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[bookmark: _Hlk50466215]Title: Antitumor Effect and Mechanism of Action of the Atypical Synthetic Retinoid
          ST1926 Analogue on Adult T-cell Leukemia/Lymphoma and T Lymphoma


[bookmark: _Hlk50467164]Adult T-cell leukemia/lymphoma (ATL) is a severe and rare T-cell malignancy caused by an aggressive human T-cell leukemia virus type-1 (HTLV-1) infection. ATL has a dismal prognosis and is highly resistant to chemotherapy, hence there is an urgent need for alternative treatments. The viral oncoprotein Tax plays a major role in ATL tumorigenesis, making it a major therapeutic target. Retinoids or vitamin A derivatives, such as all-trans retinoic acid (ATRA), are used in the treatment of certain leukemias. Synthetic retinoids were developed to increase specificity and decrease toxicity, as compared to natural retinoids. The adamantyl ST1926 is a synthetic retinoid-related molecule that has demonstrated promising activities in ATL in vitro and in vivo models, however the drug showed poor pharmacokinetics in clinical trials. We have recently shown that ST1926 targets and inhibits DNA polymerase α (POLA1), the catalytic subunit of the DNA polymerase α which is the initiating enzyme in DNA synthesis. An ST1926 analogue (ST-A) was recently developed to improve the pharmacological profile of ST1926. ST-A exerted potent anti-proliferative and antitumor effects in a wide range of cancer cells, hence overcoming ST1926 resistance. Furthermore, STA versus ST1926, displayed an enhanced pharmacological profile. In the current study, we aimed at investigating the antitumor effect of ST-A using ATL and T lymphoma in vitro models.

We selected six T malignant cell lines, three of which are HTLV-1 positive cells and three HTLV-1 negative cells. Normal lymphocytes from six normal donors were also tested as a control. We showed that sub-micromolar concentrations of ST-A inhibited irreversibly the proliferation of all tested malignant T cells. Interestingly, ST-A inhibited the viability of ATL cells, at sub-micromolar concentrations, while sparing normal cells, even at ten-fold higher concentrations. Moreover, ST-A induced apoptosis as evidenced by PARP cleavage and by the accumulation of treated cells in the sub-G1 region of the cell cycle in some cells. ST-A also induced cell cycle arrest evidenced by the accumulation of treated cells in the G0/G1 phase. Furthermore, ST-A treatment decreased POLA1 protein levels and induced early γH2AX expression in the tested malignant cell lines, and reduced Tax protein expression in ATL cells. 

Our study highlights a potential therapeutic role of ST-A in ATL and peripheral T lymphomas and warrant its in vivo testing in preclinical animal models.
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CHAPTER I
INTRODUCTION

[bookmark: _Hlk40739459]Cancer: General Background
Cancer is a group of diseases sharing the same characteristics: ungovernable abnormal growth of cells capable of invading its vