow KSHV replication and ensures

strictly controlled replication of one viral replication cycle per host cell cycle!®.
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LANA-1 plays also a pivotal role in maintenance of viral latency through inhibition
of lytic gene expression® 12!, Indeed, LANA-1 acts as negative regulator of lytic
reactivation via direct binding to the promoters of lytic genes thereby hurdling their gene
expression!?L, Alternatively, it recruits DNA methyl transferases to the promoters of lytic
genes preventing their transactivation??, The most important silenced Iytic gene is RTA,
which is the major transcriptional activator of lytic gene expression also called the lytic
switch protein'?2, LANA-1 also prevents transactivation by RTA through both direct
binding with RTA and competitive interaction with RBP-Jj, a cellular component in the
RTA transactivation complex!? 124 This direct interaction between LANA-1 and RBP-Jj
represses RTA expression and prevents uncontrolled viral reactivation'?! 123 124 Moreover,
transfection of a KSHV mutant where LANA-1 was deleted, results in prompt early lytic
gene expression highlighting the critical role of LANA-1 in controlling lytic gene

expression'?,

In addition to its importance in latency maintenance, LANA-1 contributes to the
survival and growth of infected cells by interacting with multiple cellular proteins3®: 74,
Indeed, LANA-1 binds and inhibits tumor suppressor genes such as p53, and
retinoblastoma protein (pRb) among others, resulting in apoptosis inhibition and increased
proliferation'?® 127 In fact, LANA inhibits both p53 transcriptional activity and p53-
mediated apoptosis?®. It also upregulates the levels of Aurora A, Ser/thr oncogenic
centrosome-associated kinase, which promotes p53 ubiquitylation and subsequent
degradation resulting in cell survival?®. On the other hand, interaction of LANA with pRb

results in the activation E2F-responsive gene, which enhances cell cycle progression?” 130,

33



Co-expression of LANA-1 and H-ras led to the transformation of primary rat embryonic
fibroblasts (REF)'?. In transgenic mice, expression of LANA-1 in B cells resulted in
enhanced germinal center formation, follicular hyperplasia, and lymophomas presenting
LANA-1 as a potential oncogene with key role in KSHV-associated lymphomas!3L,
Expression of LANAL in lymphoid cells stimulated S-phase entry and overcame cyclin-
dependent kinase inhibitor, CDKNZ2A, and induced G1 cell-cycle arrest suggesting that

LANA-1 promotes cell cycle progression*°.

LANA-1undermines cellular immune response via attenuation of STAT-1-
dependent IFN-y—inducible gene expression by competing with STAT1 from binding the
promoter region®*2, In addition, LANA-1 modulates multiple signaling pathways such as
NOTCH and Wnt pathways®* 33, LANA-1 deregulation of Wnt pathway results in -

catenin stabilization and activation of c-Myc oncogene®3® 134,

ii.  LANA-2

LANA-2 is expressed in most but not all KSHV-infected cells!®*. LANA-2 is
exclusively detected in PEL and MCD patients but not detected in KS tissues'®. In PEL,
LANA-2 is crucial for the survival and proliferation of infected PEL cells''3. Indeed,
knocking down LANA-2 in PEL cells in vitro resulted in reduced cell proliferation and
enhanced caspase-3 and caspase-7 activity enhancing cell death!'3, LANA-2 is also
involved in development of chemotherapy resistance to anti-mitotic drugs by reducing the
stability of polymerized microtubules®®®. In addition, LANA-2 plays a role in impairment
of apoptosis through inhibition of p53-mediated cell death®®. It also averts p53

SUMOylation resulting in cell senescence®’. Recently, Manzano et al. nicely
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demonstrated that LANA-2 cooperates with cellular interferon (IFN) regulatory factor 4
(IRF4) and basic leucine zipper ATF-like TF (BATF) as oncogenic transcription factors to
activate a super-enhancer mediated oncogenic transcription program in PEL which

enhances survival and proliferation of malignant cells!®,

iii.  Viral FLICE inhibitory protein

Viral FLICE inhibitory protein, v-FIIP or K13, is the viral homologue of the
cellular FLICE inhibitory protein (Fas-associated death domain (FADD)-like interleukin-1
beta-converting enzyme)’® ¥, VV-FLIP is an oncogene crucial for PEL progression and
survival of PEL cells'®%, It blocks death-receptor Fas and inhibits TNF-mediated caspase

activation resulting in apoptosis inhibition and cell survival**°.

More importantly, v-FLIP binds to the inhibitor of kB-kinase y (IKK ) resulting
in activation NF-xB pathway*® 141, NF-kB is a key cellular pathway for KSHV
tumorigenesis (Figure 4) and latent-infected PEL cells proliferation and survival4® 142-144,
NF-xB inhibits lytic reactivation and maintains latency in KSHV-infected PEL cells!*> 146,

making this pathway a potential druggable target in PEL43 144,
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Figure 4. KSHV-mediated dysregulation of NF-KB and Notch pathway*®. KSHYV alters
various cellular pathways that contribute to malignant transformation, immune evasion,
and modulation of key cell functions such as survival and proliferation. Among these
pathways, KSHV constitutively activates NF-kB mainly through its latent protein v-FLIP
which binds IKK. Activation of NF-«B activates gene expression of cytokines and
angiogenic factors such as IL-6, VEGF. KSHV also modulate the NOTCH pathway.
During latency, LANA-1 suppresses NOTCH pathway to inhibit RTA transcription and
thereby maintain latency.

Recently, Ye et al., elucidated that activation of NF-xB by v-FLIP inhibits AP-1
pathway, which leads to inhibition of viral lytic reactivation and maintenance of latency*’.
The oncogenic potential of v-FLIP was mainly elucidated in transgenic mice. Indeed, v-
FLIP transgenic mice exhibited B-cell differentiation and developed a progressive
lymphoma associated with activation of NF-xB reminiscent to what is seen in PEL

patients**®, Furthermore, knocking down v-FLIP resulted in decreased NF-kB activation
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and apoptosis induction suggesting that v-FLIP is essential for the survival of latent-

infected PEL cells!®8,

v-Cyclin is the viral homologue of the cellular cyclin D2%. It promotes cell cycle
progression and cellular proliferation via constitutive activation of cyclin-dependent kinase
6 (CDK®) and pRb inactivation promoting G1/S transition'% 149 10 |n addition, vCyclin-
CDK®6 complex promoted shorter G1/S phase transition through phosphorylation of other
substrates including p21 and p27**°. In PEL cells, vCyclin-CDK6 complex may control

latent infection through the phosphorylation of nucleophosmin protein®L,

Deletion of v-Cyclin decreased cell proliferation and delayed cell cycle
progression °2.v -Cyclin mutant cells exhibited contact inhibition and were arrested at G1
phase suggesting that v-Cyclin contributes to oncogenesis by promoting cell proliferation
and overriding contact inhibition in lymphoid tissue!®2. NF-xB constitutive activation
induced by v-FLIP may result in p21/p27 mediated G1 cell cycle arrest and senescence®®3,
Zhi et al., demonstrated that v-Cyclin, encoded from the same bicistronic mMRNA of v-
FLIP, counteracted or mitigated the G1 arrest/senescence inflicted by v-FLIP via
phosphorylation and degradation of p21 and p27 thereby allowing cells to escape

senescence and resume proliferation3,
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c) Luytic reactivation

The latent phase of KSHV infection is reversible and can be disrupted by multiple
stimuli including physiological and environmental stimuli® 16117 Once disrupted, the
resting/dormant genome is activated and the virus enters a new short phase of its life
referred to as “lytic reactivation”, characterized by sequential massive expression of most

viral genes, ultimately resulting in infectious virion production®,

During viral reactivation, lytic gene expression follows a temporal and sequential
transcriptional cascade that starts with “immediately early genes (IE)” such as rtal®1%,
These genes initiate lytic reactivation by encoding regulators and transcription factors>>
159 This is followed by the transcription of “early genes” such as orfk8 and orf59 whose
main function is to prepare the cells for viral genome replication and viral protein
synthesis’® 156: 158,160 The Jast transcribed genes are the “late genes” including those
encoding for glycoproteins such as k8.1, whose expression follows the onset of replication
and encodes for viral structural proteins’* 158161 Once all lytic genes are expressed, the
assembly of new virion particles is initiated in the nucleus®® 162, Briefly, replicated viral
DNA is incorporated in icosahedral capsids, surrounded by a tegument before budding
through the cell membrane thereby gaining its envelope!®®. A clear boundary between
latent and lytic states is not present®. Indeed, during lytic reactivation, infected cells
simultaneously express both lytic and latent viral proteins® >, Among the most important
Iytic proteins in KSHV, RTA (also referred to as ORF50) is a major lytic transactivator

referred to as “lytic switch protein”'®* 18 RTA is a nuclear transcription factor, transcribed

as immediate-early gene that can be detected as early as 4h post primary infection®®® 166, |t
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is also detected in TPA-induced PEL cells such as BCBL-1. Lukac et al. demonstrated that
RTA expression itself is sufficient for KSHV reactivation!®’. Indeed, mutant KSHV with a
deletion in RTA failed to express lytic viral genes or to produce daughter virions. Multiple
studies demonstrated that RTA transactivates lytic gene promoters including early genes
(such as orf 57, orf59, v-il6, k8, k9), and late genes (such as the gene encoding for
assembly protein, glycoprotein gB (ORF8.1))!7-1% In addition, RTA auto-activates its
own promoter’®, and exhibits a ubiquitin E3 ligase activity, which results in degradation
of host and viral proteins. Target proteins include the MyD88, an important player in
innate immunity!, and whose degradation by RTA allows for immune evasion during

Iytic reactivation!’®,

d) KSHYV interplay between latent and lytic cycles

The relationship and expression patterns of latent and lytic KSHV proteins are
quite complex” (Figure 5). Indeed, RTA plays a key role in initiating lytic early
replication and activates LANA promoter!’2, Once LANA is expressed, it inhibits RTA
activity and transcription thereby maintaining a persistent latency*’? (Figure 5). Moreover,
during latency, v-FLIP binds RTA and activates NF-kB which by itself can also contribute
to RTA inhibition*”. Conversely, upon Iytic reactivation, RTA is expressed to induce
expression of lytic genes'®®. Once expressed, RTA further inhibits NF-xB by targeting v-

FLIP for proteasomal degradation®’,
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Figure 5. Interplay between KSHV latency and lytic reactivation. Blue section represents
latent proteins among which LANA is a major player of latency. Yellow section represents
Iytic proteins among which RTA is a key lytic player. Black font represents key cellular
factors or signaling pathways implicated in viral lytic cycle’.

Recent studies presented viral switch from latency to lytic reactivation as a
promising therapeutic approach for herpesviruses-associated neoplasia 1'* 1", In PEL, Li et
al., demonstrated that inhibition of NF-xB survival pathway may increase oxidative stress,
which mediates KSHV lytic reactivation resulting in massive cell death!'’. A similar study
by Zhou et al. introduced oncolytic reactivation of endogenous KSHV as a rational
therapeutic approach for PEL management!’. In more details, a combination of
bromodomain and extra terminal (BET) protein inhibitor and ingenol-3-angelate (PEP005)

induced lytic reactivation, inhibited IL-6 production by malignant PEL cells, and resulted
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in apoptosis!’. This approach exploited the concept of inducing oncolysis via viral
replication while simultaneously inducing an immune response to lytic antigens thereby

clearing the virust™ 17,

C. PEL angiogenic factors and growth factors

PEL cells secrete high levels of human interleukin-6 (IL-6) and IL10 cytokines.
These two cytokines act as autocrine growth factors, which promote PEL growth and
proliferation®-33, Preclinical studies assessed the importance of IL-6 in PEL
progression’’®. Anti-1L-6 receptor antibody, Tocilizumab, decreased or delayed ascites
formation in murine PEL model resulting in prolonged survival of these mice’®. Recently,
elevated IL-6 levels were considered as negative prognostic factors in PEL patients, as
patients with elevated 1L-6 serum levels exhibited an inferior survival®.. 11-6 is a
downstream gene of NF-kB*"". Indeed, v-FLIP latent protein was shown to activate the IL-

6 promoter via activation of NF-xB*"’.

IL-10 is another crucial growth factor for PEL progression®’8, Jones et al.,
demonstrated that interleukin 10 is involved in the spontaneous growth of PEL cells!’®, and
inhibition of 1L-10 by anti-IL-10 antibodies or soluble IL-10 receptors delayed the

proliferation of PEL cell lines (BCBL-1 and BC-1)*"8,

In addition to cytokines, PEL cells produce high levels of angiogenic factors such
as Vascular endothelial growth factor (VEGF)!®. High levels of VEGF were detected in

PEL ascites in vivo and strongly correlate with PEL progression*’®. In murine PEL model,
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anti-VEGF antibody, bevacizumab, impeded ascites formation and enhanced survival of

PEL mice®’®.

D. PEL treatment

Given the rarity of the disease, large-scale longitudinal randomized studies are
lacking® 2%, As a result, Treatment and management decisions are guided by and restricted

to some available preclinical data, small retrospective studies, and individual case reports?

21

1. Frontline therapy

a) Chemotherapy

Conventional chemotherapy remained the mainstay of treatment of PEL patients
presenting with no comorbidities and a good performance status? 8. Yet, an optimal
regimen was not achieved. Since a universally-accepted standard regimen effective as first
line therapy is lacking, an aggressive lymphoma chemotherapy is typically opted.
Examples of adopted chemotherapy include CHOP (cyclophosphamide, doxorubicin,
vincristine, and prednisone) or DA-EPOCH (dose-adjusted EPOCH: etoposide,
prednisolone, vincristine, cyclophosphamide, doxorubicin)? 2% 180,

In a study conducted by the national cancer institute, the effect of DA-EPOCH in
thirty-nine newly diagnosed patients with AlDS-associated B-cell lymphoma was

investigated®8L. This treatment resulted in an 87% overall response rate, of which 74%
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were complete remissions (CR)L. In addition, 52 months post treatment initiation, the
overall survival was 60%*8!, Several case reports recommended the use of DA-EPOCH in
combination with antiretroviral drugs (ART) for PEL patients infected with HIV82, In one
report, an HIV patient presenting with extra-cavitary PEL affecting the colon was treated
with four cycles of EPOCH, in addition to highly active retroviral therapy (HAART) and

achieved a complete remission that lasted for 14 months after treatment82,

The efficacy of CHOP-like regimens was also evaluated in PEL. In a retrospective
study, the potency of CHOP-like regimen in eight patients was assessed. Prednisone was
omitted to prevent KS emergence®. 42% of patients achieved CR. However, the median
survival was still limited to 6 months. In a multi-regimen retrospective study, CHVP
(Cyclophosphamide, Hydroxydaunorubicin (Doxorubicin), Vumon, Prednisone) plus
methotrexate were evaluated on seven AIDS patients with PEL!83, Three patients achieved
CR which lasted for 18-78 months. However, these patients suffered from hematological
toxicity attributed to methotrexate!®®. As such, the combination was not recommended for

patients with effusions due to the delay in methotrexate clearance.

In rare cases, PEL cells can express CD20. For CD20-positive PEL, a chemo-
immunotherapy consisting of CHOP and rituximab (R-CHOP) which is a monoclonal anti-
CD20 antibody, was investigated'® &, Two case reports on one patient each, showed that
R-CHOP induced a durable CR which lasted for 22 and 30 months'®. Moreover, in HIV
patients with CD20 positive PEL, R-EPOCH resulted in CR that lasted for one year®.
collectively, and despite multiple case reports and retrospective studies, management of

PEL by chemotherapy remains poor.
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b) Anti-retroviral therapy

For PEL patients diagnosed in the setting of HIV, ART/chemotherapy combination
is a reasonable first-line approach?!. Indeed, in a retrospective study conducted on HIV-
infected patients with concurrent PEL, a shorter OS was reported in patients with poor
performance and who were untreated with ART prior to PEL diagnosis®. In a similar
study, Simonelli et al. elucidated that patients treated with CHOP-like therapy without
ART also exhibited a shorter OS limited to 3 months and failed to achieve CR®.
Conversely, it was reported that ART alone resulted in CR in one HIV-positive PEL
patient, and this CR lasted for 14 months!®. As a result, addition of ART to chemotherapy

is the usual norm for treating HIV-positive patients with PEL.

Based on preclinical reports, some retroviral agents like Azidothymidine resulted in
growth inhibition of PEL cell-lines*®’. Similarly, Lopinavir, a proteasome inhibitor,

induced apoptosis of PEL cells through inhibition of NF-kB pathway88,

2. Relapsed and refractory PEL

Following frontline therapy, most PEL patients relapse within 6-8 months requiring
further management? 2, In this setting, therapeutic options depend on comorbidities, and
performance status, which are highly dependent on individuals®® 1. Treatment options
include radiation, stem cell transplant, antiviral drugs, and targeted therapies such as

bortezomib,
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a) Radiation

In PEL, radiation is an option in patients with a refractory/relapsed disease and
whose tumor is causing physical pain?! 18, By itself, radiation is not sufficient to achieve
CR, but is useful for decreasing PEL burden?!. Indeed, radiation can be considered for
cases with solid PEL mass confined to one radiation field. In that sense, in a case report of
a patient with pleural-based PEL mass, localized radiation resulted in sustained remission

for 1 year'®,

b) Stem cell transplant

Autologous stem cell transplant (ASCT) was implemented in PEL?!. An HIV-
negative PEL patient who received ASCT following CR with chemotherapy (Ifosfamide,

carboplatin, and etoposide) had a sustained CR for 12 months post ASCT®,

As most PEL patients present with coinciding HIV infection, concerns pertaining to
the use of ASCT in that population were reported?'. Nevertheless, in one case report, an
HIV-positive patient, was treated with reduced intensity regimen followed ASCT resulting
in CR that was sustained for 31 months post transplantation®®. Yet, with the lack of
sufficient reports that support the use of ASCT in PEL, the benefit of this approach

remains questionable.
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c) Antiviral therapies

Several case reports supported the use of antivirals in PEL management. In three
HIV-negative patients with PEL, intracavitary injection of cidofovir into the affected
cavity resulted in promising response!®2. Indeed, in two patients, intrapleural injection
resulted in 10 and 15 months of CR. In the third patient, intraperitoneal injection of
cidofovir resulted in 5 months of CR%2, However, this regimen was limited to patients
with one cavity and no data exist on intracavitary cidofovir administration into multiple
cavities. In another report, an HIV patient refractory to chemotherapy achieved a CR

exceeding 13 months when treated with valganciclovir while receiving ART%,

d) Targeted therapies

i.  Proteasome inhibitors

Proteasomal activity is essential for viral replication of KSHV-infected cells and
survival of PEL cells!** 19419 'Indeed, the ubiquitin/proteasome system was shown to
mediate entry and endosomal trafficking of KSHV intro target cells'®. Moreover, KSHV
was reported to hijack the 26S proteasome in order to manipulate proteasome-dependent
pathways involved in cell regulation, apoptosis, and cell proliferation including NF-B and
Notch pathways!®*. Bortezomib, a proteasome inhibitor, is approved for treatment of
multiple myeloma and mantle cell lymphoma®®’. Clinically, bortezomib combined with

rituximab and PEGylated liposomal doxorubicin resulted in sustained CR of two years in

CD20-postive HIV-negative PEL patient!®,
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3. Preclinical studies

Preclinical studies provided insights into potential targeted therapies for PEL
(Table.2). Among multiple pathways, the phosphatidylinositol-3-kinase/Akt/mammalian
(PI3/AKT/mTOR) pathway is frequently activated in PEL. Rapamycin, targeting this
pathway, induced apoptosis and decreased proliferation of PEL cell lines in vitro, and
inhibited PEL tumor growth in a xenograft murine PEL model*®®. NF-kB is another
fundamental constitutively activated pathway in PEL% 14!, Dual inhibition of NF-xB and
PI3/AKT pathways, by Bay11-7085 and LY 294002 respectively, resulted in synergistic
apoptosis of PEL cells**. Preclinical studies also investigated VEGF and IL-6 as potential
targets for therapy. As discussed before, VEGF- specific antibody and anti-IL-6 antibody
delayed PEL ascites development in vivo and improved survival of PEL mice!’®.

Since PEL cells are infected with the KSHV virus, attempts to target malignant
cells with antiviral drugs were conducted? 18, However, since the virus exist in its latent
state in malignant cells, it was resistant to most antiviral regimens. One proposed regimen
depended on induction of viral reactivation followed by treatment with anti-viral drug
resulting in apoptosis of KSHV-infected cells®®. Indeed, cells with lytic replication were
found to be sensitive to foscarnet, ganciclovir, and cidofovir?® 20,

Preclinical studies also investigated the anti-tumor effects of proteasome inhibitors
in vitro. Indeed, proteasome inhibition resulted in decreased cell proliferation and inflicted
apoptosis in PEL cell lines?®2. Combined with vorinostat, a histone deacetylase inhibitor,
the proteasome inhibitor, Bortezomib resulted in KSHV reactivation, cell death, and

enhanced survival in PEL murine model®®,
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Table 2. Examples on preclinical studies targeting dysregulated pathways in PEL

Drug Molecular Target Key findings Ref
Berberine NF-kB inhibition Induction of apoptosis and Suppression of NF-kB | 204
activity via inhibition of IKK phosphorylation
Bortezomib (PS- | NF-kB inhibition Induction of apoptosis and inhibition of 195
341) Proteasome inhibition proliferation
Bortezomib Proteasome inhibition Inhibited proliferation, induced apoptosis and e
Vorinostat HDAC inhibition KSHYV reactivation in PEL murine model
ATO/ IFN-a, NF-kB inhibition Inhibition of proliferation, induction apoptosis, 205
Latent gene transcripts decreased latent transcription and NF-Kb 206
Enhanced survival in vivo
Bay11-7085/ NF-kB and PI3 kinase/ Synergistic apoptosis of PEL cells e
LY?294002 Akt inhibition
PF-04691502 & PIBK/AKT/mTOR Dual inhibition of PISBK/AKT/ mTOR and 207
AKTi % inhibition glycolytic pathway enhanced cytotoxicity in PEL
cells
PEP005/JQ1 BET inhibition and Induction of HHV8/KSHYV lytic s
NF-kB inhibition replication, inhibition of IL6, production and
proliferation, and induction of apoptosis
Delay tumor growth in vivo
Everolimus mTOR inhibition downregulation of KSHV latent gene expression, | 208
Induction of caspase-mediated apoptosis
Thioridazine MALT1 inhibition MALT1 inhibition switched into the lytic phase e
and reduced cell growth and survival
PX-478 HIF-1a inhibition dose-dependent reduction in
HIF-1o mRNA and cell proliferation
PF-2341066 c-MET inhibition G2/M cell cycle arrest, induction of DNA 2
damage and apoptosis of PEL cells in vitro.
Delay PEL in vivo
Metformin intracellular ROS Downregulation of v-FLIP, 21
inhibition decreased intracellular ROS,
mTOR inhibition inhibition of MTOR, and the
dephosphorylation of STAT3 leading to
apoptosis.
Lenalidomide immunomodulation Inhibit KSHV-mediated 2
Pomalidomide downregulation of MHC-1 surface expression
Lenalidomide immunomodulation Inhibit proliferation, induce apoptosis and cell 213
Pomalidomide cycle arrest due to IRF4 inhibition and
degradation of IKZF1

E. Arsenic trioxide

Arsenic trioxide (ATO) is used as a combination therapy for multiple

hematological neoplasms?# 21°_ |t exerts versatile mechanisms of action which include
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inhibition of proliferation and angiogenesis, induction of differentiation, apoptosis, and
deregulation of cellular redox state?>?18, Currently, ATO is a first line therapy for relapsed
acute promyelocytic (APL) and has been recently suggested as an effective consolidation
for patients with adult T cell leukemia (ATL) following induction therapy?'®?%, Indeed, in
APL, ATO triggers the degradation of PML-RARa oncoprotein resulting in APL
remission?®220:223 Similarly, ATO combined with all trans retinoic acid (RA), was
suggested as a promising therapeutic option for acute myeloid leukemia (AML)?%*. In
vitro, ATO/RA results in selective apoptosis of AML cells with mutant nucleophosmin-1
protein via degradation of the mutant protein resulting in apoptosis?}” 224, In ATL, ATO
synergizes with Interferona (IFNa) resulting in cell death in vitro with selective
elimination of leukemia initiating cells in tax-transgenic murine model?®: 225226 |n phase
II clinical trial, ATO, combined with IFNa and zidovudine, resulted in 100% response rate
and 70% remission in chronic ATL patients??’. Recently, ATO was proposed as a
consolidation therapy following induction therapy for ATL patients who are not eligible
for ASCT??. In Multiple Myeloma, ATO and Lena exhibited independent effects in vitro
228 where ATO exhibited a potent cytotoxic effect while Lena showed an
immunomodulatory effect??®, In more details, ATO sensitized myeloma cells to Lena and
the combination ATO/Lena decreased MDM2 expression levels without affecting p53222,
ATO-induced sensitization to Lena occurred via upregulation of cereblon expression

levels??,

In PEL, ATO/ IFNa inhibited NF-kB activation, decreased cell growth, and

induced caspase-dependent apoptosis in HHV8* PEL cell lines?®. This combination
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synergistically prolonged the survival of PEL mice by decreasing the peritoneal ascites

volume, downregulating KSHYV latent gene transcripts, and inducing cell death?%. Despite

these promising results, ATO/IFNa combination failed to achieve the in vivo cure 2%,

. Lenalidomide

Lenalidomide belongs to the immunomodulatory class of drugs?® 2%, It is a
thalidomide analog approved for the treatment of multiple myeloma?? 233, Lena exhibits
antiangiogenic, antineoplastic, and immune activating properties?! 24, Thus, it was
presented as a potential drug for treatment of blood malignancies including mantle cell

lymphoma, chronic Lymphocytic leukemia, and Diffuse Large B-cell lymphoma?3t: 235 2%,

The potential effects of Lena on PEL therapy were previously investigated.
Indeed, Lena inhibited PEL cell proliferation and induced cell cycle arrest by targeting
IKZF1-IRF4-MYC axis in a cereblon-dependent manner?'3. Lena’s anti-proliferative
effects were due to degradation of Casein kinase 1 o (CK1a) and downregulation of
IRF423’. However, overexpression of CK 1o and IRF4 expression in treated cells failed to
overcome Lena toxicity strongly suggesting that other pathways are also involved?®’. Lena
restored the immune surface molecules downregulated by KSHV to subvert immunity in

PEL cell lines?2,

Clinically, Lena resulted in complete remission in a 77 years old HIVV-negative

patient?®®, Interestingly, after 18 months of therapy, complete remission was sustained?%.
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Lena is currently in phase I/11 clinical trials along with DA-EPOCH and rituximab for

treatment of PEL patients (NCT02911142).

G. Adult T-Cell leukemia

Adult T-cell leukemia (ATL) is an aggressive T-cell neoplasm secondary to
infection with the human T-cell lymphotropic virus type 1 (HTLV-1)%% 240 ATL was first
discovered by Takatsuki et al. in Japan in 197624L. Later in 1980, the retroviral origin of

this leukemia was identified and assigned as HTLV-1242,

HTLV-1 infects around 10-20 million people worldwide?*3-245, Among infected
personnel, 1-5% develop ATL after a long latency period that may reach 50 years?40: 243246,
HTLV-1 is endemic in multiple countries including the Caribbean islands, southern Japan,
Romania, Central and Latin America, intertropical Africa, Central Australia, areas in the
Middle East (mainly Iran), and Melanesia?*3-?*5, Recently, an alarmingly rising prevalence
of ATL was discovered in non-endemic area including north of Japan and the United

State3247’ 248

1. Clinical manifestations of Adult T-cell leukemia

ATL development arises following clonal expansion of mature T lymphocytes with
characteristic CD3"CD4"CD5'CD7-CD8 CD25+ expression pattern®®-21, At the clinical

level, ATL patients present with different forms of the disease. These can range from an
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indolent slowly progressive disease to an aggressive and life-threatening disease. Based on
the heterogeneity of the disease, the Shimoyama classification encompasses four major
subtypes: smoldering, chronic, lymphoma, and acute (summarized in table 3), that differ in

clinical features, therapeutic management, and prognosis 22,

Table 3. Shimoyama classification of clinical subtypes of ATL??,

Smoldering Chronic Lymphoma  Acute

Lymphocyte count (x10° /L) <4 >4 <4 High

Flower cells (%) <5 >5 <1 High

LDH level <15times ULN  <25times ULN High High

Ca®* level Normal Normal High High

Skin and /or lung involvement +/- +/— +/= +/=
Lymph node involvement No +/— Yes +/-
Spleen/liver involvement No +/ - + = +f—

Central nervous system/bone/pleural/ascites No No +— +f=

All forms of ATL are characterized by a dismal long-term prognosis and a low
median survival rate, ranging between 6 months for the acute subtype and 24 months for
the chronic subtype. Moreover, their clinical manifestations of ATL are quite
heterogeneous and may include generalized lymph node swelling, skin rash,
hepatosplenomegaly, hypercalcemia, leukocytosis, and secondary opportunistic

infections23% 253,

Acute ATL, the most aggressive subtype accounting for 55-60% of total ATL
cases?®* 2% is identified for profound lymphocytosis with “flower cells” and “cloverleaf”
cells, characteristic pathognomonic features of ATL5% 2%.257 Acute ATL patients also
exhibit hepatosplenomegaly, lymphadenopathy, elevated lactate dehydrogenase (LDH),

hypercalcemia?®® along with neuropsychiatric disturbances or renal dysfunction?3® 252 256,
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259,260 1 addition, patients endure frequent opportunistic infections secondary to profound
immunosuppression including parasitic infections such as disseminated cryptosporidiosis,
toxoplasmosis and strongyloidiasis, fungal infections such as Pneumocystis carinii-
induced pneumonia, viral infections including cytomegalovirus activation, as well as
bacterial infections causing frequent abscesses and sepsis®” 2°°-261_In addition, skin and

visceral lesion in the lungs, gastrointestinal tract, and bone were also reported?>®: 260,

The lymphoma subtype accounts for 20-25% of patients®? 25425 |ymphoma ATL
IS characterized by symptoms similar to those of acute ATL but with the absence of
lymphocytosis?®> 2>+ 2% Indeed, ATL cells are barely detected in peripheral blood (<1% of

ATL cells).

The chronic subtype is less frequent affecting 10-20% of total ATL cases. It is
associated with hepatosplenomegaly, lymphadenopathy, and leukocytosis. However,
hypercalcemia and visceral infiltration are absent and LDH levels are normal to slightly
elevated?®® 25225425 - According to the prognosis, chronic ATL can be further subdivided
into favorable and unfavorable subtypes with the unfavorable presenting elevated LDH,
elevated serum urea, increased Ki-67 antigen expression, or low serum albumin

concentration?®®,

Finally, the smoldering subtype is the least frequent subtype and accounts for 5-
10% of patients. In this subtype, a normal lymphocyte count is reported but with 1-5% of
cells exhibiting the characteristic “flower cell” phenotype. In addition, the smoldering
subtype, which is normally of slow progression, presents with organ infiltration limited to

the skin and lungs®? 262, Of note, ATL is sometimes classified into aggressive and indolent
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ATL; where the “aggressive ATL” refers to the acute, lymphoma, and unfavorable chronic

ATL while the “indolent ATL” includes smoldering and “favorable” chronic subtypes?®

253

H. Treatment of adult T-cell leukemia

Treatment of ATL is quite challenging®? 263265 Aggressive ATL is associated with
a dismal prognosis mainly due to chemoresistance and profuse immunosuppression??3 263
266 ATL management largely depends on the subtype of the disease and the patient profile.
Currently, watchful waiting, chemotherapy and antiviral regimens, such as interferon and

zidovudine (AZT), are the first lines of therapy for ATL2%3 263,264,266

1. Chemotherapy

Different chemotherapy regimens have been implemented for ATL management.
These include modified EPOCH, CHOP, hyper-CVAD 239253266 | the United States, a
recent meta-analysis study included ATL patients treated, between 2000 and 2016, with
modern chemotherapies®*®. The study revealed unsatisfactory four-year OS results?*®
suggesting that current ATL regimens are unsatisfactory with poor impact on long term

prognosis.
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2. Antiviral regimens

The antiviral regimen , AZT/IFN-a., resulted in high response rates and became a
standard regimen for treatment of ATL?48 267270 The efficacy of AZT/ IFN-o combination
was confirmed in a worldwide meta-analysis and multiple clinical trials 2'*-274, It enhanced
survival of chronic, smoldering, and lymphoma subtypes as well as the acute subtype
harboring a wild-type p53%3 263.275Despite encouraging results, high relapse rate was
observed upon discontinuation of AZT/ IFN-a indicating that per se the combination is not

curative.

3. Alternative approaches for ATL management

Alternative approaches to conventional chemotherapy include allogeneic stem cell
transplantation (alloSCT)?"® 277, Unfortunately, a small percentage of ATL patients are fit
candidates for alloSCT. In addition, targeted monoclonal antibodies are currently
investigated®’®. These include anti-CCR4 (C-C chemokine receptor 4) antibody
(Mogamulizumab)®® 23, In Japan, Mogamulizumab is approved for treatment of patients

with various T-cell neoplasia including refractory CCR4* ATL?™,

4. Epigenetic regimens targeting ATL

Epigenetic alterations have been identified as key players contributing to ATL
progression and development?4% 280281 1n addition, a deregulated epigenetic landscape

characterized by H3K27me3 accumulation at almost half of the genes was reported in
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primary ATL cells?® (See section D below). Furthermore, microarray gene expression
analysis studies revealed an increased expression of histone tri-methylation enzyme,
Enhancer of Zeste homolog 2, EZH2 in ATL primary cells?®°, EZH2 is the major enzyme
of the Polycomb Repressive complex PRC2. It mediates the trimethylation of histone 3 at
the lysine residue 27 (H3K27me3)?1 282, 3-deazaneplanocin A, a global inhibitor of
histone methyl-transferases including EZH2, inhibited the proliferation of ATL cell
lines?. In another study, GSK126, a specific EZH2 inhibitor, resulted in selective
apoptosis of HTLV-1 infected and ATL derived cell lines in vitro?®, Therefore, EZH2 was
identified as potential target for epigenetic regimens in ATL. Consequently, EZH2
inhibitors were investigated in clinical trials for treatment of ATL. Valemetostat (DS-
3201) is a dual inhibitor of EZH1 and EZH2 with anti-tumor potential against lymphomas
including ATL?83, A phase 1 multicenter dose escalation study in japan assessed the safety,
recommended dose, and pharmacokinetic properties of VValemetostat in Japanese patients
exhibiting relapsed/refractory non-Hodgkin lymphoma including ATL. Given the
promising results of phase 1 trial, a phase Il clinical trial (NCT02732275), is currently
ongoing to investigate the efficacy of DS-3201 following Mogamulizumab in patients with

aggressive relapsed/refractory ATL.

Histone deacytylases (HDAC) are other epigenetic modifiers of interest in ATL.
These enzymes remove the acetyl group from lysine amino acid residues of histones
resulting in a tightly wrapped DNA and decreased gene expression®*. HDAC inhibitors
(HDACI) yielded promising results in multiple T-cell lymphomas?®®. For instance, HDACI

ARA42 exhibited cytotoxic properties with inhibition of proliferation, induction of
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apoptosis, and hyperacetylation of H3 proteins in ATL cell lines?®. Importantly, AR42
prolonged the survival of NOD/SCID ATL xenograft mice?®. A phase Il clinical trial is
currently ongoing to investigate the potential efficacy of HDAC inhibitor Belinostat as

consolidation therapy with AZT for aggressive leukemic ATL subtypes (NCT 02737046).

I. Human T-cell lymphotropic virus 1 (HTLV-1)

Early 1980’s, HTLV-1 was the first tumorigenic retrovirus to be discovered?*. It is
the causative agent of malignant ATL leukemia and a chronic neurological disease called
HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/TSP)?4%:246 A
summary of HTLV-1 transformation and ATL progression is presented in Figure 6 .In
addition, HTLV-1 induces an array of inflammatory diseases including uveitis, dermatitis,

arthritis, and bronchiectasis?*® 248,

Transmission Carrier state ATL
de novo infection Clonal expansion Genetic and Mr’fnocbna' .
3 B . . epigenetic proliferation o
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Figure 6. An Illustrative model for transformation of HTLV-1 infected cells and
progression towards ATL. HTLV-1 is transmitted via sexual intercourse, blood
transfusion, or breast milk. It establishes primary infection and transmission via cell-to-cell
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contact. HTLV-1 then spreads in vivo via de novo infection (Tax dependent) and clonal
expansion (Tax and HBZ dependent). Host immunity modulate infected cell count and
clonality. Due to long latency period, genetic and epigenetic alterations accumulate
resulting in a malignant cone which gives rise to ATL?%",

HTLV-1 can be transmitted by vertical and horizontal routes; these include mainly
breastfeeding, blood transfusion, or sexual intercourse?*® 24, HTLV-1 genome encodes for
several accessory and regulatory proteins that contribute to the pathogenesis of the virus.
Regulatory proteins involve Tax, Rex, p12, p13, p21 and p30, all of which are encoded by
the ORF located in the pX region at the 3> end of HTLV-1 genome?® 28 (Figure 7).
Conversely, HTLV-I basic leucine zipper protein (HBZ) regulatory protein is transcribed
from antisense strand of HTLV?®°. Among regulatory proteins, Tax and HBZ were mainly

linked to HTLV-1 induced pathogenesis?®® 21,
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Figure 7. Schematic representation of the HTLV-1 provirus genome and regulatory
proteins. HTLV-1 genome encodes for multiple regulatory proteins; Tax, Rex, p12,
p13, p21 and p30, all of which are encoded by the ORF located in the pX region at the
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3’ end of HTLV-1 genome. The antisense strand encodes for regulatory protein HBZ
present as two variants: a spliced sHBZ and unspliced usHBZ protein. In addition, the
genome encodes for structural retroviral proteins such as gag-pro-pol and Env2%,

1. Tax protein

HTLV-1 trans-activator protein Tax is a multifaceted protein comprised of 355
amino acids and transcribed from the 5’LTR as a double spliced mRNA. Tax plays a
critical role in transformation and ATL progression. Indeed, Tax expression induces

oligoclonal expansion of HTLV-1 infected cells®®3

and acts as HTLV-1 transcriptional
activator where it initiates transcription of HTLV-1 proteins from the 5’LTR promoter
through its Tax responsive elements (TRE)?%*. Tax also activates the transcription of key
cellular pathways, such as NF-xB, AP-1, and cAMP response element-binding protein/
Activating transcription factor (CREB/ATF)?42%7, Recently, Tax was shown to alter
epigenetic modulator complexes such as PRC228L, Indeed, Tax-immortalized PBMC cells

exhibited an increased PRC2 activity with a global alteration of H3K27me3 profile

strikingly similar to that seen in primary ATL cells?®®

Tax protein contains multiple domains that allow for binding and activation of a
plethora of cellular regulators in different compartments of the cell?®> (Figure 8). These
domains allow for the shuttling of Tax between different cellular compartments to alter
various cellular pathways?3 2. Furthermore, these domains are subjected to multiple
post-translational modifications that contribute to the capacity of Tax to induce cellular
transformation. Tax known post translational modifications include ubiquitination,

SUMOylation, Urmylation, phosphorylation, and acetylation?3% 298-30,
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Figure 8. Schematic representation of Tax domains. Tax protein comprise multiple
structural and functional domains. These allow Tax to interact with a wide array of cellular
proteins, adapters, and transcription factors to modulate host and viral functions and key
pathways. In addition, Tax exhibits nuclear localization signal (NLS) that allow it to
shuttle between different compartments?®.

Post translationally modified Tax activates multiple critical cellular pathways
involved in regulation of gene expression, DNA damage, genomic instability, survival
machinery, cell cycle progression, epigenetic expression, resulting in transformation and
immortalization of T cells 2+ 2%7 (Figure 9). In addition, Tax regulates the

microenvironment and enhances the extravasation and invasion of ATL cells30%:302,

Tax protein is not detected in ATL cells due to multiple mutations in Tax gene and
multiple DNA methylations at its 5’LTR promoter?®’. Despite being undetectable, ATL
cells are addicted to Tax continuous expression of Tax>®, Indeed, silencing Tax in HTLV-
1-infected and ATL derived cells resulted in cell death.3%®, Moreover, ATL-derived cells
exhibit sporadic bursts of Tax in around 3% of the whole cell population®*. This is a

critical event for the maintenance of the whole population®°*,

60



Deregulate Cell Cycle  |nhibit Apoptosis Modulate miRNA
to accumulate

i = N G1 Expression
genomic instability G2
"
A SRR #
0'.‘. S H
e e — . . < .
: i XIAP, Survivin, Bel2, : miR-146a, miR-130D, ;
05l T P SR iiesindit iBckxL, Bfl-1/A1, Mcl-1: : miR-155 i
2§ S e L Sc S e TN
SR =8 M || DENEBE
SE! : S 2 : T ‘9
= 3 ] . >
()i g 3= 8 E
..... = l 3 = =g c
i MMR genes hMLH1, : L s J. d
§ hML:aLf::‘gLHl (" p15,p16,p18, ! fremee T . { MiR-149, miR-135b, |
sl idees i, 1 p19 : :Caspase-3,7, 9: ! miR-872, miR-873 |
VVVVVVVVVVVVVVVVVVVVVVVVVV Caspase.s

\\\//

Uncontrolled Cell
Division l

Cell Proliferation
and
Transformation

Figure 9. Schematic representation summarizing altered pathways and multiple functions
mediated by Tax. Tax alters multiple critical pathways and key players in ATL
development. Tax induces DNA damage resulting in genomic instability. It modulates cell
cycle proteins promoting cell cycle progression. Tax inhibits apoptosis and alters miRNA
expression. Altogether, Tax results in uncontrolled cell division and malignant
transformation?®’.

a) Tax: a powerful oncogene

Prior research established Tax as a potent oncogene driving ATL progression?®’. In
vitro, Tax expression in rat fibroblasts resulted in uncontrolled cell growth that led to
cellular transformation®®. In addition, Tax immortalized CD4* and CD8* T
lymphocytes®®. Moreover, Tax immortalized PBMC exhibited genetic and epigenetic

profiles similar to those of HTLV-1 infected and ATL cells?®! 3%, The oncogenic potential
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of Tax was mainly highlighted in vivo®®, Hasegawa et al. induced Tax under the Ick
proximal promoter which restricted Tax expression to mature T cells®®. Tax transgenic
mice developed leukemia and multiple ATL-like features including: leukocytosis with
characteristic “flower cells”, hepatosplenomegaly, elevated calcium and constitutive
activation of NF-xB 3%, This NF-«B activation is similar to what is reported in ATL
patients??®. Expression of tax in a Drosophila model also resulted in constitutive activation
of NF-«kB and in rough eye phenotype, indicative of cell transformation®'°. In more details,
our Laboratory established a tax transgenic Drosophila model, where the expression of
Tax can be directed into specific compartments allowing for direct assessment of its
oncogenic properties. Using the GMR-Gal4 driver, expression of Tax was directed
exclusively to the ommatidial structures resulting in eye roughness®'°. Tax expression in
hemocytes induced a significantly increased hemocytes count mimicking the elevated
blood count seen in ATL3, Importantly, Tax expression resulted in increased expression
of Relish, the homolog of human NF-«B and Diptericin, downstream Relish. Inhibition of
Relish expression in tax transgenic flies by Relish-RNAI resulted in abrogation of Tax-
mediated eye roughness elucidating the importance of NF-kB in Tax-induced cellular

transformation®°,

b) Tax activates NF-kB pathway

At early stages of HTLV-1 infection, Tax-mediated constitutive activation of NF-

kB is a critical step for cell proliferation and survival of infected T cells®'! 312 (Figure 10).
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Figure 10. Schematic representation of Tax-mediated activation of classical and non-
classical pathways of NF-xB?%". Tax activates the classical and non-classical pathways
resulting in constitutive activation of NF-«B. In the classical pathway, Tax binds to
NEMO/IKKYy subunit and connect it to Tax-activated upstream receptor kinases
resulting in phosphorylation of IKKa and IKKf leading to IKK complex activation.
This activation results in phosphorylation, ubiquitination and subsequent proteasaomal
degradation of IxB-a. Tax may directly bind and activate the kinase activity of IKKa
and IKKp independent from upstream kinases. In addition, tax may directly bind IxB-a
and mediate its proteasomal degradation resulting in pathway activation. Upon
degradation of IxB-a, the p65 (RelA)/p50 dimer then translocate to the nucleus
resulting in modulation of gene expression. In the non-classical pathway, Tax directly
binds to p100 NF-kB subunit resulting in its proteasomal degradation. Afterwards,
RelB/p52 subunit translocate to the nucleus.

NF-kB pathway modulates the expression of more than a hundred genes involved

in inflammation, proliferation, immunity, and cancer progression®'? . Tax activates both the
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canonical and non-canonical pathways of NF-kB (Figure 10), altering the expression of an

array of NF-«kB target genes (summarized in Table 4)2%.297. 314

Table 4. Examples of NF-xB target genes altered by Tax?%

Gene

Gene Description

Cytokines / chemokines

Effect

IL-6 Interleukin -6 Upregulation

IL-1a Interleukin 1 alpha Upregulation

IL-123 | Interleukin 12 beta Upregulation

TNF-a. | Tumor necrosis factor alpha Upregulation

MCP1 Monocyte chemoattractant protein Upregulation
1

CSF2 Granulocyte-monocyte colony Upregulation
stimulating factor

CSF3 Granulocyte colony stimulating Upregulation

factor

Cell cycle regulators

CCND1

Cyclin D1

Upregulation resulting in IL-2 independent

CCND2

Cyclin D2

growth of mouse T-cells

Apoptosis inhibition

Bcl2 Bcl-2 apoptosis regulator Upregulation
Bcl2 L1 | Bel-2 like long Upregulation
Bcl2A2 | BCL2 related protein Al Upregulation
ICAM1 | Intercellular adhesion molecule 1 Upregulation
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VCAML | Vascular cell adhesion molecule 1 Upregulation

MMP9 Matrix metallopeptidase 9 Upregulation

NF-Kb negative regulators

IxkBK Inhibitor of NF-kB kinase beta Downregulation via degradation

c) Tax inhibits apoptosis and promotes cell survival

Tax promotes cell proliferation and survival by creating an imbalance between pro-
apoptotic and anti-apoptotic genes?®’. Tax inhibits p53, a major tumor suppressor protein,
via activation of CREB or NF-kB resulting in immortalization of HTLV-1-infected cells?*”
315 In addition, Tax constitutively phosphorylate p53 at serine residues, ser15 and ser392,
rendering p53 a functionally inactive protein®'®. Tax also inhibits p53-mediated tran-
activation of downstream apoptotic mediators via sequestration of CBP/p300 preventing it
from binding p53 promoter3!”-318_In fact, in most ATL patients p53 in non-functional and
not mutated except for around 30% of patients who harbor p53 mutations®'®. Tax also
targets caspases which known to mediate apoptosis. Indeed, through NF-«xB activation,
Tax increases the expression of X-linked inhibitor of apoptosis (XIAP) which inactivates

caspases-3, -7 and -9320- 321,

On contrary, Tax enhances the expression of anti-apoptotic proteins such as Bcl-xL
and BCL2 through its activation of NF-xB, c-Jun and JunD%??, Moreover, Tax induce the
expression of Ras family member proteins which protect HTLV-1 infected and ATL cells

from apoptosis®Z,
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Through activation of NF-xB, Tax dysregulates the expression of multiple
cytokines which contributes to enhanced survival and proliferation of ATL cells®?*, Tax
also promotes thr expression of IL-6/IL6R, IL-2/IL2R, IL-9 and IL-13 which induce

proliferation and inhibit apoptosis of HTLV-1 infected cells?* 32°,

d) Tax deregulates cell cycle progression and induces genomic instability

Cell cycle regulation and DNA repair machinery are tightly regulated mechanisms
that ensure an errorless inheritance of genetic material. Interestingly, Tax inhibit cell cycle
checkpoints resulting in uncontrolled proliferation and tumor progression®?®. Indeed, Tax
interacts with cyclin-dependent kinase 4 (CDK4) resulting in hyper-phosphorylation of Rb,
a tumor suppressor protein, which leads to continuous progression towards the G1 phase of
the cell cycle®?’. In parallel, Tax also binds the transcription factor E2F and induce

transcription of E2F-dependent S phase genes which promotes entry into the S phase3%,

P53 is also known to modulate G1 to S phase transition via its downstream protein
p21"aflicipl which inactivates cyclin E/CDK2 resulting in cell cycle arrest. Tax inactivates
P53 and sequesters P21"4fI6Pl produced via p53-independent mechanisms which facilitates
the progression across the G1/S checkpoint®?®. Importantly, Tax suppresses DNA damage
response (DDR) and bypass G1/S checkpoint in cells with DNA lesions via upregulation of

the phosphatase activity of WIP1 (wild-type p53-induced phosphatase 1)3%.

DNA replication, or S phase, is highly regulated via cyclin A/CDK2 checkpoint

which restricts DNA replication to a single round. Interestingly, Tax-mediated activation
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of CREB/ATF inhibits cyclin A promoter resulting in aberrant DNA replication and
subsequent accumulation of DNA double-strand breaks (DSBs) which result in genomic

instability33L,

Tax disrupts mechanisms involved in DNA damage repair and mismatch repair.
Base excision repair (BER) normally corrects minor base lesions that constantly occur
during the cell cycle. In HTLV-1- infected cells, Tax was shown to inhibit BER activated
by oxidative damage®¥?. Tax also inhibits nucleotide excision repair (NER) which
increases mutation frequency and results in genomic instability®*3. Altogether, this
disruption of DNA repair and correction mechanisms by Tax results in increased

proliferation and accumulation of mutations due to profound genomic instability.

2. HTLV-I basic leucine zipper protein

HTLV-I basic leucine zipper protein, HBZ, is a nuclear protein encoded by the
negative antisense strand of HTLV-I provirus?®? 334, In 1989, Larocca et al. first identified
an HTLV-I transcript encoded by the negative strand of the provirus®®. Thereafter, in
2002, this transcript was reported to encode for HBZ: a bZIP nuclear factor that down
regulates HTLV-I transcription through binding and inhibiting CREB-2 mediated viral

transactivation33,

HBZ transcription is initiated from the U5 and R regions of the 3°LTR promoter3%.
HBZ gene transcripts exist in two forms; spliced sHBZ and unspliced usHBZ

transcripts?®2 336337 The 3°LTR serves as a TATA-less promoter for sHBZ33, In this
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regard, specificity protein 1 (spl) and viral CREB responsive element (VCRE) are essential
for 3°LTR promoter activity and therefore for HBZ transcription®3. HBZ transcripts are
translated into usHBZ (209amino acids) and sHBZ (206 amino acids) proteins with similar
sequences, but which differ only in the first few amino acids (MVNFVSA for usHBZ
while MAAS for sHBZ)%*°. Consequently, both proteins have similar functions3: 3%,
However, the two forms of the protein differ in their expression level where the expression
of sHBZ is four times higher than that of unHBZ in both HTLV-I infected and ATL cell.
Of note, Usui et al. failed to detect the usHBZ protein form in ATL cells®*. In fact, SHBZ
gene is more predominant and the half-life of SHBZ protein is longer than that of the

unspliced®®. As a result, current research mostly focuses on SHBZ.

HBZ protein contains three major domains: a C-terminus basic leucine zipper
(bZIP) domain, a central domain (CD), and an N-terminus activation domain (AD)*%*. Due
to the presence of Nuclear localization signals (NLS) in its CD and bZIP domains, HBZ is

confined to the nucleus where it exists in a speckled pattern®*° (Figure 11).
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AD Bind with 26S proteasome

Interact with CBP/p300

Activate TGF-B signaling
CD Induced nuclear localization
Bzip Interact and inhibit c-Jun, JunB, CREB, CREB2

Inhibit 5’LTR activation

AD + bZIP Bind with p65: Inhibit classical NF-Kb pathway
Activate JunD
Enhance hTERT promoter activity

Figure 11. Schematic representation of HBZ domains and their functions®#!. HBZ has three
functional domains: Activation domain (AD), central domain (CD), and basic ZIP domain
(bZIP). The functions of each domain are listed.

Unlike Tax whose expression is often undetected in ATL patients, HBZ is

289 This can be

constitutively expressed in all HTLV-I infected carriers and ATL patients
due to the fact that the 3> LTR promoter is often intact with no DNA methylation and the
hbz gene fosters no abortive mutations®® 342, Therefore, HBZ was recently suggested as a

potential candidate for vaccine.

Table 5. Comparative table of major characteristics and functions of Tax vs. HBZ3*.,
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Tax HBZ

Expressionin ATL cells undetectable 100%
Contain genetic changes Yes No
Function as mRNA ND Yes
Immortalize T cells Yes No
Target by CTL Yes No
HTLV-15" LTR transcription Activate Inhibit
Classical NF-kB pathway Activate Inhibit
Alternative NF-kB pathway Activate No

AP-1 activity Activate Inhibit
Jun-D transcription Activate Activate
T-cell proliferation Activate Activate
TGF-B signaling Inhibit Activate
Hostimmune respaonse Enhance Suppress

a) The biological functions of HBZ

i Inhibition of Tax-mediated transactivation

In 2002, Gaudry et al. identified HBZ as a CREB-2 binding protein with a potential
for inhibition of HTLV-1 transcription mediated by the 5’LTR**®. HBZ bZIP domain was
later found to be responsible for the interaction with CREB/CREB-23*3, This prevents
CREB/CREB-2 from binding to Tax-responsive element (TRE) and the cyclic AMP-
response element (CRE) present in the 5°LTR and cellular promoters respectively,
resulting in inhibition of Tax-mediated HTLV-I transcription from 5’LTR33 343, Similarly,

HBZ binds to KIX domain of CBP/p300 via two LXXLL motifs present in its N-terminal
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AD domain. This abolishes the recruitment of CBP/p300 to the 5’LTR promoter resulting

in inhibition of 5’LTR viral transcription by Tax®** (Figure 12).

ii.  Promotion of cell proliferation and inhibition of apoptosis

HBZ was suggested to promote proliferation of ATL cells in vitro where knocking
down HBZ by siRNA suppressed the proliferation of ATL cell lines including MT-1 and
TL-Om1%7 . Nevertheless, HBZ modulates cell proliferation through interaction with
activator protein 1 (AP1) superfamily proteins including JunD and ATF3 whose expression
was elevated in ATL34 3%, In ATL, ATF3 promotes cell proliferation®*, by exhibiting a
bimodal role in oncogenesis and acting as a tumor suppressor protein that activates P53
signaling on one hand while promoting malignant cells’ proliferation on the other hand.
Upon binding with ATF3, HBZ impedes ATF3-mediated p53 activation which is
detrimental for ATL development while maintaining ATF3 growth-promoting mechanisms
which include upregulation of Cyclin E234°, Similarly, HBZ binds JunD forming a
heterodimer that results in increased JunD transcription®*” and HTLV-1 antisense
transcriptional activity®*. Interestingly, knocking down JunD abolished HBZ-mediated
cell proliferation suggesting that HBZ indirectly promotes cell growth via JunD. Moreover,
HBZ/JunD heterodimer enhance the transcription of telomerase reverse transcriptase
(hTERT)®**". Activation of telomerase activity by HBZ may not only promote cell
proliferation but may also contributes to the oncogenesis of ATL. In a different study,
Arnold et al. demonstrated that HBZ silencing impedes cell proliferation without affecting

apoptosis suggesting that HBZ promotes cell proliferation34°.
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In addition to the aforementioned mechanisms, HBZ may employ
autocrine/paracrine routes to promote cell proliferation in ATL. In brief, HBZ inhibits the
canonical Wnt pathway, deleterious for ATL development, while upregulating the
transcription of Wnt5a, a non-canonical Wnt ligand involved in the migration and
proliferation of ATL cells**°, In a similar study, HBZ was shown to increase the promoter
activity of brain-derived neurotropic factor (BDNF) resulting in upregulation of BDNF

expression which further enhances ATL proliferation®?,

HBZ inhibits apoptosis by affecting various key players in the cellular apoptosis
machinery. In addition to its role in inhibiting ATF3-mediated p53 activation, HBZ also
repress p53 activation via inhibition of acetyltransferase activity of p300/CBP and
HBO13*2, Given the importance of p53 inactivation in ATL development and the
continuous expression of HBZ in ATL cells. These data may suggest an explanation for the
constitutive p53 inactivation in the absence of Tax expression. Furthermore, HBZ suppress
the expression of pro-apoptotic genes such as Bim whose basal expression is low in
HTLV-I infected cell lines®3. Interestingly, silencing HBZ resulted in increased Bim
expression promoting apoptosis®®. In fact, HBZ regulates Bim expression by deregulating
the transcription factor that controls Bim transcription called FoxO3a2. Of note, FoxO3a
plays a major role in regulating apoptosis in ATL (Figure 12). Collectively, these results

show that HBZ inhibits apoptosis via multiple pathways.
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Figure 12. Illustrative representation of cellular proteins that interact with HBZ%%?, Each
domain of HBZ bind to a set of cellular proteins. Cellular proteins with colors
corresponding to that of the domain they bind to. Proteins that bind to multiple domains
are colored in multiple colors. Proteins in grey lack information about specific domain they
bind to. The + or — correspond to the impact of HBZ on these proteins and corresponding
pathways. For Foxp3, HBZ exhibits dual effect; It increases transcription from Foxp3
promoter thus promote Treg differentiation (diff) while it inhibits Foxp3 function (Treg
func).

iii.  Induction of inflammation and impairment of adaptive immunity

In contrary to Tax whose expression resulted in leukemia or tumor formation in
vivo, HBZ expression in hbz transgenic (HBZ Tg) mice failed to induce tumor formation.
In HBZ-transgenic model where HBZ was exclusively directed to CD4™ T cells, mice
mainly developed spontaneous systemic inflammatory disease with dermatitis and lesions
on the skin and lungs®**. Only few mice developed lymphomas after a long latency

period®*. HBZ increased the percentage of CD4" cells by promoting thymocyte
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proliferation in transgenic mice3®®. Interestingly, HBZ also increased the number of
Foxp3*CD4" T cells also referred to as Treg®>® known to decrease immunity and subvert
effector T cells. HBZ also converts T cells into becoming Treg cells by stimulating the
TGF-B/Smad pathway resulting in the upregulation of Foxp3 expression, the major
transcription factor of Treg®®. HBZ also promoted the secretion of IFN-y in hbz transgenic

mice which serves as a key player in HBZ-mediated inflammation®’,

In addition to its role in inflammation, HBZ impaired cell-mediated immune
response in hbz transgenic mice. Indeed, when challenged with herpes simplex virus or
Listeria monocytogenes, hbz transgenic mice failed to mount an optimal Thl immune
response where the production of Th1 cytokines was greatly reduced compared to wild
type mice®*®, This impairment of Th1 immunity is attributed to the HBZ-mediated
inhibition of AP-1 and NFAT. It might also correlate with the observation that thl
response is impaired in ATL patients with some patients suffering from opportunistic
infections implying a role for HBZ in immunity impairment of ATL patients. Among all
HTLV-I proteins, HBZ exhibits the lowest immunogenicity given that anti-HBZ antibodies

were rarely detected in infected patients.

iv.  Suppression of NF-xB: maintenance of latent infection

The constitutive activation of NF-«kB is well established as a key driver of ATL
development3!:314 While Tax is known for activating NF-xB, HBZ works in an opposite

fashion to halt NF-xB activation (Figure 13)2%% 312.3%,
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Figure 13. Schematic representation of the antagonistic effects of Tax and HBZ on NF-
kB312, Tax and HBZ exerts opposite effects in regulating NF-xB. Tax activates IKK,
induces nuclear translocation of RelA (classical pathway) and cleavage of p100 (non-
classical NF-kB pathway). In contrast, HBZ interacts with P65 (RelA) and prevents it from
binding DNA and altering NF-«kB target gene expression. HBZ degrades P65 and inhibits
its acetylation all of which results in inhibition of classical NF-kB pathway by HBZ.

HBZ curbs the transcription of several NF-«B target genes such as I1L-8, IL-2RA,
VEGF, CCND1, VCAM-1, and IRF4%%1:312 Multiple studies have investigated the
molecular mechanisms by which HBZ inhibits NF-«B activation. HBZ was shown to
selectively attenuate the canonical NF-kB pathway via (i) reduction of p65 (RelA)
acetylation, (ii) interaction with p65 and reduction of its DNA binding ability, and (iii)
degradation of p65 via increased expression of PDLIM2, a ubiquitin E3 ligase, that targets
p65 for proteasomal degradation®®2 30361 HBZ does not interfere with the non-canonical

NF-kB pathway.
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The significance of HBZ-mediated NF-«xB inhibition was obscure until the
discovery that Tax-induced constitutive hyperactivation of NF-kB drives Hela cells into
senescence®®®. This senescence was relieved by HBZ due to its ability to subvert canonical
NF-kB activation. Interestingly, HBZ totally abrogated canonical NF-kB activation
mediated by Tax without interfering with its activation of the 5’LTR promoter, which
enabled cells to escape senescence and proliferate continuously®®°. This suggests that HBZ
may contribute to the persistence of viral latent infection. Indeed, both proteins, Tax and
HBZ, are critical for ATL development, where Tax is essential for cellular transformation
in the early steps of leukemogenesis, HBZ is needed to allow HTLV-1 infected cells to
bypass immune surveillance?®®. Moreover, Tax-mediated constitutive activation of NF-xB
constitutes a critical step in ATL development, however, if left unattended, this activation
can be detrimental to the cells. The virus might express HBZ to balance this activation

allowing HTLV-1 infected cells or ATL cells to keep proliferating®®°.

v. Is HBZ oncogenic?

While Tax is already established as a powerful oncogene driving HTLV-I
leukemogenesis, the oncogenic capacity of HBZ remains controversial. As mentioned
previously, hbz transgenic mice with HBZ expressed under the CD4 promoter resulted in a
systemic inflammatory disease rather than leukemia®®*. Besides, this model failed to
emulate the increased NF-xB activity, a hallmark of ATL®**. In another model, HBZ was
expressed under the Granzyme B promoter (Gzmb-HBZ) which drives HBZ expression
solely to NK cells and T cells®®2. Only 40% of the Gzmb-HBZ mice developed delayed

lymphoproliferative palpable tumors after 18 months®2. In a recent study, HBZ was found
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to be dispensable for tumor development in vivo. Indeed, the infection of a humanized
mouse model with HTLV-1 cells harboring a nonfunctional HBZ resulted in a
lymphoproliferative disease similar to that in wild type HTLV-1 with no survival
difference®®. These data with consistent with previous in vitro data by Arnold et al. who
demonstrated that in HBZ-mutant viruses, HBZ is not essential for the immortalization of
primary T cells®* 33, Collectively, these studies suggested that alone HBZ may not exhibit

a powerful oncogenic potential to initiate malignancy as that seen in case of Tax.

b) HBZ mRNA: a distinct role

Among HTLV-I genes, HBZ is unique for being the only gene transcribed from the
negative strand of HTLV-1 genome**®. Aside from encoding the HBZ protein, HBZ RNA
carry important functions including growth promotion and suppression of apoptosis®*’. In
fact, direct effects of HBZ on T-cell proliferation were attributed to its mRNA form.
Indeed, upon stable HBZ expression in T cell line, HBZ mRNA supported the growth of
kit255 cells in vitro®’. Mutational analysis of HBZ gene demonstrated that the mMRNA
forms secondary stem-loop structures which promote cell proliferation. HBZ mRNA
upregulated the expression of transcription factor E2F1 and its downstream target gene
resulting in increased proliferation and cell cycle progression (increased G1/S
transition)®*’. Recently, HBZ RNA was shown to suppress apoptosis in murine CD4+ T
cells*®*. The mechanism likely involved enhanced transcription of survivin, an anti-

apoptotic gene, by HBZ RNA resulting in apoptosis inhibition. These two functional roles
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of HBZ mRNA, being anti-apoptotic and proliferation-promoting, likely suggest that HBZ

contributes to ATL oncogenesis via its mMRNA as well.

J. Epigenetic alterations in adult T-cell leukemia

1. Introduction to Polycomb Repressive Complex PRC2

Epigenetic mechanisms are reversible and heritable alterations in gene expression
that affect the accessibility to DNA and alter chromatin structure resulting in
transcriptional regulation3®® 3¢, Epigenetic mechanisms regulate gene expression via
histone modifications such as acetylation and methylation, DNA methylation, as well as
nucleosome positioning®®® *%¢, Polycomb Repressor Complexes 1 and 2 (PRC1 and PRC2)
are epigenetic complexes playing several roles. PRC2 is an evolutionary conserved
complex that induces chromatin-based gene silencing®®’. PRC2 regulates multiple
physiological and developmental processes including stem cell maintenance, homeostasis,
DNA repair, cell fate, as well as epithelial to mesenchymal transition?8% 368.36%  Activation
of PRC2 results in transcriptional repression via covalent post-translational modifications
in specific trimethylation of histone 3 (H3) at lysine 27 (H3k27me3)?82 370, The major
subunits of PRC2 complex include Suppressor of Zeste 12 (SUZ12)3"t, Embryonic
Ectoderm Development (EED), and Enhancer of zeste homolog 1 and 2 (EZH1/2)?82 372,373
(Figure 14). EZH2 is the catalytic methyl-transferase subunit responsible for H3K27
trimethylation, a marker of transcriptional repression?? 372, SUZ12 activates

methyltransferases®’* while EED recruits PRC2 complex to chromatin®”.
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Figure 14. Schematic representation of PRC2 complex subunits and its interactions with
chromatin®®. Among different subunits, SUZ12, EZH2, and EED are the core PRC2
components. EZH2 is the major methyltransferase enzyme responsible for histone
trimethylation and the consequent activation of PRC2. Putative interactions of PRC2
subunits with chromatin are also indicated.

Alterations in EZH2 expression, such as mutations or overexpression, correlate
with development of various neoplasms including breast cancer, glioblastoma, prostate
cancer, B cell lymphoma, and acute myeloid leukemia®""3"®, In mammalian cells, EZH1 is
a homolog for EZH2, and functions as a histone methyltransferase subunit in the non-
canonical PRC2 complex. Recent data suggests that EZH1 and EZH2 may collaborate and
in case of loss of EZH2, and EZH1 may compensate for its role in trimethylation of

H3k27380,
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2. Epigenetic landscape in ATL

Alterations in the epigenetic landscape of ATL were recently reported and are summarized
in Figure 15. Comparative microarray studies on primary ATL patient samples
demonstrated a significantly elevated level of EZH2 transcripts in CD4" cells from ATL
patients as compared to CD4" T cells of healthy controls®°. Primary ATL cells were
sensitive to treatment with 3-Deazaneplanocin A (DZNep), an EZHZ2inhibitor, presenting
EZH?2 as a potential target for epigenetic therapy in ATL?°. miR-31 negatively regulates
the non-canonical NF-«kB. In ATL cells, transcription of miR-31 is epigenetically silenced
due to the aberrant overexpression of EZH23®, Indeed, EZH2 downregulates miR-31

expression resulting in NF-xB activation and resistance to apoptosis=2’.

ATL cells

Tumor suppressor
Transcription factors
miRNAs, epigenetic
modifiers, etc

tI—|OFF

Normal HTLV-1 infected HTLV-1 infected
CD4" T cell immortalized T cell transformed T cell
= Accumulation of epigenetic abnormalities

Figure 15. Epigenetic landscape in ATL cells?*,
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Recently, Fujikawa et al. demonstrated that ATL cells comprise a global alteration
in H3k27me3 pattern in almost half of the genes?!. More importantly, Tax-immortalized
PBMC exhibited an H3k27me3 pattern that was strikingly similar to that of primary ATL
cells and EZH-2 expression was upregulated by Tax?®!. In addition, pharmacological
inhibition of EZH2 by a specific inhibitor, GSK126, reversed epigenetic aberrations and
resulted in apoptosis of HTLV-1 infected and ATL cell lines®. Collectively, these data

presented epigenetic regimens as promising therapeutic options for ATL.

A summary of the effects of deregulation PRC2 complex and accumulation of
H3k27me3 on gene expression in ATL is summarized in Figure 16. Briefly, Aberrant
PRC2 activity inhibits key tumor suppressors which promoting cell survival. It inhibits
miRNA expression and function, alters other epigenetic modifiers, and modulates the
expression of certain transcription factors. Consequently, PRC2 deregulation alters the
gene expression profile in ATL cells which contribute to the clinical and cellular

characteristics of ATL (Figure 16).
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Figure 16. Accumulation of H3K27m3 contributes to ATL cell phenotype. Activation of
PRC2 in ATL cells result in accumulation of H3K27me3 which in turn suppresses the
expression of tumor suppressors, epigenetic modifiers, miRNAs, and transcription factors,
resulting in deregulation of downstream genes crucial for ATL cell’s survival®*,
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CHAPTER II

AIMS AND SIGNIFICANCE OF THE STUDY

A. Aims

An optimal regimen for PEL is still lacking. Current therapeutic approaches rely on
chemotherapy yielding good response rates. Yet, high relapse rates and chemoresistance
are highly encountered which necessitates the search for alternative targeted therapeutic
approaches. ATO and Lenalidomide showed promising effect against PEL, as single
agents. In this study, our major aim was to investigate the anti-tumor potential of
ATO/Lena combination on PEL. In more details, we 1) investigated the effect of the
ATO/Lena combination on the survival of preclinical PEL mice, 2) assessed the effect of
the combination on PEL progression in vivo in preclinical murine PEL model specifically
in terms of peritoneal ascites accumulation and organ infiltration, 3) deciphered the
molecular mechanisms underlying the effect of ATO/Lena on ex-vivo treated ascites
derived PEL cells such as induction of apoptosis, expression of latent and lytic KSHV
proteins, cytokine expression, 4) validated the observed mechanism of action in vivo in
murine PEL model, and finally, 5) elucidated the potential critical pathways involved in

the anti-tumor effect of ATO/Lena such as NF-«B.

Tax and HBZ are crucial HTLV-1 viral proteins for development of ATL. while
Tax is established as an oncoprotein that drives transformation and immortalization of

ATL cells, murine tax transgenics, and tax fly transgenics®, the oncogenic potential of
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HBZ is still controversial. Tax activates NF-kB and PRC2 pathways. HBZ effect on NF-
kB was documented but its effect on PRC2 was not reported. In our study, our major aim
was to compare the effects of Tax and HBZ on PRC2 and NF-kB and the interplay
between the two oncoproteins in modulating these key pathways. We 1) established and
validated an hbz transgenic fly model, 2) investigated the transformative capacity of HBZ
in vivo, 3) compared the effects of Tax and HBZ on the PRC2 and NF-kB activity in tax
transgenic®'? and hbz transgenic flies respectively, 4) investigated the interplay between
HBZ and Tax in double transgenic tax/hbz flies in vivo, 5) and finally validated this

interplay in mammalian cells, CD4* T-cells, and ATL derived cells.

B. Significance

PEL is a rare yet aggressive lymphoma associated with extremely dismal
prognosis. Although different chemotherapy regimen (CHOP, DA-EPOCH, ...) are
clinically used for the management of PEL yielding good response rates, the median
survival for PEL is only six months. This is due to the high relapse rate and rapid
emergence of resistance to chemotherapy. This stresses the need for alternative therapeutic

options to improve patient’s survival and overcome the high relapse rates.

In our study, we used two clinically safe and available drugs, ATO and Lena and
demonstrated that the combination of ATO/Lena resulted in prolonged survival and more
importantly cured 25% and 75% of BC3 and BCBL-1 mice respectively. We also

elucidated the mechanism of action by which this combination exerts its anti-PEL effects.
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Our study provides a strong base and warrants further clinical investigation on the use of

ATO/Lena in PEL management.

HBZ is known to antagonize multiple functions of Tax. In our study, we reported a
novel competition mechanism between HBZ and Tax for binding EZH2 and activating the
PRC2 complex. More importantly, we have presented a model that allows for in vivo
assessment of HBZ-Tax interplay. Interestingly, we showed that only Tax resulted in
transformation in vivo and HBZ alleviated the detrimental effects of Tax-induced NF-xB
hyper-activation. Our study dissected the mechanism by which HBZ counteracts Tax-
induced activation of PRC2. This allows for better understanding of how the two major
regulatory proteins interact and provide insight for better understanding of cell

transformation, viral persistence and ATL development.
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CHAPTER 111

MATERIALS AND METHODS

A. PEL project
1. Cells and drugs

BC-3 and BCBL-1 are KSHV+/EBV- PEL cell lines derived from PEL patients®%.
Cells were obtained from Dr. A. Gessain (Pasteur Institute, France) and maintained in
RPMI-1640 medium (Lonza, Belgium) supplemented with 10% heat inactivated fetal
bovine serum (FBS, Sigma Aldrich) and 1% penicillin- streptomycin (Biowest, L0018-

100).

ATO (Sigma Aldrich, A1010) was dissolved in 1M NAOH as a stock of 100 mM ref. Lena
(Celgene Corporation Research Alliance) was prepared in DMSO as a final stock of 38.5
mM check any ref. Working solutions of both agents were freshly prepared in RPMI-1640

or sterile PBS for ex vivo or in vivo treatments respectively.

2. Xenograft mice and treatments

NOD-SCID PEL model was previously described?!” 2%, Six to eight-week old

NOD/SCID immune-compromised mice were used (Charles River, France). Protocols
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were first approved by the institutional animal care and utilization committee (IACAC) of

the American University of Beirut and mice were maintained in a pathogen-free facility.

For survival experiments, 2 million BC-3 or BCBL-1 cells were intra-peritoneally injected
into six to eight-week old NOD/SCID mice (5 mice per group) ref. 4 days’ post PEL
inoculation, Treatment was initiated with intra-peritoneal inoculation of either ATO
(5png/g/day), Lena (Sug/g/day), or ATO/Lena combination for a total of 35 days. Drug
toxicity was dismissed as none of the single agents nor their combination was toxic in
normal NOD/SCID mice treated for 21 days (100% survival was observed > 3 months with
no observed toxicity, Data not shown). Survival curves were presented using Kaplan-Meier
method. GraphPad prism® software 7.0 was used for statistical analysis where a P value of

0.05 was considered significant.

For short-term treatment, NOD/SCID mice were inoculated with BC-3 or BCBL-1
cells and allowed to develop PEL for six weeks. Mice were then intra-peritoneally treated
with 5pg/g/day ATO and/or Lena over a period of one week. Ascites development was
assessed whereby PEL NOD/SCID mice (n=8) were visually inspected and peritoneal
diameter (d) was measured. Peritoneal volume, a measure of lymphomatous effusions, was
calculated following the formula: v=4/3x (d/2)**" %31, For statistical analysis, GraphPad
prism software 7.0 with one-way Anova was used; a P value of 0.05 was considered

significant.
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3. Histopathology

Lungs and livers from treated or untreated mice were fixed in 4%
Paraformaldehyde (Sigma), embedded in paraffin, and sectioned. Sections were stained

with hematoxylin and eosin (H&E) and visualized utilizing light microscopy.

4. Ex-vivo cell culture and Treatments

For ex vivo experiments, BC-3 and BCBL-1 cells were collected from peritoneal
lymphomatous ascites of PEL mice, six weeks following inoculation with PEL cells. Cells
were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% pen-strep.
Treatment was conducted with 1uM ATO, 0.5 uM Lena, or a combination of ATO/Lena

for 24, 48, 72, or 96 h.

5. Cell viability

Ascites-derived BC3 or BCBL-1 cells were seeded at a concentration of 2x 10°
cells/ ml. Cells were Treated with 1uM ATO/and or 0.5 uM Lena for 24, 48, 72, or 96
hours. Cell viability was assessed using Trypan blue exclusion dye assay. Triplicate wells

were counted, and experiments was repeated 3 times.
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6. Real time quantitative PCR

Total RNA from lungs of treated or untreated PEL mice, or from ex-vivo treated
PEL cells was extracted using Trizol (Qiagen, Cat# 79306). cDNA synthesis was
performed using a Revert Aid First cDNA synthesis Kit (Thermo Scientific). Syber green
gRT PCR was performed using the BIORAD CFX96 machine and primers for qRT-PCR
are listed in Table 2. In gRT-PCR, individual reactions were prepared with 0.25 pM of
each primer, 150 ng of cDNA and SYBR Green PCR Master Mix to a final volume of 10
pl. PCR reactions consisted of a DNA denaturation step at 95°C for 3 min, followed by 39
cycles of (denaturation at 95°C for 15 sec, annealing at 57°C for 60 sec, extension at 72°C
for 30 sec). For each experiment, reactions were performed in duplicates and expression of
individual genes was normalized to the housekeeping gene Glyceraldehyde-3-Phosphate
dehydrogenase (GAPDH). The transcript expression level was calculated according to the

Livak method?32,

Table 6. List of primers used for Real time quantitative PCR.

Primer Sequence 5°-3’ References

K8.1 Forward: 5>-TTCCACACAGATTCGCACAGA-3’ 233
Reverse: 5’-GGCACGCCACCAGACAA-3’

ORF59 Forward: 5’-CGTCGGTAGCGGCTTCA-3’ 233
Reverse: 5°-GGCTATGCCAGCGTCGAGTA-3’

ORFKS8 Forward: 5°-CAAGAGGCGACTACATAGAAA-3’ 234
Reverse: 5’-GATCACATACTTCGGCCTTAAC-3’

RTA Forward: 5°-CGCAATGCGTTACGTTGTTG-3’ 217
Reverse: 5’-GCCCGGACTGTTGAATCG-3’

V-FLIP Forward: 5°>-GTGTTCATACCTCAACCCACAC-3’ 217
Reverse: 5’-CACACAGCTCCCCGTCTAC-3’

V-Cyclin Forward: 5>-TCAGTTTGCCAGGAATACAACCTAG-3’ 217
Reverse: 5’-AAGAAGGAAGTTACGTCCGTCG-3’
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GAPDH Forward: 5’-CATGGCCTTCCGTGTTCCTA-3’ 2%
Reverse: 5>-CCTGCTTCACCACCTTCTTGAT-3”

IL-6 Forward: 5’-AACCTGAACCTTCCAAAGATGG-3’ 236
Reverse: 5’>-TCTGGCTTGTTCCTCACTACT-3”
IL-10 Forward: 5’-TCTCCGAGATGCCTTCAGCAGA-3’ 231

Reverse: 5’>-TCAGACAAGGCTTGGCAACCCA-3’

7. Immune-florescence assay

PEL cells were ex-vivo treated for 48hrs with ATO, Lena, or ATO/Lena. For in
vivo experiments, ascites from treated or untreated mice were promptly collected. Cells
were washed twice with 1XPBS, fixed with ice-cold methanol for 20 minutes, and cytospun
onto glass slides. Following permeabilization with 0.1% PBS-Triton, blocking was
performed with 0.1% BSA in PBS-Tween for 30 minutes at room temperature.
Immunostaining was carried out overnight via incubation with primary rabbit monoclonal
P65 antibody (Cell Signaling, Cat #) and rat monoclonal LANA-1 antibody (Abcam, cat#).
The following day, cells were washed twice with 1x PBS before incubation with Alexa
Fluor 488- or Fluor 594- labeled secondary antibodies (Abcam, cat #). Nuclei were stained
with 1pg/ml Hoechst (Invitrogen, Cat#) before mounting using prolong antifade
(Invitrogen, cat#). Images were acquired by confocal microscopy using a Zeiss LSM710
confocal microscope (Zeiss, Oberkochen, Germany) with a Plan Apochromat 63/1.4
numeric aperture oil-immersion objective, using Zen 2009 (Carl Zeiss). Experiments were

repeated for three times.
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Zeiss LSM710 confocal microscope (Zeiss, Oberkochen, Germany) with a Plan
Apochromat 63/1.4 numeric aperture oil-immersion objective and Zen 2009 (Carl Zeiss)

were used for image acquisition.

8. Immunoblot assay

Ascites cells from treated or untreated mice, or 48hr ex-vivo treated PEL cells were
washed twice with ice-cold 1X PBS. Cells were solubilized in lysis buffer (0.125M Tris-
HCI (PH6.8), 2% SDS, 5% B-mercaptoethanol, and 10% glycerol). One hundred pg of
protein lysates were loaded onto 8%, 10%, or 12% SDS-polyacrylamide gels. Following
electrophoresis, proteins were transferred onto nitrocellulose membranes and Blocked in
5% fat-free milk dissolved in 0.1% TBS-Tween for 45min. Immunoblotting was performed
by overnight incubation with specific primary antibodies; LANA-1(mouse monoclonal,
NBP1-30176, Novus), LANA-2 (mouse monoclonal, NB200-167H, Novus), Caspase 3
(rabbit polyclonal, sc-7148, Santa Cruz), PARP (rabbit polyclonal, sc-7150, Santa Cruz),
p-IkBa (mouse monoclonal, MA5-15087, Invitrogen), and HRP-conjugated GAPDH
(MAB5476, Abnova). The following day, blots were washed with TBS-Tween and
incubated with appropriate HRP-conjugated secondary antibodies (m-1gGK BP-HRP sc-
516102, mouse anti-rabbit 1gG-HRP sc-2357, Santa Cruz). Protein bands were visualized
using ECL chemiluminescence (Clarity max, Biorad) and Chemidoc® machine image lab
software. Image analysis and densitometry were performed using ImageJ®. Densitometry
histograms were reported as average of three independent experiments with standard

deviation and statistics.
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9. Angiogenesis assay

24-well plates were pre-coated with 200 uL of gelled growth factor-reduced
Matrigel (Becton Dickinson, San Jose, CA, USA)?¢, Human Aortic Endothelial Cells
(HAEC) were seeded at the density of 8 x 10* cells for 18h. PEL cells were ex-vivo treated
with ATO and/or Lena for 48hrs, pelleted, and cultured for 24 hours in serum-free media.
The resulting supernatants from treated or untreated PEL cells were concentrated and
added over HAEC cells for 48h. VEGF was used as a positive control and Bivacizumab,
anti-VEGF antibody, as a negative control?®®, Plates were photographed using a Zeiss light
microscope and analyzed using Zen 2009 software. For quantification, nodes (defined as
joint points of 3 or more branches) were counted and results were reported as percentage of

untreated cells?®. Data is presented as average of three independent experiments.

10. CD45 staining

Ascites cells from untreated or treated mice were promptly collected and washed
twice with PBS. Cells were stained by incubation with anti-human CD45 phycoerythrin
(PE) conjugated antibody (bdbioscience, 555483) for 20minutes in the dark. Cells were
then washed and analyzed on Guava flow cytometer. Cell sorting was performed using a

BD FACSAria SORB.
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11. Statistical analysis

For survival experiments, Statistical analysis was performed using GraphPad prism
software 7.0; and data was reported as Kaplan-Meier curves. Other statistical analysis was
performed using GraphPad prism software 7.0, and one way Anova. A P value of 0.05 was

considered significant.

B. ATL project

1. Fly stocks

Oregon-R w1118 (also referred to as wild type), UAS-myc-Tax®?, Relish- RNAI
(VDRC#49414), E(2)-RNAi (BDSC#33659), SUZ12-RNAi (BDSC#33402), eye-disk
specific driver GMR GAL4 (BDSC #1104), and hemocyte-specific driver Hemolectin-
GALA4 delta (BDSC#30139) Drosophila lines were used. All Drosophila stocks were
grown on standard cornmeal-yeast-molasses medium at 25°C. For expression of RNAI,
flies were shifted to 29°C. Fly work was carried out abiding with the institutional guide

for the use of laboratory animals.

2. hbz transgenic flies

hbz transgenic flies were established; in brief, the Phi C31 integrase system was
used. For UAS-Gal4 expression, insertion was done on the 2nd chromosome. hbz-myc-His

plasmid was inserted into the pUAST attB Drosophila expression vector. Afterwards, the
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resultant pUAST- attB-myc-His-hbz was then injected into y1 w67c23; P{CaryP ABLattP2

(8622 BDSC) embryos to generate hbz transgenic flies (BestGene Inc,Chino Hills, CA).

3. Scanning electron microscopy (SEM)

Scanning electron microscopy analysis was conducted on the eyes of adult flies as
described previously®3® 38, Briefly, adult flies were fixed in a solution consisting of 2%
glutaraldehyde and 2% formaldehyde in PBS. Afterwards, flies were dehydrated via
successive washes of increased ethanol concentrations, before drying with a critical point
dryer (k850, Quorum Technologies). Flies are then covered with standard aluminum heads
before final coating on gold layer. SEM images were acquired using the Tescan, Mira Ill

LMU, Field Emission Gun (FEG) SEM that uses a secondary Electron detector.

4. Scoring of eye phenotypes

Drosophila eye phenotype scoring method had been previously established by our
group3 383, This scoring method depends on the ommatidial fusions, degree of bristle
organization or disruption, and privation of ommatidia. Acquired SEM images were coded
and analyzed by two independent researchers. Histograms represent the analyzed data from
three independent experiments. In each experiment, 15-20 flies were scored and resultant

SEM images were classified into four phenotypic classes.
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5. Hemocyte count

To drive the expression of target genes to hemocytes, wild type, tax, and hbz flies
were crossed with Hemolectin-Gal4 delta (HMLA-Gal4). Resultant third instar larvae were
bled into PBS and hemocytes were counted as described previously**°. For each genotype,
thirty larvae, from three independent experiments, were bled and hemocytes were counted.
Statistical analysis was carried using student’s t-test where a p value (p < 0.05) was

considered significant.

6. p-galactosidase assay

For assessing senescence in eye disks, third instar larvae were dissected and fixed
with 0.2% glutaraldehyde with 2% formaldehyde in PBS for 5 minutes at room
temperature. Dissected larvae were then washed for three times with PBS. Staining was
performed overnight at 37°C by incubation with a staining solution (ImM MgCI2, 4mM
potassium ferricyanide, 1% Triton, 2.7mg/ml X Gal in PBS). After two wash cycles with
PBS, eye imaginal disks were dissected before mounting on charged slides using Prolong
Anti-fade solution (Invitrogen, P36930). Images were acquired using Olympus CX41 light

microscope.

For assessing senescence in hemocytes, third instar larvae were bled into PBS and
derived hemocytes were cytospun onto slides before being fixed, washed, and stained

overnight as above. Following overnight incubation, two wash cycles with PBS were
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performed before mounting. For analysis, positively stained cells were counted from 10

random fields for a total of 100 counted hemocytes.

7. Cell culture

Hela and HEK293T cells were maintained in Dulbecco's Modified Eagle's Medium
(DMEM, sigma), complemented with 10% FBS (Sigma), sodium pyruvate, and antibiotics.
ATL-derived MT-1 cells [a generous gift from K. Ishitsuka] were maintained in RPMI

(Sigma) supplemented 10% FBS, 2 mM L-glutamine (Sigma) and antibiotics.

8. Transfections and transduction

Plasmids for Tax (pcDNA3.1-Tax-His)%*4 and HBZ (pcDNA3.1-hbz-Myc-His)*°
were generous gift provided by R. Mahieux. Transient plasmid transfections were
conducted in Hela or HEK293T cells using Lipofectamine 2000 (Gibco, Invitrogen)
according to manufacturer’s instructions. For lentiviral production, transient transfections
were carried in HEK-293T cells using calcium phosphate method. Afterwards, MT-1 cells
were transduced using green fluorescent protein (GFP)-lentiviral vectors which encoded a
scrambled (SCR) shRNA or an shRNA against HBZ>*® (kindly provided by M. Matsuoka).
Transduction of target cells by lentiviral particles was performed by spinoculation for three

hours at 32°C and at 1500rpm.
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9. Quantitative Real time PCR

Total RNA was extracted using TRIzol reagent (Qiagen) according to the
manufacturer's instructions. Following DNAse-treatment (Turbo DNA-free AM1907,
Ambion), one ug of total RNA was reverse transcribed utilizing iScript III (Biorad). Real
time PCR was conducted using Syber green and CFX96 machine from Biorad as described
above. Primers used are listed in Table 6. Expression of target genes was normalized to
GAPDH for human cells and ribosomal protein 49 (Rp49) for Drosophila extracts.

Transcript levels were calculated according to Livak method?*?. Data reported are from

three independent crosses.

Table 7. List of ATL primers used for Real time quantitative PCR.

Primer Sequence 5°-3°

Relish Forward: 5'-CCACCAATATGCCATTGTGTGCCA-3'
Reverse : 5-TTCCTCGACACAATTACGCTCCGT-3’

Diptericin Forward: 5'-ACTGCAAAGCCAAAACCATC-3’
Reverse : 5'-CCGCAGTACCCACTCAATCT-3’

Tax Forward: 5'-CGGATACCCAGTCTACGTGT-3’
Reverse : 5'-GAGCCGATAACGCGTCCATCG-3'

HBZ Forward: 5'-TAAACTTACCTAGACGGCGG-3’
Reverse : 5'- CTGCCGATCACGATGCGTTT-3’

Dacapo Forward: 5'-GCCCTTTAGCTGAAAATCACCC-3’
Reverse : 5'-GAGCCAAAGTTCTCCCGTTCT-3'

D-Jun Forward: 5'-GCTAATTCCGCCGCCAATAA-3'
Reverse : 5'-CAATGGGATTAACGGTGGGC-3’

GAPDH Forward: 5'-GTGGACCTGACCTGCCGTCT-3’
Reverse : 5'-GGAGGAGTGGGTGTCGCTGT -3/

Rp49 Forward: 5'- CCGCTTCAAGGGACAGTATCTG-3’
Reverse : 5'- ATCTCGCCGCAGTAAACGC-3'
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10. Immunoblot assay

Cells, third instar larvae, or adult fly heads were homogenized in lysis buffer as
explained previously. Of note, for flies and larvae, lysates were sonicated and one hundred
and fifty ug of protein lysates pertaining to twenty-thirty fly/larvae were loaded and
immunoblot was conducted as explained previously. For immunoblotting, the following
primary antibodies were used : mouse anti-c-Myc (ThermoFisher, 9E10), mouse anti-His
(Santa Cruz, sc-57598), rabbit anti-EZH2 (Invitrogen, 36-6300), rabbit anti-SUZ12 (Cell
signaling, D39F6), rabbit anti-H3k27me3 (Active motif ,39155), rabbit anti-H3k4me3
(EMD Millipore, 07-473), rabbit anti-Bactin (Abcam, ab8227), rabbit anti-Histone H3
(Abcam, ab1791), mouse anti-Tax (cat#168-A51 from the National Institutes of Health
AIDS Research and Reference Reagent Program), mouse anti- HBZ (a gift from J.M.
Péloponese), rabbit anti-E(z), rabbit anti-SUZ12 (a kind gift from J. Mdller), mouse anti-

Relish (DSHB, C21F3) and anti-GAPDH (Abnova , B2534M-HRP).

11. Immunoprecipitation

For immunoprecipitation essays, two million HEK293T cells were seeded in
100mm culture dishes.48 h following transfection with different plasmids, nuclear extracts
were lysed on ice for 10 min with lysis buffer I (10 mM Hepes, 10 mM KCI, 5mM MgClI2,
0.5 mM DTT, and EDTA-free protease inhibitor cocktail (Roche cat#11836145001).

Lysates were then sonicated and centrifuged at 2100 rpm for 5 min at 4°C. Lysates were
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resuspended in lysis buffer 11 (10 mM Hepes, 150 mM NaCl, 5 mM MgCI2, and 0.1%
NP40 (Sigma, 18896) supplemented with EDTA-free protease inhibitor cocktail.
Afterwards, DNAse treatment was performed, 0.1 pg/ul DNasel (Roche), for 20 min at
room temperature. Equal amount of total proteins was immunoprecipitated overnight at
4°C using the following primary antibodies: mouse anti-c-myc-tag (9E10) (3pg/ml, abcam;
ab32) or rabbit anti-EZH2 (5ug/ml; Merck Millipore, 07-689). Immunoprecipitated
complexes were then incubated with magnetic Protein G Dynabeads (LifeTechnologies)
for 4h at 4°C. After sequential washes with TBS, 0.5% Tween-20, proteins were eluted
using 2x Laemmli buffer and analyzed along with their corresponding lysate controls by

immunoblot.

12. Chromatin Immunoprecipitation (ChIP)

3x 10° HEK 293T cells were transfected with 18ug of DNA plasmid (9ug
pcDNA3.1-Tax-1-His alone or together with 9ug PcDNA3.1-HBZ-Myc-His. For equal
DNA, an empty vector was used to compensate) using calcium phosphate transfection. 48

h post transfection, cells were harvested for CHIP assay.

Briefly, cells were cross-linked via 1% formaldehyde for 15min at room
temperature. 125mM glycine was added to terminate cross linking. Nuclear fraction was
isolated via incubation with ice-cold lysis buffer I (50 mM Tris-HCI (Biorad), pH 8.0, 20
mM Na-butyrate (Sigma, B5887), 10 mM EDTA, 1% SDS (Biorad), EDTA-free protease
inhibitor cocktail (Roche,11836145001). Sonication was then performed on lysed sample

using Bioruptor (Diagenode) leeding to DNA sheering into fragments that ranges between
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100-400 base pairs. Afterwards, immunoprecipitation was conducted with 5 pg of anti-
H3K27me3 antibody (Millipore) overnight at 4°C. After successive washes with RIPA
buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 140 mM NaCl, , 1% Triton X-100, 0.5
mM EGTA, 0.1% Na-deoxycholate (Sigma , D6750), 0.1% SDS), followed by washes
withTE buffer (10 mM Tris-HCI, pH 8.0, 10 mM 530 EDTA), H3K27me3-bound
chromatin complexes were eluted using an elution buffer (20 mM Tris-HCI, pH 7.5 with
50 mM NaCl, 5 mM EDTA, 1% SDS, 20 mM Na-butyrate, and 50 pg/ml proteinase K
(NEB, P8107S) for 2 hours at 68°C. Eluted DNA was then washed, purified, and
subjected to RT-qPCR using SYBR Green. Primers’ sequences used are listed in Table 7.
For data analysis, in each condition, enrichment of H3K27me3 in target DNA fragments

was normalized to the DNA percentage in the corresponding input sample.

Table 8. List of primers used for CHIP RT-qPCR.

Primer Sequence 5°-3°

CDKN1A Forward: 5'-GGG GCG GTT GTA TAT CAG G-3'
Reverse : 5'-CTC TCT CACCTCCTC TGAGTG C-3

NDRG2 Forward: 5-CAA AGG GCC CTA GAATCT GTATGT-3’
Reverse : 5'-GTT TCC CAC CCT TCT CAA GTG G-3'

HEG1 Forward: 5'-TGT CCT CGC GGT GAC ATC TC-3'
Reverse : 5'-ACG CCC TCT CAA GCT TGG AT-3'

GAPDH Forward: 5'-AAC TTT CCC GCC TCT CAG C-3'
Reverse : 5'-CAG GAG GAC TTT GGG AAC GA-3'

A-S Forward: 5'-CTG CAC TAC CTG AAG AGG AC
Reverse : 5'-GAT GGT TCA ACACTC TTA CA-3’
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13. Immunofluorescence assay

HeLa cells transfected with HBZ-myc plasmid for 48 h were cultured on coverslips
and fixed using 4% paraformaldehyde for 10 min. For MT-1 immunoflorescent assay, cells
were fixed in methanol and cytospun on slides as explained previously. Post fixation, Hela
and MT-1 Cells were permeabilized with 0.5% PBS-Triton X-100 for 30 min at room
temperature and blocked with 1% BSA/10% goat serum for 1 h at room temperature. Cells
were incubated with primary antibodies against c-Myc, EZH2, or anti-SUZ12 for 2 hours
at room temperature. Primary antibodies were detected by Alexa Fluor-488 or 594
secondary antibodies (Abcam). Nuclei staining was performed by Hoescht before
mounting with prolong anti-fade solution. Images or z-stacks were acquired using

confocal microscope (Zeiss LSM70), as described before.

14. In situ proximity ligation assays (Duolink)

To assess interactions of protein within close proximity, MT-1 cells and Hela cells
transfected with HBZ were fixed and stained using the Duolink in situ proximity ligation
assay following manufacturer’s instructions®®. Antibodies against HBZ, EZH2, SUZ-12,
His, and c-Myc were used. Z stack images were acquired using the confocal microscope

ZEISS LSMT710.
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15. Statistical analysis

Data were presented as mean+SEM of three experiments and One-way ANOVA
with Bonferroni post-hoc test was implemented to compare means (GraphPad Prism).

Results were considered significant when the p-value p < 0.05.
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CHAPTER IV

RESULTS

A. PEL Part

1. ATO/Lena promotes Survival and decreases malignant Effusions in PEL Mice

To investigate the anti-tumor potential of ATO/Lena in vivo, NOD/SCID mice
were injected with HHV8+ PEL cell lines (BC-3 or BCBL-1) for tumor engraftment. Four
days post-inoculation of malignant cells, treatment was initiated with ATO, Lena, or their
combination for a total period of one month. Afterwards, mice were monitored for survival
(timeline described in Figure 7). Our results demonstrated that in BC-3 PEL mice, median
survival was significantly extended from 63 days in untreated mice to 163 days (p = 0.012)
or 85 days (p < 0.005) in mice treated with single agents ATO or Lena respectively.
Surprisingly, upon treatment with the ATO/Lena combination, median survival exhibited a
striking increase to 272 days (p = 0.018) with 25% of treated mice totally cured, and no
peritoneal effusions observed, for more than 1-year post-inoculation of PEL cells (Figure 7).

Similarly, in BCBL-1 PEL mice, median overall survival significantly increased from
78 days in untreated mice to 163 days (p = 0.014) ATO-treated mice and 263 days (p = 0.016)
in Lena-treated mice. In BCBL-1 PEL mice, single agent Lena cured 25% of treated mice.
More importantly, ATO/Lena treated mice, this median survival was remarkably extended to

reach 360 days (p = 0.016) with 75% of mice cured after more than one year following
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malignant BCBL-1 injection (Figure 7) . Collectively, these results highlighted not only
survival promoting effects of ATO/Lena but also presented the strong curative potential of

ATO/Lena combination.
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Figure 17. ATO/Lena enhanced the survival of NOD/SCID PEL mice. Kaplan—Meier graphs
representing the overall survival curves of BC-3 (left) and BCBL-1 (right) NOD/SCID PEL
mice.

2. ATO/Lena impedes lymphomatous progression in PEL mice
We then investigated the effect of ATO/Lena on PEL progression following
development of malignant effusions in PEL mice. In brief, NOD/SCID mice were injected
with either BC-3 or BCBL-1 cells and monitored for tumor development for six weeks (the
published time sufficient for PEL malignant effusion development). Afterwards, treatment
of PEL mice was conducted daily for one week and mice were monitored for peritoneal

volume and ascites development (Timeline explained Figure 8). In both BC-3 and BCBL-1
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injected PEL mice, a modest to no effect on peritoneal and ascites volume was observed
following treatment with single agents. In contrast, within two days of treatment, a striking
difference was observed in peritoneal volume of mice treated with the combination
therapy.

This promising result prompted us to investigate the detailed mechanism
underlying this finding. As a result, mice were sacrificed after one week of treatment and
observed for pathophysiological changes including ascites and peritoneal volumes (Figure
8 and 9). Surprisingly, ATO/Lena treatment was found to significantly decrease both the
peritoneal and ascites volumes of PEL mice (Figure 8 and 9). In fact, in mice inoculated
with BC-3 cells, combination therapy significantly decreased the mean volume of
peritoneal ascites from 4 mL in untreated mice, to 2 mL in mice treated with ATO/Lena (p
< 0.01) (Figure. 8). Moreover, the mean peritoneal volume or abdominal girth was also
decreased to around 40% in combination therapy- treated mice (Figure 9) (p <0.001).

Similarly, in mice injected with BCBL-1 cells, the mean volume of peritoneal
ascites declined from 7ml in the untreated mice to 1.4ml in the combination treated mice (p
< 0.001) (Figure 8) The mean peritoneal volume was also reduced to 28% in mice treated
with ATO/Lena (p < 0.001) (Figure 9). Altogether, these data suggest that that ATO/Lena

combination decreases malignant effusion and promote survival of PEL mice.
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Figure 18. ATO/Lena reduces malignant effusions in PEL mice. Timeline of the treatment
with ATO, Lena or their combination. Histograms represent the ascites volume from BC-3
(left) or BCBL-1 (right). PEL mice were allowed to develop ascites for 6 weeks then were
treated daily with ATO, Lena, or their combination for one week before sacrifice. (**)
indicates p < 0.01; and (***) indicates p < 0.001.
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Figure 19. ATO/Lena decreased peritoneal volume in PEL mice. Timeline of the PEL mice
treatment with ATO and/or Lena. Mice phenotype (abdominal distention) and histogram

plots of peritoneal volume of BC-3 (upper panel) or BCBL-1 (lower panel) mice before
and after one-week treatment. (**) indicates p< 0.01; and (***) indicates p< 0.001.

3. ATO/Lena suppresses cell growth and Downregulates HHV8 Latent Proteins in
Ascites-derived PEL cells Ex Vivo

BC-3 and BCBL-1 ascites cells derived from lymphomatous peritoneal ascites in
PEL mice were treated ex vivo with ATO, Lena, or their combination. In both ascites-
derived PEL cells, single agents ATO or Lena resulted in a moderate yet significant anti-

proliferative effect starting 48 h post ex vivo treatment (p < 0.05) (Figure 10). Intriguingly,
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treatment with a combination of ATO/Lena induced a more profound and significant
inhibition of cell proliferation in both BC-3 (p < 0.01) and BCBL-1 (p < 0.001) at both
time points 48 h and 72 h post-trreatment (Figure 10). Interestingly, consistent with the in
vivo data from BCBL-1 PEL mice which exhibited higher percentage of cure with
ATO/Lena therapy, BCBL-1 ascites-derived cells exhibited an increased sensitivity to

ATO/Lena treatment compared to BC-3 cells (Figure 10).
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Figure 20. ATO/Lena inhibit cell proliferation in ascites-derived PEL cells. Cell
proliferation of ascites-derived BC-3 (left) or BCBL-1 cells (right) following ex vivo
treatment with ATO and/or Lena for 24, 48, 72, and 96 h. Results are presented as percent
of control, plotted as mean = SD, and represent an average of three independent
experiments.

To investigate the potential mechanisms underlying the growth inhibitory effect of
ATO/Lena combination on PEL cells, immunoblot analysis and immunoflorescent assays

were implemented to assess the expression of KSHV latent proteins, key players in PEL
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oncogenesis. Interestingly, 48 h post treatment, the combination of ATO/Lena decreased
the expression levels of LANA-1 and LANA-2 latent proteins in both BC-3 and BCBL-1
ascites-derived cells (Figure 11). Single agents, however, had no significant effect on

LANA-1 or LANA-2 protein levels.
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Figure 21. ATO/Lena decreases Latent gene expression in ascites-mediated PEL cells.
Immunoblot analysis of KSHV latent proteins LANA-1 and LANA-2 following 48 h ex
vivo treatment with ATO and /or Lena in ascites-derived BC-3 (left) or BCBL-1(right)
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cells. Histograms represent densitometry analysis of an average of 3 independent
experiments. (**) indicates p < 0.01.

In immunoflorescent assay, nuclear speckles of LANA-1 were hardly detected

following treatment with ATO/Lena in both PEL derived cells. (Figure 12).

BCB (48h post-treatment ex vivo)

BCBL 1 (48h post-treatment ex vivo)

. %

BC3

2100: 2100:

= o}

8 80+ o 80+

o 1 o

Z 60 = 60

%] g3 >

a 40 E‘ 40-

% 1 < ]

< J J

< 20 2 20

< 1 g | 1

p—t 0_ 0_

ATO - + - + ATO - + - +
Lena - - + + Lena - - + +

Figure 22 . a,b) Confocal microscopy analysis of LANA-1 nuclear expression in
ascites-derived BC-3 (a) and BCBL-1 (b).LANA-1 was stained with rat anti-LANA-1
antibody (green). Nuclei were stained with Hoechst (blue). Histograms represent the
average percentage of LANA-1 positive cells from three independent experiments. (**)
indicates p< 0.01; and (***) indicates p< 0.001.
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Similarly, while single agents failed to result in a significant effect, ATO/Lena
combination significantly downregulated transcript levels of KSHV latent v-FLIP and v-
Cyclin in BC-3 ascites derived cells (p < 0.01) (Figure 13). Conversely, in BCBL-1 ascites
derived cells, single agent treatment resulted in a significant yet moderate reduction in v-
FLIP and v-Cyclin transcription ((p < 0.05 and 0.01, respectively). However, this reduction
was more profound following treatment with ATO/Lena (p < 0.01) (Figure 2c). Cell
growth inhibition and decreased latent protein expression, drivers of oncogenesis and PEL

cells’ survival, may translate the decreased peritoneal effusion and enhanced survival.
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Figure 23. Real- time quantitative PCR analysis of KSHV latent v-FLIP and v-Cyclin in
ascites-derived BC-3 and BCBL-1 cells. Results are presented as percent of control,
plotted as mean £ SD, and represent an average of three independent experiments. (**)
indicates p< 0.01

4. ATO/Lena reduces Tumor Burden via Inhibition of NFxB and Autocrine
growth-promoting Cytokines in Ex vivo Ascites-Derived PEL Cells

v-FLIP had been established as a key player in the activation of NF-xB, a
constitutively activated pathway critical for PEL progression and cell survival'®” 240, In
line with the downregulated v-FLIP expression, we showed that, at 48 h post treatment,
ATO/Lena decreased the phosphorylation of IkBa. protein in both BC-3 and BCBL-1
ascites derived cells (Figure 14). Phosphorylation of IkBa is essential for the activation of

canonical NF-kB pathway.
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Figure 24. ATO/Lena decreases IkBa phosphorylation in ascites-mediated PEL cells.
Immunoblot analysis of decreased IkBa phosphorylation in BC-3 and BCBL-1 ascites
derived cells 48 h following treatment with ATO/Lena
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IxBa phosphorylation is essential for activation of canonical NF-xB pathway?*.. In
consistent with the decrease in IxkBa phosphorylation, we observed a reduced nuclear
translocation of p65, a mandatory step for the activation of NF-kB pathway and
downstream genes, in both BC-3 and BCBL-1 ascites-derived cells (Figure 15). In
contrast, single agents failed to decrease IxBa phosphorylation and exhibited no significant

effect on p65 nuclear translocation (Figure 15).
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Figure 25. Confocal microscopy analysis of P65 translocation in BC-3 and BCBL-1
ascites derived cells 48 h post treatment with ATO/Lena. p65 was stained with anti-p65
antibody (red) and nuclei were stained by Hoechst stain (blue). Images represent z-
sections. Histograms represented number of cells with nuclear p65 translocation.
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Among various downstream target genes, NF-kB transactivates the transcription of
multiple cytokines such as IL-6 and I1L-10. Of note, these cytokines are known as essential
growth factors that promote PEL cell proliferation and survival*”>1"’. Decreased NF-«xB
activation by ATO/Lena prompted us to investigate the transcript levels of IL-6 and IL-10
in ATO and/or Lena treated cells. In both BC-3 and BCBL-1 ascites mediated cells, single
agent ATO exhibited no significant effect on cellular IL-6 transcription, while Lena
significantly decreased IL-6 transcripts in BC-3 (p < 0.01) and BCBL-1 cells (p < 0.05) to
less than 50% compared to untreated cells (Figure 16). However, single agents ATO or
Lena did not affect cellular IL-10 transcription. Interestingly, in BC-3 ascites derived cells,
ATO/Lena combination significantly reduced IL-6 transcription to around 27% (p < 0.01)

and completly diminished IL-10 expression (p < 0.001) (Figure 16).
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Figure 26 . Real-time quantitative PCR analysis of human IL-6 and IL-10 in BC-3 ascites
derived cells 48 h post treatment with ATO and/ or Lena. Results are presented as percent

114



of control, plotted as mean = SD, and represent an average of three independent
experiments. (**) indicates p< 0.01, (***) indicates p < 0.001.

Similarly, ATO/Lena decreased IL-6 transcript levels to 18% (p < 0.01) and 1L-10
transcript levels to 31% (p < 0.05) in BCBL-1 ascites-derived cells 48h post treatment
(Figure 17).

Altogether, these data may explain the anti-proliferative effect of ATO/Lena, where
decreased cell growth might be attributed to decreased NF-«kB, resulting in successive

reduction in transcription of autocrine target cytokines critical for PEL cell survival.
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Figure 27. Real-time quantitative PCR analysis of human IL-6 and IL-10 in BC-3 and
BCBL-1 ascites derived cells 48 h post treatment with ATO and/ or Lena. Results are
presented as percent of control, plotted as mean = SD, and represent an average of three
independent experiments. (*) indicates p< 0.05, (**) indicates p< 0.01.
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5. ATO/Lena Induces KSHYV Lytic Gene Expression in Ex vivo Ascites-Derived
PEL Cells

Prior studies demonstrated that the constitutive activation of NF-xB in PEL
subverts KSHV lytic reactivation and contribute to maintaining latency via inhibition of
viral lytic gene expression'#* 146, paradoxically, KSHV lytic reactivation is often
associated with decreased latent gene transcription and apoptosis’®. Thus, we investigated
the expression profile of known KSHV lytic viral genes following 24 and 48 h treatment
with ATO/Lena. Interestingly, ATO/Lena induced a significant induction in transcription
of early lytic genes (RTA and ORFKS) at 24 h and late lytic gene (K8.1) at 48 h following
ex vivo treatment of ascites-derived PEL cells (Figure 18). RTA is a major early lytic gene
that is sufficient for switch into KSHV viral lytic gene transcription by activation of
transcription of most viral proteins'®®. In BC3 ascites-derived cells, Lena alone had no
significant effect on lytic gene expression, while ATO single agent induced a moderate
significant increase in RTA transcript levels at 24 h following treatment (p < 0.05) (Figure

18).

Surprisingly, the ATO/Lena combination induced a highly significant increase in
RTA transcript levels (p = 0.01263). Likewise, ATO/Lena also increased the transcription
of early lytic gene ORFK8 (p = 0.0177) after 24 h of treatment. However, single agents
ATO and Lena had no significant effect on ORFKS transcription (Figure 18). Similarly, in
BCBL-1 derived ascites, the combination of ATO/Lena resulted in a significantly

increased levels of RTA (p < 0.05) and ORFKS (p < 0.01) gene transcripts (Figure 18).
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Figure 28. Real-time quantitative PCR analysis of RTA and ORFKS8 expression in BC-3
and BCBL-1 ascites derived cells 48 h post treatment with ATO and/ or Lena. Results are
presented as percent of control, plotted as mean = SD, and represent an average of three
independent experiments. (*) indicates p< 0.05, (**) indicates p< 0.01.

KSHV lytic reactivation follows a sequential pattern of gene expression whereby

immediate and early genes are transcribed first followed by late structural genes®>” 1%,

Thus, we investigated the late lytic gene K8.1 transcript levels at 48h post ex vivo

117



treatment of ascites-derived PEL cells. Our results revealed a significant induction of K8.1
transcription upon treatment with the combination of ATO/Lena, in both BC-3 (p <0.01)

and BCBL-1 ascites-derived cells (p < 0.05) (Figure 19).
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Figure 29. Real-time quantitative PCR analysis of K8.1 expression in BC-3 and BCBL-1
ascites derived cells 48 h post treatment with ATO and/ or Lena. Results are presented as
percent of control, plotted as mean + SD, and represent an average of three independent
experiments. (*) indicates p< 0.05. (***) indicates p< 0.001.

6. ATO/Lena Induces Apoptosis in ex vivo Ascites-Derived PEL Cells

In prior studies, inhibition of the constitutively activated NF-«xB resulted in
apoptosis on PEL cells in vitro and prolonged survival of PEL mice in vivo?? 242, Herein,
ATO/Lena inhibited the activation of NF-xB and resulted in suppressed cell survival and
proliferation. Therefore, we assessed the effect of ATO/Lena on apoptosis in ascites-
derived BC-3 and BCBL-1 cells 48 h post treatment. In both cell types, ATO/Lena

combination resulted in an eminent cleavage of procaspase-3, a key mediator of apoptosis,
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paralleled with increased levels of cleaved caspase-3 protein (Figure 20). In accordance
with these results, 48 h ex vivo treatment with ATO/Lena also induced the cleavage of

PARP-1, a downstream target of caspase-3, in both BC3 and BCBL-1 ascitic cells (Figure

20).
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Figure 30. Immunoblot analysis procaspase-3, cleaved caspase-3, and and PARP
expression in BC-3 and BCBL-1 ascites derived cells 48 h post treatment with ATO/Lena.

In addition, cell death was also detected by DAPI staining of ATO/Lena treated
BC3 and BCBL-1 ascites derived cells (Figure 21). This staining allows for the evaluation
of chromatin condensation, a hallmark of apoptosis. For both ascites-derived BC-3 and
BCBL-1, cells treated with the combination therapy presented a nucleus with condensed
nucleic material and were smaller in size with irregularly shaped cytoplasm, characteristics
of apoptotic cells (Figure 21). Collectively, these data strongly suggest that the

combination of ATO/Lena induces apoptosis of PEL cells.
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Figure 31. Confocal microscopy analysis of ascites-derived BC3 or BCBL-1 cells stained
with Diamidine-2'-phenylindole dihydrochloride (Dapi) following 48h treatment with
ATO/Lena.
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7. ATO/Lena suppresses VEGF-mediated Endothelial Cells Tube Formation

Upon sacrifice of BC-3 inoculated PEL mice treated for one week of ATO and/or
Lena, we came across an observation of decreased peritoneal vascularization following

treatment of BC3 inoculated mice with ATO/Lena combination (Figure 22).
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Figure 32. Mice peritoneum vascularization before and after one-week treatment of BC-3
PEL mice with ATO/Lena.

The anti-angiogenic properties of Lena were previously reported by multiple
studies investigating hematological tumors?23. More importantly, PEL cells were shown to
secrete VEGF into lymphomatous ascites in vivo to promote VEGF-mediated angiogenesis
and PEL development!’® 243, Ascites-derived BC-3 and BCBL-1 cells were previously

shown to secrete higher VEGF levels than their respective cells lines.

Based on our in vivo findings, we investigated the effect of ATO/Lena on VEGF-
induced angiogenesis. HAEC cells were grown on Matrigel were incubated with cell-free

supernatant of treated or untreated ascites-derived PEL (BC-3 or BCBL-1) for 48 hr
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(Figure 23). When cultured alone, HAEC exhibited a normal fibroblast phenotype and
failed to develop structured tube network. In contrast, added supernatants from untreated
ascites-derived PEL cells (BC-3 or BCBL-1), resulted in formation of capillary-tube like
structures with multi-centric junctions (Figure 23). This phenotype was VEGF dependent,
the addition of bevacizumab to supernatants from untreated BC3 or BCBL-1 cells inhibits

capillary tube formation by HAEC (Figure 23).
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Figure 33. Light microscopy images of capillary-like tube formations in HAEC cells. HAEC
cells were incubation with supernatants from ATO and/ or Lena treated BC-3 or BCBL-1
ascites cells for 48 h. Images were taken with 5x microscope scale.

Supernatants from single agents, ATO or Lena, did not display any significant
effect on tubal formation capacity of cells. Conversely, supernatant from ATO/Lena
treated BC-3 PEL mice ascites resulted in significant reduction of the capillary-like tube

formation capacity to 20% compared to that from untreated cells (Figure 23 and 24).
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Quantification of capillary tube formation depended on counting nodes (defined

intersection of three or more branches) (Figure 24).
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Figure 34. The capillary-tube formation analysis method used. Ndes with three or more
branches were counted and compared. A minimum of 5 images were counted per
condition. Histogram represents the percentage of tube formation relative to untreated BC-
3 ascites PEL cells. Data represent an average of 3 independent experiments

Surprisingly, supernatant from ATO/Lena treated BCBL-1 PEL mice ascites did
not reduce the tube formation capacity compared to untreated cells (Figure 23). This might
be due to the overwhelming amount of VEGF secreted by BCBL-1 ascites’®. These data
suggest that decreased VEGF-dependent angiogenesis may be one of the potential
mechanisms that contribute to ATL/Lena elimination of ascites-derived BC-3 but not

BCBL-1 cells.

123



8. ATO/Lena reduces Organ Infiltration in vivo

To further investigate the anti-tumor effect of ATO/Lena in vivo and the potential
mechanism of action contributing to mice survival, PEL mice (inoculated with BC3 or
BCBL-1 cells) were left to develop malignant effusion for around 6 weeks before initiating
a one week with the ATO/Lena combination (Timeline explained in Figure 25). We first
assessed the effect of this therapeutic combination on organ infiltration. Compared to
untreated mice, ATO/Lena treated mice presented with decreased infiltration of malignant

cells specifically in the lungs and livers of both BC-3 and BCBL-1 murine models (Figure

25).
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Figure 35. ATO/Lena decreased organ infiltration in PEL mice. Experimental design of in
vivo experiment: mice injected with BC-3 or BCBL-1 were allowed to develop ascites for
6 weeks, treated with ATO and/or Lena for one week, and then sacrificed. Histopathology
sections of lung and spleens from ATO/Lena treated or untreated BC-3 and BCBL-1 PEL
mice.

9. ATO/Lena decreases KSHV Latent Protein and cellular Cytokine Expression

The molecular mechanism of action of ATO/Lena was investigated in vivo.
Consistent with ex vivo data, treatment with ATO/Lena decreased the expression of KSHV
latent proteins LANA-1 and LANA-2 in both BC-3 and BCBL-1 PEL mice. We
questioned whether this decrease was attributed to a decrease in the percentage of PEL
cells being eliminated by ATO/Lena. Thus, CD45 staining of ascites derived from
ATO/Lena treated BC-3 and BCBL-1 was carried. CD45 is a marker of human leukocytes
and is commonly used in in vivo studies to monitor infiltration or engraftment of malignant
cells. For ascites derived from BC3 treated PEL mice, CD45 staining exhibited no
significant variation in the percentage of CD45 positivity, indicative of PEL cell number,

when compared to untreated mice (Figure 26).
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Figure 36. Immunephenotype analysis of CD45 expression in peritoneal ascites of BC3
PEL mice. percentage of CD45 positive cells in ascites cells derived from BC3 mice
treated with ATO and/or Lena for one week.

Therefore, the observed decrease in LANA-1 and LANA-2 protein expression post
treatment with ATO/Lena was not due to lower number of PEL cells, but is rather a direct

effect of the combination on latent KSHV protein expression (Figure 27).
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Figure 37. ATO/Lena decreased latent protein expression in BC-3 PEL mice. Immunoblot
analysis of the expression of LANA-1 of LANA-2 KSHV latent proteins in ascites derived
from BC-3 PEL mice treated with ATO and/ or Lena for one week.

In contrast, CDA45 staining of ascites from BCBL-1 treated mice revealed that
ATO/Lena affects the number of PEL cells where a significant 50% reduction in CD45

positivity was reported in ATO/Lena treated mice. (Figure 28).
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Figure 38. Immunephenotype analysis of CD45 expression in peritoneal ascites of BCBL-1
PEL mice. percentage of CD45 positive cells in ascites derived from BCBL-1 mice treated
with ATO and/or Lena for one week. (*) denotes (p < 0.05).

We thus sorted CD45 positive BCBL-1 cells before assessing the effect of the
combination on viral protein expression in BCBL-1 ascites-derived cells, and we
demonstrated that the ATO/Lena combination also decreased LANA-1 and LANA-2

protein expression in these cells (Figure 29).
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Figure 39. ATO/Lena decreased latent protein expression in BCBL-1 PEL mice.
Immunoblot analysis of the expression of LANA-1 of LANA-2 KSHV latent proteins in
ascites derived from BC-3 PEL mice treated with ATO and/ or Lena for one week.

We also investigated the effect of ATO/Lena on gene transcription of cellular
cytokines, IL-6 and IL-10, in the lungs of treated PEL mice (Figure 30). In the BC-3 PEL
model, the decrease in cytokine transcription by ATO/Lena was significant for IL-6 where

transcript levels were decreased to 25% (p < 0.05) (Figure 30).

In BCBL-1 PEL mice decreased cytokine transcription was significant for both IL-
6 and IL-10 which declined to 25% (p < 0.05) and 45% (p < 0.05), respectively (Figure
30). Collectively, these data support and emphasize that the ex vivo dissected mechanism

of action might be involved in the anti-tumor activity of ATO/Lena combination in vivo.
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Figure 40. Real-time quantitative PCR analysis of cytokine expression in PEL treated
mice. Human IL-6 and IL-10 expression in lung tissues derived from BC3 or BCBL-1 PEL
mice treated with ATO/Lena for one week. Results are presented as percent of control,
plotted as mean + SD, and represent an average at least 3 mice. (*) indicates p< 0.05.

B. ATL Part

1. Unlike Tax, HBZ lacks transformative capacity in a Drosophila model

To investigate the in vivo effects of HBZ, hbz transgenic fly model was
established using the same approach implemented in our previously generated tax
transgenic model®*°, Using the GMR-GAL4 promoter, the expression HBZ or Tax was
directed to differentiated photoreceptor cells, posterior to the morphogenetic furrow3e,
As a result, gene expression was exclusively induced in the fly’s eyes. Thus, to
compare the transformation capacity of HBZ and Tax, we examined the ommatidial
structures in transgenic eyes using SEM. Eye phenotypes were analyzed and scored
according to extent of ommatidial loss or degree of disruption of mechano-sensory
bristle such as misplacement, alignment, or duplication®*® 38 In accordance with our

previously published data®®, all tax transgenic flies (Tax Tg) displayed a rough eye

phenotype, a suggestive of cellular transformation (Figure 42). On contrary, in hbz
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transgenic flies (HBZ Tg) only 32% of flies, 12 out of 37 eyes, exhibited minimal
alterations in the normal ommatidial morphology compared to control flies. The rest of
the flies, however, did not display any ommatidial difference when compared with

control ones (Figure 42).
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Figure 41. Tax but not HBZ induce eye roughness in transgenic flies. Representative
images from light microscope (100um scale bar) and scanning electron microscope
(50pum and 100um scale bar) of adult fly eyes pertaining to control (GMR-
GAL4>w1118), tax transgenic (Tax Tg: GMR-Gal4>UAS-Tax) or hbz transgenic
(HBZ Tg: GMR-Gal4>UAS-HBZ) flies. Histograms represent relative roughness,
calculated according to a previously established scoring system. Results are reported as
average of n=37 fly eye from three independent crosses. Data represent mean *
standard error of the mean ,p<0.05 (*), p<0.001 (***).
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Using quantitative RT-PCR and immunoblot, we confirmed the expression of

Tax and HBZ in respective transgenic flies (Figure 43).
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Figure 42. RTq-PCR and Immunoblot analysis of expression of Tax and HBZ in tax
transgenic (Tax Tg) and hbz transgenic (HBZ Tg) fly heads. For RTg-PCR gene
expression was normalized to drosophila internal control RP-49. For immunoblot analysis,
anti-myc tag antibody (the tag in tax and hbz transgenics) was used. Expression of Tax and
HBZ was under the control of GMR-GALA4, an eye-specific promoter. Results were
obtained from three independent crosses. Data represent mean + standard error of the
mean, p<0.01 (**).

Since HBZ resulted in no phenotypic changes in ommatidial structures of HBZ
Tg model, we conducted a functional assay to confirm that the HBZ protein expressed
was functional. Indeed, higher transcript levels of JunD, an HBZ downstream gene,
was observed in HBZ-Tg flies, as compared to Tax Tg or control flies thereby

confirming the activity of HBZ (Figure 44).
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Figure 43. Real-time quantitative PCR analysis of Jun D expression in hbz transgenic
fly heads. Expression of Jun D was normalized to Rp-49. The expression of Tax and
HBZ was under the control of GMR-GALA4, an eye-specific promoter. Results are
reported as average of three independent experiments. Data represent mean + standard
error of the mean ,p < 0.01 (**). ns: non significant.

Given that ATL is a blood malignancy associated with lymphocytosis, we
sought to assess the effect of HBZ on the flies” hematopoietic system. Using the UAS-
Gal4 system, the expression of Tax or HBZ was directed to hemocytes using a
hemocytes-specific promotor referred to as HMLA-Gal4. Expression of Tax or HBZ in
hemocytes was first confirmed via quantitative RT-gPCR and Western Blot (Figure

45).
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Figure 44. Real time quantitative PCR analysis and immunoblot analysis of Tax or HBZ in
circulating hemocytes from control, Tax Tg, or HBZ Tg flies. Expression of Tax and HBZ
was induced under the control of HMLA-Gal4, a hemolyte-specific promoter. For real time
quantitative PCR, expression was normalized to RP-49. For immunoblot, the expression of
myc-tag (Tag for Tax of HBZ) was assessed. For each experiment a minimum of thirty
third-instar larvae were bled and hemocytes were collected. Results are reported from
average of three independent crosses. Data represent mean * standard error of the mean, p
<0.05 (*), p<0.01 (**%).

In consistent with our previous findings, Tax-Tg flies exhibited a significantly
increased hemocytes count in third instar larvae to around 15,000 cells compared to 5000
cells in control flies (Figure 46). In contrast, HBZ expression in HBZ Tg flies resulted in a
modest increase in circulating hemocytes from 5000 cells in control to almost 7000 in
around 16% of larvae (5 out of 30 larvae) (Figure 46). Collectively, these data provide a
conclusive evidence that, unlike the potent oncogenic Tax, HBZ protein exhibits a minimal

oncogenic potential.
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Figure 45. Tax increases the number of circulating hemocytes to a higher extent than HBZ
in transgenic flies. Circulating hemocyte count in control (HMLA-Gal4>w1118), Tax Tg
(HMLA-Gal4>UAS-Tax), or HBZ Tg (HMLA-Gal4>UAS-HBZ) third instar larvae. N=30
larvae were bled and counted from three independent crosses. Data represent mean +
standard error of the mean. P<0.01 (**) and p< 0.0001 (****).

2. Tax and HBZ activated key subunits of polycomb PRC2 complex resulting in
H3K27me3 accumulation.

Polycomb PRC2 complex is deregulated and overexpressed in ATL at almost half
of the genes. Indeed, prior research elucidated that Tax enhanced PRC2 activity by binding
and increasing EZH2 expression resulting in increased H3K27me3 accumulation®?. Yet,
the putative relation between HBZ and PRC2 complex remains ambiguous. Given the high
degree of homology in Polycomb complex between Drosophila and humans, we took
advantage of our transgenic models to characterize and compare epigenetic modulations
mediated by Tax and HBZ in vivo. Consistent with previously described findings in human

lymphocytes®®, expression of Tax in flies was associated with increased levels of E(z) and
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Suz12, homologs of human EZH2 and Suz12 respectively (Figure 47). This increase was
accompanied by elevated levels of H3K27me3, a repressive mark downstream E(z), and

decreased expression of H3K4me3, a transcription activation mark (Figure 47).
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Figure 46. Immunoblot analysis of the expression of E(z), SUZ12, H3K27me3, and
H3K4me3 in fly heads from control , Tax-Tg and HBZ Tg flies. Expression of Tax and
HBZ in flies was induced under the GMR-Gal4, an eye-specific promoter. Histograms
represent the densitometry analysis on three independent experiments from three
independent crosses. p< 0.05 (*), p<0.01 (**) and p< 0.0001 (****).
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In contrast to tax transgenic flies, hbz transgenic flies exhibited no changes in the
expression of E(z). However, SUZ12 protein levels were elevated when compared to
control flies. This increase in SUZ12 was very similar to that induced by Tax and was
accompanied with increased expression of H3K27me3 paralleled with decreased levels of
H3K4me3 (Figure 47). Collectively, these data suggest that both Tax and HBZ induce the
accumulation of repressive epigenetic histone mark, H3K27me3, through regulation of

different PRC2 complex subunits.

3. Tax-mediated transformation partially depends on PRC2 activity but highly
requires activation of NF-xB

Altered PRC2 activity and excessive accumulation of H3K27me3 repressive mark
are key players in progression of multiple cancers®®® 2%, Despite the accumulation of
H3K27me3 in both tax and hbz transgenic flies, cellular transformation (rough eye
phenotype) was only reported in tax flies. To dissect the role of activated PRC2 complex in
Tax-mediated transformation, we made use of the UAS-RNAI system and GMR-GAL4
driver to knock down the expression of E(z) and SUZ12 in tax flies specifically in the eyes.
mcherry RNAI, a scrambled RNAI, was used as control. Silenced expression of E(z) and
SUZ12 was confirmed using quantitative RT-PCR (Figure 48). The expression of Tax in

knockdown flies was validated by western blot (Figure 48).
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Figure 47. RTg-PCR analysis of the expression of Relish, E(z), and SUZ12 in heads of Tax
Tg crossed with Relish-RNAI, E(z) RNAI, and Sual2 RNAI respectively. Gene expression
was targeted to the ommatidial via GMR-Gal4. Results are from three independent crosses
and expression is reported relative to RP49 Drosophila housekeeping gene. p< 0.05 (*),
p<0.01 (**) and p< 0.0001 (****). mCherry RNAI is a scrambled RNAI that targets a non-
specific sequence. Immunoblot analysis of the expression of Tax in heads of control
(GMR-Gal4) or Tax Tg flies (GMR-Gal4; UAS-Tax) with knocked down expression for
E(z), SUZ12, and Relish.

Surprisingly, knocking down E(z) or SUZ12 expression in tax flies, partially
rescued the rough eye phenotype induced by Tax (Figure 49). We then investigated the
effect of silencing PRC2 components on hemocyte count in tax flies using the hemolectin
driver (HMLA-Gal4) which drives Tax and RNAI expression to circulating hemocytes.
Interestingly, silencing E(z) and SUZ12 in tax flies resulted in a partial, yet significant,

decrease in Tax-elevated hemocyte count from 10,000 cells in larvae from mcherry RNAI
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tax flies to 6000 cells in larvae from E(z)- RNAIi or SUZ12-RNAI tax flies (Figure 50).
These data strongly suggest that PRC2 components may contribute to Tax-imposed

transformation and elevated hemocyte counts but are not the sole players driving Tax’s

effect in vivo.
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Figure 48. Scanning electron microscopy images of adult fly eyes of control (GMR-Gal4)
or tax transgenic flies (GMR-Gal4; UAS-Tax) crossed with Relish-RNAI, E(z) RNAI, and
Sual2 RNAI respectively. Histogram represents relative roughness using a previously

established scoring system. Data reported was generated from three independent crosses.
p<0.01 (**) and p< 0.001 (***).
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Figure 49. Hemocyte count in Tax flies following knockdown of Relish or PRC2
components. Relish, E(z), or SUZ12 subunits were silenced by RNAI in tax flies
expressing Tax in hemocytes. Hemocytes from third instar larvae of control (HMLA-Gal4>
mCherry RNAI), Tax (HMLA-Gal4; UAS-Tax>mCherry RNAI), (HMLA-Gal4;UAS
Tax>Relish RNAI), (HMLA-Gal4;UAS-Tax>E(z) RNAI) and (HMLA-Gal4;UAS-
Tax>Suz12 RNAI) were counted and compared. (n=30 Larvae were bled from three
independent crosses). Data represented as mean + standard error of mean. p<0.0001
(****). Representative immunoblot of Tax carried to confirm the expression of Tax in
Larval hemocytes.

NF-kB was previously depicted as the major driver pathway for ATL oncogenesis
and was shown to be constitutively activated by Tax®'’. Therefore, we investigated the
transcription level of Relish®® | the NF-xB transcription factor in Drosophila, and
Diptericin, downstream effector transcriptional target of relish in tax transgenic flies®. In
line with prior findings, Tax expression significantly increased the transcription of both
relish and Diptericin in tax flies (Figure 51). Moreover, Relish protein levels were also
elevated (Figure 51).

To affirm the importance of NF-kB activation in Tax-mediated transformation,

Relish expression was knocked down in flies expressing tax under GMR-GAL4
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ommatidial driver. In line with our previously reported data®*®, silencing relish completely
abrogated and rescued the eye roughness phenotype imposed by Tax strongly suggesting
that of NF-«xB activation is critical for the transformative capacity of Tax (Figure 49).
Moreover, knocking down Relish in tax flies completely reversed the increased hemocyte
count back to normal levels (Figure 50) implying that constitutive activation of NF-«B is
indispensable for Tax-mediated transformation and increased blood count in vivo.

In contrary, the lack of transformation phenotype in hbz flies was accompanied by
unchanged levels of Relish and Diptericin compared to control flies (Figure 51)

implicating that HBZ failed to activate NF-xB and induce transformation in vivo.
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Figure 50. RTg-PCR expression of Relish and Diptericin in fly heads from control, Tax
Tg, or HBZ Tg flies. Expression is reported relative to RP49 Drosophila housekeeping
gene. Immunoblot analysis of Relish expression in fly heads from control, Tax Tg, or HBZ
Tg flies. Expression of Tax and HBZ is induced under GMR-GAL4 promoter. Data is
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represented as average of three independent crosses. p< 0.05 (*), p<0.01 (**) and p<
0.0001 (****),

PRC2 complex activity has been previously reported to modulate the expression
and activity of NF-kB pathway?®® 2% Indeed, EZH2 contributed to NF-xB activation
where pharmacological inhibition of EZH2 previously inhibited NF-«xB activity in ATL

cells?®

. Conversely, inhibition of IKK-f in ATL cell lines also decreased transcription of
EZH2 suggesting a putative link between PRC2 complex and NF-kB in ATL?°, We
hypothesized that this plausible crosstalk between the two complexes PRC2 and NF-xB
may explain the partial or complete rescue observed upon PRC2 or NF-xB knock down in
tax flies. To this end, Relish RNAI, E(z) RNAI, or Suz12 RNAI were crossed with tax
transgenics expressing Tax under the GMR-Gal4 promoter. We assessed the transcription
levels of NF-kB components (Relish and Diptericin) or PRC2 components (E(z) and

Suz12) in the resultant fly lines with mCherry RNAI used as scrambled control (Figure

52).
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Figure 51. RTg-PCR analysis of the expression of NF-kB or PRC2 components in fly
heads from control or Tax Tg flies with knocked down Relish, E(z), or SUZ12. Control
(GMR-Gal4> mCherry RNAI), Tax control RNAiI (GMR-Gal4;UAS-Tax>mCherry
RNAI), Tax/Relish RNAi (GMR-Gal4;UAS-Tax>Relish RNAI), Tax/E(z) RNAi (GMR-
Gal4;UAS-Tax>E(z) RNAI) and Tax/Suz12 RNAIi (GMR-Gal4;UAS-Tax>Suz12 RNAI)
adult fly heads were used. Data reported are from three independent crosses and expression
is reported relative to RP49 Drosophila housekeeping gene. p<0.01 (**), p<0.001 (***),
and p< 0.0001 (*¥***).

Consistent with our previous data, Tax/mCherry RNAI flies exhibited significantly
increased transcript levels of relish, Diptericin as well as E(z) and Suz12 compared to
control mCherry RNAI lines (Figure 52). Interestingly, silencing Relish in Tax/Relish
RNA. flies completely abrogated NF-«B activation. Indeed, Relish RNAi reversed the
increased transcription of Relish and Diptericin to levels similar to control flies (Figure
52). More importantly, Relish RNA. significantly downregulated transcript levels of E(z)
and Suzl12 in Tax flies. This decrease in PRC2 components transcription was accompanied
by decreased expression of H3k27me3 in Tax/Relish RNA. flies (Figure 53). In contrast,

Tax/ E(z) RNAI and Tax/ Suz12 RNA.I flies, with knocked-down expression of E(z) or
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Suz12 respectively, only exhibited a partial reversal in Tax-induced NF-«xB activation

(Figure 52).
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Figure 52. Representative immunoblot of the expression of H3k27me3. H3k27me3
expression was assessed in control (GMR-Gal4> mCherry RNAI), Tax control RNAI
(GMR-Gal4;UAS-Tax>mCherry RNAI), Tax/Relish RNAiI (GMR-Gal4;UAS-Tax>Relish
RNAI), Tax/E(z) RNAi (GMR-Gal4;UAS-Tax>E(z) RNAI) and Tax/Suz12 RNAi (GMR-
Gal4;UAS-Tax>Suz12 RNAI) transgenic adult flies heads using western blot and probing
against H3K27me3 antibody.

Collectively, these data strongly correlate the transformative potential of Tax with
both NF-xB and PRC2 activation and suggests that PRC2 activation is implicated in both
Tax-mediated proliferation and NF-kB activation. Additionally, Tax-induced constitutive
activation of NF-kB also increased PRC2 activity, thereby we report a potential activation

loop between both pathways that drives Tax- induced transformation in vivo.

4. HBZ expression in tax transgenic flies attenuates PRC2 and NF-kB activation
and rescues Tax-mediated transformation

HBZ has been previously reported to counteract Tax-mediated transactivation and

multiple Tax functions®2. To investigate the interplay between Tax and HBZ in vivo and
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the effect of HBZ on Tax-mediated transformation, we generated double transgenic flies
co-expressing both HBZ and Tax (referred to as Tax/HBZ Tqg flies). We first confirmed the

expression of both Tax and HBZ in generated flies by western blot (Figure 54).
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Figure 53. Immunoblot analysis of the expression of Tax and HBZ in fly heads of control,

Tax Tg, HBZ Tg, or Tax/HBZ Tg fly heads. Expression of myc tag (the tag for Tax and/or
HBZ was assesses). Expression of target genes was under control of GMR-Gal4 promoter.

We then investigated the effect of Tax and HBZ co-expression on Tax-mediated
transformation. Surprisingly, co-expression of both proteins resulted in absence of eye
roughness phenotype, similar to control flies. This suggests that co-expressing HBZ totally

abrogated or reversed Tax-induced roughness phenotype (Figure 55).

144



Control Tax Tg HBZTg TaxwHBZTg

E bk

Relative roughness

S50um

Figure 54. HBZ co-expression in Tax Tg flies rescues Tax-mediated eye roughness.
Representative images from light microscope (100um scale bar) and scanning electron
microscope (50um and 100um scale bar) of adult fly eyes pertaining to control (GMR-
GAL4>w1118), Tax transgenic (Tax tg: GMR-Gal4>UAS-Tax), HBZ transgenic (HBZ
Tg: GMR-Gal4>UAS-HBZ), or Tax/HBZ transgenic flies (GMR-GAL4>UAS-Tax-HBZ).
Histograms represent relative roughness, calculated according to a previously established
scoring system. Results are reported as average of n=37 fly eye from three independent
crosses. p<0.05 (*), p<0.001 (***).

To confirm this result, the effect of HBZ expression on circulating hemocyte count
from double tax/hbz transgenic mice was evaluated. Indeed, while tax results in increased
numbers of circulating hemocytes, the co-expression of Tax and HBZ resulted in hemocyte
counts similar those of control or hbz transgenic flies (Figure 56). These results were in

line with the lack of transformation observed in tax/hbz double transgenic flies.
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Figure 55. HBZ prevent Tax-mediated increase in hemocyte count in Tax Tg flies.
Circulating hemocyte count in control (HMLA-Gal4>w1118), Tax Tg (HMLA-Gal4>UAS-
Tax), HBZ Tg (HMLA-Gal4>UAS-HBZ), or Tax/HBZ transgenic (HMLA-Gal4>UAS-
Tax:HBZ) third instar larvae. N=30 larvae were bled and counted, from three independent
crosses. Data represent mean + standard error of the mean. P<0.01 (**) and p< 0.0001

(****) .

To dissect the mechanism pertaining to the loss of ommatidial phenotype in
Tax/HBZ flies, we assessed the functional activity of NF-kB, major driver of Tax-mediate
transformation®3 in these flies. Interestingly, Relish and Diptericin transcripts were

significantly decreased in tax/hbz flies as compared to tax transgenics (Figure 57).
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Figure 56. Real time quantitative PCR analysis of the expression of Relish and Diptericin
in control, Tax Tg, HBZ Tg, and Tax/HBZ Tg fly heads. Expression of Tax and HBZ was
induced under GMR/Gal4 promoter. Expression was normalized over rp-49. Data
presented is average of 3 independent experiments. Data represent mean + standard error
of the mean, P<0.01 (**) and p< 0.0001 (****).

The activity of PRC2 complex subunits was then investigated in the Tax/HBZ
transgenic model. Compared to Tax Tg flies, Tax/HBZ transgenic flies exhibited
decreased levels of E(z), SUZ12, and H3K27me3 proteins (Figure 58). Altogether, these
data revealed that HBZ expression significantly abrogates Tax-induced NF-kB activation,

PRC2 activation, as well as in vivo transformation seen in Tax Tg flies.
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Figure 57. Expression of PRC2 components in control, Tax Tg, HBZ Tg, and Tax/HBZ Tg
flies. Representative western blot analysis of the expression of E(z), Suz12, and H3k27me3
in fly heads of control, Tax Tg, HBX Tg, and Tax/HBZ Tg transgenic flies. Gene
expression was induced under the GMR-GAL4 promoter.

5. HBZ overexpression attenuates Tax-mediated senescence in double transgenic
flies in vivo

Zhi et al. previously demonstrated that HBZ may alleviate Tax-mediated
senescence secondary to constitutive activation of NF-«xB in Hela cells in vitro®’. In line
with these data, Tax expression in larvae of tax transgenic flies resulted in induction of
senescence observed as increased SA-B-gal activity in larval eye disks (Figure 59).
Interestingly, senescence was completely abolished by the co-expression of HBZ in larvae

from tax/hbz double transgenic flies (Figure 59).
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Figure 58. SA-B-gal expression eye imaginal discs of third instar larvae of control (GMR-
GAL4>w1118), Tax Tg (GMR-Gal4>UAS-Tax), HBZ Tg (GMR-Gal4>UAS-HBZ) or
Tax/HBZ Tg (GMR-Gal4;UAS-Tax>UAS-HBZ).

To further validate this finding, the transcript levels of Dacapo, a Drosophila
p21/p27 homologue and a cyclin dependent kinase inhibitor used as marker of cell cycle
arrest®®, were assessed. Indeed, Tax expression in tax flies resulted in a strikingly
significant induction of Dacapo transcription where Dacapo transcript levels increased to
1200% compared to control flies (Figure 60). Importantly, concurrent expression of HBZ
and Tax in double transgenic flies resulted in reversal of Dacapo transcription where
Tax/HBZ Tg exhibited levels of Dacapo slightly different that the control (Figure 60).
These data suggest that HBZ impedes Tax-induced senescence caused by excessive

activation of NF-«xB by Tax.
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Figure 59. Real time quantitative PCR analysis of the expression of Dacapo in fly heads
from control, Tax Tg, HBZ Tg, or Tax/HBZ Tg flies. Expression was induced under the
GMR-GAL4 promoter. Results are from three independent crosses and expression is
reported relative to RP49 Drosophila housekeeping gene. Data represent mean + standard
error of the mean, p<0.01 (**) and p< 0.0001 (****).

The opposing roles of HBZ and Tax on senescence were confirmed in Drosophila

hematopoietic system. The expression of Tax and HBZ was first confirmed in hemocytes

using RTg-PCR (Figure 61).
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Figure 60. Real time quantitative PCR analysis of the expression of Tax and HBZ in
circulating hemocytes. Control (HMLA-Gal4>w1118), Tax Tg (HMLA-Gal4>UAS-Tax),
HBZ Tg (HMLA-Gal4>UAS-HBZ), or Tax/HBZ transgenic (HMLA-Gal4>UAS-
Tax:HBZ) third instar larvae were used. Expression of Tax and HBZ was induced under
the control of HMLA-Gal4, a hemocyte-specific promoter. N=30 larvae were used.
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Hemocytes from Tax Tg flies exhibited a markedly increased SA-B-gal activity
when compared to hemocytes from control flies (Figure 62). HBZ alone resulted in
insignificant SA-B-gal activity. Interestingly, concurrent expression of Tax and HBZ in
double transgenic flies totally abrogated the increased SA-B-gal activity seen in Tax Tg
flies (Figure 62). Altogether, these results strongly suggest that HBZ counteracts Tax-

induced senescence both in vitro and in vivo.
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Figure 61. SA-B-gal activity in circulating hemocytes derived from control (HMLA-
Gal4>w1118), Tax Tg (HMLA-Gal4>UAS-Tax), HBZ Tg (HMLA-Gal4>UAS-HBZ), or
Tax/HBZ transgenic (HMLA-Gal4>UAS-Tax:HBZ) third instar larvae. A total of 100 cells
were counted and results are reported from three independent crosses. Histogram
represents the percentage of senescent cells compared to control. Data represent mean +
standard error of the mean. p>0.001 (***).
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We then investigated the potential role of PRC2 complex in HBZ-mediated
suppression of Tax-induced NF-«xB activation and senescence. Briefly, Tax-mediated
senescence was assessed in Tax Tg flies with knocked down expression of Relish, E(z), or
Suz12 (defective for NF-xB or PRC2 complex respectively) with Tax/mCherry RNAI
serving as control. Interestingly, inhibition of Relish expression in Tax/Relish RNAI flies
resulted in total abrogation of SA-B-gal activity in circulating hemocytes from third instar
larvae when compared to Tax/mCherry RNAI (Figure 63) suggesting that inhibition of
Tax-mediated activation of NF-kxB result in disappearance of Tax-mediated senescence
phenotype. More importantly, silencing PRC2 subunits E(z) or Suz12 resulted in a
significant, yet partial, rescue of Tax mediated senescence compared to Tax/mCherry flies
(Figure 63). Collectively, these results elucidate that PRC2 subunits, E(z) and Suz12, are
involved, at least partially, in Tax-induced NF-kB activation and subsequent senescence,
and further suggest a link between NF-kB and PRC2 pathways in modulating Tax-

mediated transformation.

152



Drosophila hemocytes
HMLA-GAL4 HMLA-GAL4;UAS-Tax

* %k k

% ek
% %k K

1 OO' **.**

ok Ak
50 - I **** I
oL |

N N : »
o e e<°‘ ~ ?‘\@\ ?3‘\‘» ?x\
S & @ T o

Percent of senescent cells

Figure 62. SA-B-gal expression in circulating hemocytes from flies with silenced Relish,
E(z), and Suz12 expression. Histogram representng SA-f-gal expression in circulating
hemocytes from larvae of control mCherr RNAi ((HMLA-Gal4> mCherry RNAI), control
Tax/mCherry RNAi (HMLA-Gal4;UAS-Tax>mCherry RNAI), Tax/Relish RNAi (HMLA-
Gal4;UAS Tax>Relish RNAI), Tax/E(z) RNAi (HMLA-Gal4;UAS-Tax>E(z) RNAI) and
Tax/Suz12 RNAiI (HMLA-Gal4;UAS-Tax>Suz12 RNAI) as indicated. Results are derived
from three independent crosses as percentage of control. (ns= not significant), p<0.0001

(****) .

6. HBZ inhibits Tax-induced PRC2 complex activation in mammalian cells
To confirm results generated in Drosophila models, HBZ, as HBZ-myc tagged
plasmid, was overexpressed in HEK293T mammalian cells at increasing concentration in
presence of Tax. In accordance with previous findings?®®, Tax overexpression resulted in
increased levels of EZH2 and SUZ12 and subsequent increase in global H3K27me3 levels

(Figure 64).
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Figure 63. representative immunoblot analysis of the expression of EZH2,
SUZ12,H3K27me3,Tax, and HBZ in HEK293T cells transfected for 48 h with increasing
concentrations of His-Tax plasmid.

The gradual increase in HBZ expression was first validated by immunoblotting
using myc tag (Figure 65). Nevertheless, Co-expression of Tax and HBZ in HEK293T
dramatically decreased global H3K27me3 levels compared to cells expressing Tax alone
(Figure 66). Decreased global H3k27me3 levels, upon co-expression of Tax and HBZ,
coincided with significant decrease in EZH2 and SUZ12 expression levels compared to
levels observed upon expression of Tax alone (Figure 65). These data are consistent with
findings from Tax/HBZ Tg transgenic flies and strongly suggest that HBZ may inhibit

Tax-mediated PRC2 activation.
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Figure 64. Immunoblot analysis of the expression of EZH2, Suz12, H3K27me3, Tax, and
HBZ in HEK293T cells transfected for 48 h with increasing concentrations of HBZ in
presence of exogenous Tax.

Since ATL is a CD4+ malignancy, we validated the above results in human CD4+ T
cells, Jurkat cells. In brief, Jurkat cells were transfected with an empty vector, His-Tax, Myc-
HBZ, or His-Tax/Myc-HBZ vectors together. The effect of Tax or HBZ on the expression
of PRC2 core components, EZH2 and SUZ12, and their downstream H3K27me3 was then
assessed. In line with our data in Drosophila and HEK293T-transfected cells, Tax expression
alone upregulated both EZH2 and SUZ12 protein levels as well as the level of downstream
H3K27me3 (Figure. 66). HBZ expression alone increased SUZ12 and H3K27me3 protein
levels but failed to upregulate EZH2 protein levels (Figure. 66). In contrast, the co-
expression of Tax and HBZ downregulated the protein levels of both PRC2 components
EZH2 and SUZ12. Importantly, global protein levels of H3K27me3 were decreased in cells
co-expressing Tax and HBZ compared to cells expressing either viral proteins alone (Figure
66) thereby confirming our previous in vivo Drosophila data in a more relevant system,

CD4+ T cell system.

155



Jurkat

Tax - + - O+
HBZ - S
EZH2 s SR FTTTT s %
Suz12 - ————

H3K27me3 -
H3T e ————
Tax = —
HBZ ——
Actin

Figure 65. Immunoblot analysis of the expression of EZH2, Suz12, H3K27me3, Tax, and
HBZ in Jurkat cells transfected with empty vector, His-Tax, Myc-HBZ, or His-Tax/Myc-
HBZ vectors together.

Given these results, we hypothesized that HBZ may potentially affect the
enrichment levels of H3K27me3 at promoters of genes dependent on Tax. To test this
hypothesis, a chip-qPCR assay was conducted to compare the enrichment levels of
H3k27me3 in HEK293T cells expressing empty vector, His-Tax, myc-HBZ, or His-Tax
plus myc-HBZ (Figure 67). As reported above, Transfection with Tax resulted in a
significant increase in H3K27me3 accumulation specifically at the promoter of target
genes such as HEG1, CDKN1a, and NDRG2 as compared to empty-vector transfected
cells (Figure 67). Thus, these were considered as Tax-dependent genes. As predicted,
transfection with HBZ alone resulted in no significant accumulation of H3K27me3 on the

promoter of Tax-dependent genes (Figure 67). Interestingly, in cells co-transfected with
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Tax and HBZ, HBZ decreased H3K27me3 accumulation at the promoter Tax-dependent
genes compared to cells transfected solely with Tax. In accordance with the Chip RT-
gPCR data of H3K27me3 enrichment, transcript levels of Tax-dependent CDKN1A and
NDRG2 genes were significantly lower in Tax- transfected cells compared to control
(empty vector) transfected cells (Figure 68). Importantly, transcript levels were restored to
normal values upon co-expression of both Tax and HBZ (Figure 68). To address the
specificity of our results, the enrichment of H3K27me3 was assessed at the promoter
region of BIM gene, an HBZ controlled gene. Interestingly, a selective and specific
enrichment of H3K27me3 was observed at the promoter of BIM in HBZ-transfected cells
(Figure 67). Surprisingly, increased enrichment at BIM promoter was not affected upon
co-expression of Tax and HBZ. In line with these results, transcript levels of BIM were
significantly lower in HBZ and Tax/HBZ transfected cells compared to control (empty
vector) transfected cells (figure 68). Collectively, these data elucidate the specificity of
our results in terms of Tax-dependent and HBZ-dependent genes and strongly suggest that
HBZ may affect the recruitment of PRC2 complex to the promoter regions of Tax-

dependent genes to affect gene expression.
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Figure 66. ChlIP- qPCR analysis of H3K27me3 enrichment at target genes in empty vector,
His-Tax, Myc-HBZ, or Tax/HBZ transfected HEK293T cells for 48 h. GAPDH and o
Satellite were used as negative and positive controls respectively. Following chromatin
immunoprecipitation of fixed and sheared DNA with H3K27me3 antibody, immune-
precipitated complexes were quantified using real time quantitative PCR. Results of each
condition were normalized to its own input and expressed as %DNA input. Data represent
average of three experiments. p<0.01(**) and p<0.001 (***).
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Figure 67. Real time quantitative PCR analysis of CDKN1A, NDRG2, and BIM
expression in cells transfected with Tax and/or HBZ. HEK293T cells were transfected with
empty, His-Tax, Myc-HBZ, or His Tax/Myc-HBZ for 48 hours. Results reported are
average of three independent experiments. Data represent mean * standard error of the
mean. p <0.01 (**), p <0.001 (***), and p< 0.0001 (****).
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To dissect the mechanism by which HBZ affects the PRC2 activity, we made use of
ATL-derived MT1 cells, known to express HBZ with undetectable Tax expression.

knocking down HBZ in MT-1 cells resulted in a significant increase in EZH2 and
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H3K27me3 levels (Figure 69). Surprisingly, Suz12 levels remained unchanged (Figure

69). Successful silencing of HBZ was confirmed by RT-PCR (Figure 69).
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Figure 68. Representative immunoblot of the expression of EZH2, SUZ12, and H3K27me3
in ATL-derived MT-1 cells transduced with scrambled or shHBZ vector. Real time g-PCR
analysis of the silenced expression of HBZ in MT-1 cells following transduction with
shHBZ. Experiments were conducted for three times. Data represent mean + standard error

of the mean. p<0.01(**).

Tax was previously reported to bind both PRC2 core components, EZH2 and SUZ-
12 in ATL derived cells*®. Conversely, whether HBZ binds PRC2 subunits is still
unknown. Both Tax and HBZ, when expressed alone, resulted in increased H3K27me3
while their concomitant expression unexpectedly abolished the increased H3k27me3
levels. Thus, we postulated that HBZ might compete with Tax for biding EZH2 and
activating repressive marks. Consistent with previous data by Fujikawa et al.,?*
immunoprecipitation assay confirmed the interaction between Tax with EZH2 (Figure 70).

More importantly, co-transfection with Tax and HBZ abrogated this interaction (Figure

159



70), strongly suggesting a potential competition between Tax and HBZ for binding EZH2

protein.
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Figure 69. Representative Immunoprecipitation blot revealing the interaction between Tax
and EZH2 in Tax and/or HBZ transfected HEK293T cells.

7. HBZ protein interacts with PRC2 core components
To validate whether HBZ competes with Tax for binding EZH2 and increasing
H3K27me3 accumulation, we assessed the relationship between HBZ and PRC2 core
subunits as well as the effect of HBZ on PRC2 expression in human cells. Consistent with
data obtained in HBZ Tg flies, HBZ-transfected 293T cells exhibited increased levels of
SUZ12 and H3K27me3 when compared to control cells (Empty vector transfected-cells)

(Figure 71). In contrast, EZH2 levels were not affected by HBZ expression.
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Figure 70. Representative immunoblots of the expression of EZH2, SUZ12, H3K27me3,
and HBZ in HEK293T cells transfected for 48 h with increasing concentrations of HBZ.
Experiments were conducted for minimum of three times.

Using immunoprecipitation essay, we demonstrated a novel interaction between

viral protein HBZ and endogenous SUZ12 and EZH2 in HBZ-transfected cells (Figure 72).

To our knowledge, this finding has not been reported before.
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Figure 71. Representative immunoblot of the immunoprecipitation assay for the interaction
between EZH2 AND SUZ12 with HBZ in Myc-HBZ-transfected 293T following 48 h of
transfection. Immunoprecipitation was repeated for three independent experiments.

These data were also verified using proximity ligation assay, Duolink®. Indeed,
endogenous EZH2 and SUZ12 interacted with endogenous HBZ in MT-1 cells as well as

with exogenous HBZ in Hela transfected with HBZ (Figure 73).
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Figure 72. Representative confocal microscopy images of interactions between endogenous
EZH2 or SUZ12 with HBZ using Duolink ® proximity ligation essay in HBZ-transfected
Hela cells or ATL-derived MT-1 cells with endogenous HBZ. Nuclei were stained with
Hoechst (blue). Scale bar :5um
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However, we observed that the pattern of co-localization or binding of HBZ was
different for EZH2 and SUZ12. Indeed, we reported that HBZ partially co-localized with
endogenous EZH2 in discrete nuclear foci (Figure 74). On the other hand, HBZ and
SUZ12 col-localized all over the nucleus in small speckle-like structures (Figure 74).
Collectively, these results not only validate our findings in HBZ Tg flies, but also reveal an

unreported interaction between HBZ and key PRC2 subunits, EZH2 and SUZ12, in both
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ATL cells and human cell systems. Binding of HBZ to PRC2 core subunits may help
explain how HBZ increases H3K27me3 levels and how it modulates H3K27me3

recruitment at the promoter of Tax-mediated genes.

Hela cells transfected
with HBZ Myc

Figure 73. Representative confocal microscopy images of the co-localization of HBZ and
EZH2 or SUZ12 in Hela cells transfected with Myc-HBZ vector. Cells were stained with
anti-Myc-tag antibody for HBZ expression (green color), anti-EZH2 (red color), and anti-
Suz12 (red color). Nuclei were stained with Hoescht die (blue). Images were taken as Z-
Stacks with 10um scale bar.
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CHAPTER V

DISCUSSION

PEL remains a challenging lymphoma with an extremely dismal prognosis® 2 *°.
Significance barriers including lack of large-scale longitudinal clinical trials, high rate of
relapse, and rapid emergence of chemoresistance have contributed towards poor clinical
outcomes associated with current PEL therapy? 8 2°, Chemotherapy has long been the
mainstay regimen for treating PEL'8, Yet, an optimal regimen is still lacking and current
chemotherapies such as CHOP presented an unsatisfactorily short overall survival rate of
one year in 40% of treated patients® 8. Preclinical studies provide insights of potential
targeted option for PEL. Among these, the combination of ATO and IFN exhibited
promising in vivo results by decreasing lymphoma progression and enhancing survival of
PEL mice?!’. Yet, the combination failed to exhibit a curative potential in vivo?*’.
Additionally, the anti-proliferative effects of Lena on PEL cells in vitro have been recently
reported??® 225 In clinical settings, Lena as a single therapy have resulted in complete long
lasting remission in an elderly PEL patient??®. Currently, a combination of Lena and
chemotherapy with rituximab is in clinical trials (NCT02911142). Altogether, these factors
directed our investigation towards a potential combination therapy with two agents that

hold individual clinical promise.

164



ATO have been extensively studied in various hematological neoplasia?®t 244,
Combined with other agents, ATO exhibits a promising cytotoxic effect. For instance,
ATO, combined with retinoic acid, is approved as an upfront regimen for treatment of
acute promyelocytic leukemia2® 2%8 29 |n acute myeloid leukemia, ATO/retinoic acid
combination reduced leukemic blasts in patients and resulted in selective apoptosis of
acute myeloid leukemia cells harboring nucleophomin-1 mutation?®® 213, In addition, ATO
synergized with IFNa to induce apoptosis of ATL cells, eliminated leukemia initiating
cells leading to cure in murine ATL model, and resulted in high remission rate in chronic
ATL patients?0? 210212 ATQ/IFNa also inhibited cell proliferation, inflicted apoptosis, and
decreased KSHV latent transcripts in ascites-derived PEL cells and PEL cell lines?6:217,
More importantly, in a murine PEL model, ATO/ IFNa decreased peritoneal ascites, a
pathological feature that complicates the treatment of PEL, and enhanced the survival of
mice®!’. Studies on multiple myeloma have previously investigated ATO in combination
with Lena?'* 21>, ATO and Lena were shown to have independent anti-myeloma effects?!4,
Nevertheless, ATO rendered the myeloma cells sensitive to Lena therapy via induction of
cereblon expression, target for Lena, or downregulation of cdc25c¢ resulting in cell death?®,
In a recent study, supra-pharmacological dose of Lena (50 mg/kg/day) decreased ascites
formation in PEL mice in vivo and promoted apoptosis of PEL cell lines??®. Paradoxically,
our results demonstrated that ex vivo treatment of BC-3 or BCBL-1 ascites-derived PEL
cells with Lena as single agent resulted in moderate inhibition of cell growth and failed to
decrease peritoneal volume of PEL mice in vivo (Figures 9 and 10). This might be due to
the fact that Lena concentration utilized in our in vivo experiments was 10-fold lower.

Nevertheless, Lena as a single agent succeeded to enhance the survival of BC-3 PEL mice
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and cured 25% of BCBL-1 PEL mice (Figure 7). Moreover, compared to ATO that
resulted in a higher survival in BC-3 PEL mice, Lena yielded a better survival outcome on
BCBL-1 PEL mice. However, both drugs, as single agents, failed to exhibit a significant
effect on peritoneal ascites volume (Figure 8). Surprisingly, the combination of both drugs
successfully impeded ascites expansion (Figures 8 and 9), reduced organ infiltration
(Figure 25), increased survival (Figure 7) , and more importantly resulted in a cure in 25%

and 75% of BC3 and BCBL-1 injected PEL mice respectively (Figure 7).

KSHYV latency is paramount for the development and maintenance of KSHV-
asssociated malignancies®® 1*°. It is a key driver of oncogenesis that substantially impedes
the elimination of tumor cells by promoting cell growth and survival®® "%, In PEL ascites
and cell lines, KSHV persists in its latent state via the expression of oncogenic latent
proteins®’. ATO/Lena downregulated the expression of KSHV latent proteins LANA-1 and
LANA-2 in both lymphomatous ascites derived cells and in vivo (Figures 11, 27 and 29).

It also decreased the transcription of other latent proteins, v-FLIP and v-Cyclin (Figure
13). v-FLIP is an oncogenic latent protein critical for the proliferation and survival of
PELY. Indeed, silencing v-FLIP was associated with apoptosis in PEL cells!%’. In
addition, v-FLIP exhibits transformative and oncogenic potential whereby its expression in
rat cells increased cell proliferation and transformation®*®. Further investigation is required
to determine the detailed mechanism by which ATO/Lena downregulated KSHV latency.
A potential mechanism might be through induction of accumulation of reactive oxygen
species (ROS) in treated cells?*® 2%, Increased ROS levels were associated with decreased

viral latency, lytic reactivation, and cell death in PEL cells?*®. Moreover, both ATO and
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Lena, when used alone, were shown to increase oxidative stress and ROS accumulation.
Indeed, in multiple myeloma, Lena prevented decomposition of hydrogen peroxide leading
to increased oxidative stress and apoptosis?*’. Similarly, accumulation of ROS is one of the

established mechanisms through which ATO induce cytotoxicity in target cells?*®.

Constitutive activation of NF-«kB pathway is critical for KSHV oncogenesis!4? 240,

It is involved in cellular transformation, resistance to cell death, and survival of PEL
cells?2. Prior studies have investigated NF-«B as a rational target for therapy4 24,
Indeed, inhibition of NF-kB delayed tumor growth and enhanced disease-free survival in
PEL mice?®. In PEL cells, v-FLIP appears to be a major activator of NF-kB where
silencing v-FLIP suppressed NF-«xB activation and led to apoptosis of PEL cells in vitro
and in vivo!?’. In accordance with these studies, we have demonstrated that ATO/Lena-
mediated decrease in v-FLIP expression was accompanied by the inhibition of the NF-xB
pathway (Figure 14 and 15). PEL cells produce high levels of cytokines that contribute to
their proliferation'’”. Among these are cellular IL-6 and 1L-10 which are established as
autocrine growth factors that promote proliferation of PEL cells’™ 177248 Interestingly, v-
FLIP was recently shown to activate IL-6 promoter via activation of NF-xB’®. In addition,
IL-6 and IL-10 are downstream target genes of NF-xB?*L. In a recent retrospective study,
both cytokines were identified as prognostic factors that affect clinical response and
development of PEL3. In line with these data, inhibition of NF-xB by ATO/Lena was
accompanied by reduction in IL-6 and IL-10 transcripts ex vivo and in vivo (Figures 16, 17

and 30). Decreased KSHYV latency in addition to reduction of paramount autocrine growth

167



factors may together explain the profound inhibition of cell growth inflicted by the

ATO/Lena treatment.

Inhibition of viral lytic gene expression is a cardinal mechanism through which
KSHV maintains latency in PEL®" 120, |atent oncogenic proteins inhibit viral lytic state
and maintain oncogenesis*?°. To this end, LANA-1, the major regulator of KSHV latency,
was shown to suppress lytic gene expression either through binding to gene promoters
resulting in transcriptional inhibition or via epigenetic silencing of the viral genome?® 120,
Furthermore, v-FLIP suppress the promoter activity of RTA, major lytic switch protein,
which results in repression of viral Iytic reactivation!’®. This effect of v-FLIP on Iytic
reactivation is attributed to v-FLIP-mediated activation of NF-kB pathway and inhibition
of AP-11_ Indeed, silencing v-FLIP was associated with increased Iytic gene expression
and reactivation#®, More importantly, inhibition of NF-xB was recently correlated with
Iytic reactivation and cell death in PEL cells'!® 174, Indeed, a recently suggested therapeutic
approach relied on KSHV reactivation as a potential mechanism for PEL eradication. In
consistent with these reports, downregulation of viral latent gene expression and inhibition
of NF-«xB along with the subsequent reduction in IL-6 and IL-10 was accompanied by
increased viral lytic expression in cells treated with ATO/Lena. Indeed, ATO/Lena
enhanced the transcription of early, RTA and ORF K8, and late, K8.1, viral lytic genes

resulting in apoptosis (Figures 18 and 19).

PEL cells are known to secrete the angiogenesis promoting factor VEGF which
was shown to be involved in PEL progression®®. Indeed, targeting VEGF hindered ascites

formation and disease progression in PEL mice!’®. In PEL mice, the peritoneum showed
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extensive vascularization (Figure 22). yet, in mice treated with ATO/Lena, a remarkable
reduction in peritoneal vascularization was observed in BC3 PEL mice Figure 22). These
data were aligned with reduced tube formation capacity of HAEC cells by supernatant of
ascites-derived BC-3 treated with ATO/Lena ex vivo (Figure 23 and 24). Basal secretion
levels of VEGF are higher in ascites-derived BCBL-1 cells compared to ascites-derived
BC3 cells!’®. This can explain why supernatant from ATO/Lena treated BCBL-1 cells did

not affect tube formation.

Altogether, our study provides strong coherent evidence on the potency of
ATO/Lena against PEL in vivo and ex vivo, which strongly supports the clinical testing of

this combination for a better management of PEL.
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Figure 74. lllustrative model summarizing the suggested mechanism of action of
ATO/Lena in primary effusion lymphoma.

Tax is established as a potent oncogene®2! 327 HBZ has been shown to counteract
Tax functions where the two exhibit differential roles in HTLV-1 infection and ATL
development®!®, Yet, how exactly HBZ contributes to oncogenesis and how it modulates
Tax functions including transformation are not fully understood. In our study, we
generated an in vivo hbz transgenic Drosophila model and elucidated that, on contrary to
Tax, HBZ expression failed to induce NF-«xB activation and ommatidial transformation in
hbz transgenic flies (Figure 42). Thus, HBZ lacked any direct oncogenic potential in flies.
In line with previous data, we made use of previously established tax transgenic flies®*
and validated that Tax results in activation of both NF-xB and PRC2 pathways in vivo.
Despite the lack of transformative capacity, HBZ was found to bind to key PRC2 subunits,
EZH2 and SUZ12, resulting in H3K27me3 accumulation (Figure 58, 71 and 72). More
importantly, we demonstrated that co-expression of HBZ in tax transgenic flies abrogated
Tax-mediated NF-kB activation and its resultant senescence (Figures 57, 59, and 62), and
reversed the ommatidial transformation phenotype induced by Tax (Figure 55). HBZ co-
expression with Tax was also found to abolish PRC2 activation and decrease H3K27me3
recruitment to the promoters of Tax-dependent genes. Importantly, we delineate a novel

potential competition mechanism between HBZ and Tax on epigenetic marks.

Both Tax and HBZ are involved in HTLV-1 pathogenesis and ATL

development®!®, The oncogenic roles of Tax are established and extensively supported by

170



an array of in vitro and in vivo studies. Indeed, Tax expression resulted in transformation
and immortalization of various cells; including rat fibroblasts, T-lymphocytes, and
PBMC3?°327, Tax increased cell proliferation and activated multiple cellular survival
pathways>!8, Despite being undetected in primary ATL cells, Tax is indispensable for ATL
cell’s survival®?®. Recently, sporadic bursts of Tax expression were discovered in ATL-
derived cells and were found to be critical for the survival of the whole population of
cells®?*. On the contrary, overexpression of HBZ in T lymphocytes only triggered a
moderate increase in cell proliferation yet HBZ was not deemed essential for
immortalization of cells in vitro or in vivo®®® 38!, While ATL cells are addicted to the
continuous expression of Tax for their survival®?3, loss of HBZ only reduced proliferation
and did not inflict cell death in vitro. However, HBZ is constantly expressed by all ATL
cells suggesting a prominent role for HBZ in ATL development or phenotype. The
oncogenic potential of Tax was mainly delineated in vivo where Tax expression resulted in
leukemia with ATL-like characteristics in transgenic mice with profound NF-xB
activation. Conversely, the in vivo oncogenic potential of HBZ was reported in two
transgenic murine models. In the first model, mice exhibited a systemic inflammatory
disease with late onset of lymphoma is small percentage of mice®”. In the second model,
hbz under the Granzyme promoter led to a delayed lymphoproliferative disease in 60% of
mice®®. In a humanized model, absence of functional HBZ did not affect development of
lymphoproliferative disease by HTLV-1 and no survival benefit was reported compared to
control mice strongly suggesting that alone HBZ comprise weak oncogenic potential and is
not essential for early tumor development®®!. Moreover, HBZ Tg mice models failed to

present with NF-kB activation, a characteristic critical feature of ATL®", HTLV-1 is
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known to naturally infect primates. Thus, ideally, mice models present a more relevant
system than Fly models to assess the biology of HTLV-1. Unfortunately, these model
comprise a major hurdle represented by the long latency period required for development
of ATL. Indeed, this long latency have exceeded 18 months in some tax transgenic and hbz
transgenic models and may be due to the cumulative acquisition of multiple cellular
mutations. Unfortunately, this long period makes it impossible to differentiate whether the
obtained phenotype or pathophysiology results from the expression of viral oncoprotein,

Tax or HBZ, or is due to the accumulated mutations.

In this regard, the use of Drosophila models is associated with multiple advantages.
Indeed, rapid generation time, high progeny yield, as well as availability of fast genetic
screens makes Drosophila a popular model in biology research. In addition, the availability
of wide array of mutants, RNA. fly lines, and a collection of driver systems, that direct the
selective expression of genes into specific sites such as eyes or hemocytes, are readily
available. More importantly, prominent signaling pathways and chromatin complexes are
highly conserved between humans and flies. These include NF-«kB pathway®®, PRC2
complex®®, and several pathways implicated in regulating the differentiation of
hematopoietic cells®® 3%, Our previously established tax transgenic Drosophila model
exhibited a rough eye phenotype, indicative of cell transformation, elevated hemocytes
count, in addition to activated NF-kB pathway>®°. Herein, we show that unlike Tax, HBZ
failed to inflict cellular transformation and rather resulted in minimal elevation of
hemocytes count in the hbz transgenic fly model (Figures 42 and 46). Surprisingly, HBZ

upregulated the expression of PRC2 core component SUZ12 and resulted in PRC2
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complex activation. More importantly, the co-expression of HBZ and Tax in Tax/HBZ Tg
flies reversed eye roughness and abrogated increased hemocytes count observed in tax
transgenics elucidating a potential antagonistic role for HBZ in mitigating Tax-induced

transformation in vivo (Figure 55).
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Figure 75. Proposed model for the interplay between Tax and HBZ for modulating NF-xB
and PRC2.

In addition to its role as oncogene, Tax is a powerful immunogenic protein®3?,
Downregulation of Tax expression in ATL cells is momentous for escaping the immune
system which allows maintenance of latency and development of ATL3?1 3, Tax is also
an essential activator for NF-xB pathway*"" 391392 |n Tax Tg flies, relish and Diptericin

expressions were increased indicating an activation of NF-xB, similar to that seen in ATL
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cell lines and patients®32 377, The constitutive and persistent activation of NF-kB results in
induction of Tax-induced senescence as a protective mechanism for the cells®’®. Briefly,
once activated canonical NF-«kB subunit P65 degrades p21/p27 checkpoint resulting in cell
cycle arrest and senescence®’®. In consistence with these previously reported findings, we
showed that Tax expression in tax transgenics led to in vivo senescence in larvae eye
imaginal disks and circulating hemocytes (Figures 59 and 62). On the other hand, HBZ is
known to inhibit the canonical NF-kB pathway via degradation of p65°%°. In line with this
data, we showed that hbz flies exhibited no increase in the expression relish and in its
downstream gene Diptericin, coinciding with lack of eye roughness phenotype (Figures 42
and 51). Interestingly, we showed that HBZ overexpression in tax flies abolished Tax-
mediated NF-kB activation in vivo (Figure 57). These data were in line with a prior study
that established that in Hela cells transfected with Tax, HBZ downregulated NF-xB
activation and alleviated Tax-induced senescence allowing continuous cell growth and
persistent latent infection®®. In our study, we validated these results in vivo whereby HBZ
expression in tax flies relieved senescence and decreased the expression of Dacapo
(p21/p27 homolog) (Figure 59, 60, and 62). We postulate that the differences in the
transformative capacity of Tax and HBZ may be attributed, at least in part, to the
antagonistic/differential roles in NF-kB modulation. To this end, HBZ alone failed to
induce cellular transformation but played a key role in alleviating the detrimental effects of
Tax, which allowed for maintenance of latent infection, cell growth, and succeeding
transformation.

Accumulating evidence point towards the critical involvement of epigenetic

alterations in ATL development®®. Indeed, primary ATL cells present an altered PRC2
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activity with increased levels of EZH2 and H3k27me3 repressive marks?%. Recently, ATL
cells were shown to harbor an ATL-specific epigenetic landscape with hyper-activation of
PRC?2 and global accumulation of H3k27 at almost half of the genes?®®. More importantly,
Tax expression in PBMC was linked to the increased activation of PRC2 by upregulating
transcription of EZH2 and SUZ12 leading to accumulation of H3k27me3 in a manner
strikingly similar to ATL cells. Tax was also shown to physically interact with EZH2 and
SUZ12%%°. In accordance with these results, we reported a significantly elevated expression
of EZH2, SUZ12 and H3K27me3 in both cells and flies expressing Tax (Figure 47 and
64). Importantly, we observed that Tax binds to EZH2 and SUZ12 and enhanced the
recruitment of H3K27me3 to the promoter of Tax-dependent genes deregulated in ATL
cells (Figure 67 and 70). These include tumor suppresser genes such as NDRG2 and
CDKN1A which present a decreased expression in ATL (Figure 67 and 68).

In contrary to the knockdown of Relish which results in total alleviation of Tax-
imposed eye roughness, knocking down EZH2 or SUZ12 expression in tax flies only led to
partial rescue of phenotype (Figure 49). Moreover, despite increasing PRC2 activity and
H3K27me3 accumulation (Figure 47 and 67), HBZ expression failed to induce ommatidial
transformation in vivo strongly suggesting that despite being important, PRC2 complex is
not sufficient to induce cellular transformation. Interestingly, increased H3K27me3
accumulation secondary to HBZ expression is consistent with previously reported
accumulation of H3K27me3 at the promoter of HBZ target genes such as the pro-apoptotic
gene BIM®™, Consequently, this implies that similar to Tax, HBZ may alter epigenetic
pathways in HTLV-1 infected cells. Further dwelling into the mechanism by which HBZ

alters PRC2 activity, we showed that HBZ co-localized and interacted with EZH2 and
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SUZ12 in both mammalian cells and flies (Figures 72, 73, and 74). Consistent with
reported data, HBZ didn’t alter EZH2 transcription (Figure 47).

Surprisingly, upon co-expression with Tax, HBZ abrogated Tax-induced PRC2
activation in both Tax-HBZ expressing cells and tax/hbz transgenic flies (Figure 58 and
64). It also inhibited the recruitment of H3K27me3 to Tax-dependent genes (Figure 67).
More importantly, we reported that HBZ abolished the interaction between EZH2 and Tax
implying that HBZ might compete with Tax for binding EZH2 leading to decreased
accumulation of H3K27me3 (Figure 70). Silencing HBZ in ATL derived MT-1 cells, with
sporadic bursts of Tax expression, resulted in elevated expression of EZH2 with increased
H3K27me3 accumulation (Figure 69). Given the opposite effects of HBZ on PRC2
activity, we hypothesized that HBZ, when expressed alone in the absence of Tax, activates
PRC2 activity possibly through direct interaction with both EZH2 and Suz12 and
upregulation of Suz12 expression. In contrast, upon co-expression with Tax, HBZ
abrogates Tax-induced PRC2 activation possibly due to the inhibitory effect exerted by
HBZ on Tax-mediated NF-«B activation resulting in inhibition of Tax-mediated
upregulation of EZH2 and abolishment of Tax-EZH2 binding. We postulate that HBZ may
antagonize Tax via a novel mechanism of competition for binding with PRC2 epigenetic
core subunits. Interestingly, knocking down HBZ in ATL-derived MT-1 cells with
undetected sporadic bursts of Tax expression increased EZH2 and H3K27me3 levels and
PRC2 activity. Yet, whether the two viral proteins bind to the same or distinct EZH2
domains should be further investigated. Finally, we have showed that both NF-xB and

PRC2 activation both contribute to Tax-mediated transformation. Thus, the rescue of Tax-
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induced effects in Tax/HBZ transfected cells may be attributed to inhibition of NF-xB and
PRC2 activation.

Collectively, we have shown that both Tax and HBZ are key players in HTLV-1
persistence and transformation (proposed model summarized in Figure 75). Tax alone
results in PRC2 activation, constitutive hyper-activation of NF-xB, increased proliferation,
immune system stimulation, and senescence. HBZ plays key roles via antagonizing
deleterious Tax effects, specifically activation of NF-kB and senescence, thus allows for
persistence of latent HTLV-1 infection critical for cell transformation. In addition, we
demonstrated that HBZ can maintain PRC2 activation in the absence of Tax. In ATL cells,
transient expression of Tax in the form of sporadic bursts was reported. This expression is
paramount for maintenance of NF-kB activation, genetic instability, and continuous
accumulation of sporadic mutations all of which eventually lead to ATL development in
small population of HTLV-1 infected patients. Altogether, we established a paramount and
robust in vivo tool that allowed for investigation of the antagonistic role of HBZ on Tax-
imposed transformation, signaling, and epigenetic alteration. This hbz transgenic model

may allow for further investigation of future HBZ functions in vivo.
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CHAPTER VI

GENERAL CONCLUSION

Hematological malignancies arise from the uncontrolled proliferation of
hematopoietic and lymphoid tissue. In our study, we tackled two virally induced
hematological malignancies, PEL and ATL, secondary to infections with KSHV and
HTLV-1 respectively. PEL and ATL are both associated with dismal prognosis mainly due
to profound chemoresistance and relapse.

In PEL, current treatment regimens rely on an aggressive lymphoma chemotherapy
combination. Yet these regimens present an unsatisfactorily short overall survival rate of
one year in only 40% of treated patients. In the first part of our study, we investigated the
anti-tumor potential of ATO/Lena, and demonstrated that this combination exhibited
promising curative potential in vivo. Importantly, ATO/Lena decreased organ infiltration
and inhibited accumulation of lymphomatous peritoneal ascites, a pathological feature that
complicates treatment in PEL. Treatment of ex vivo ascites-derived cells showed that
ATO/Lena inhibited cell proliferation and decreased the expression of latent KSHV
proteins established as drivers of KSHV- mediated oncogenesis such as LANA-1 and v-
FLIP. Further dwelling into the mechanism of action unveiled that the combination
inhibited NF-«xB activation and decreased the expression of critical cytokines that function
as growth factors for PEL proliferation. Importantly, ATO/Lena resulted in lytic

reactivation and induced cell death. Reactivation was recently suggested as a promising
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approach for targeting PEL cells. Altogether, our study presented a promising therapeutic
combination for PEL management and our data warrant for further clinical investigations.

In the second part of the work, we investigated the roles of key pathways in ATL,
PRC2 and NF-kB, in the context of Tax and/or HBZ. We established an hbz transgenic fly
model and demonstrated that while Tax induced a rough eye phenotype, HBZ failed to
exhibit a transformative phenotype in vivo. In tax transgenic model, we showed that both
pathways NF-kB (to higher extent) and PRC2 contribute to Tax-mediated transformation,
increased hemocytes count, and senescence. Interestingly, our data suggest that these
pathways are connected whereby silencing Relish inhibited E(z) and SUZ12 expression in
tax flies. Importantly, we reported a novel interaction between HBZ and PRC2 core
subunits, EZH2 and SUZ12. Alone HBZ increased SUZ12 expression and resulted in
accumulation of H3K27me3 and subsequent PRC2 activation. Remarkably, our study
elucidated a potential role for HBZ in attenuating Tax-mediated transformation through
inhibition of PRC2 and NF-kB activation in the presence of Tax. The exact mechanism
should be further investigated but it might be possibly through competitive binding of both
viral proteins with PRC2 components. This counteracting function of HBZ might be
crucial for survival of ATL cells as it prevents the over-activation of NF-kB and the
resultant senescence induced by Tax.

Future perspectives should focus on further dissection of the mechanism of
interplay between Tax and HBZ in modulating cellular pathway. Whether Tax and HBZ
bind the same domains in PRC2 components should be also investigated. Moreover, we
know that Tax binds EZH2 and results in activation of PRC2. However, the exact

mechanism by which HBZ activates PRC2 complex is still unknown. In ATL cells, Tax is
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often undetected where sporadic bursts of Tax ensure continuous activation of NF-«B,
PRC2, and excessive proliferation. Our data indicates that HBZ may lack direct
transformative potential in vivo. Future studies should focus on understanding how HBZ
contribute to the survival of ATL cells following malignant transformation.

Overall, our work proposed a promising therapeutic approach for PEL and offered

a better molecular understanding on viral transformation in ATL.
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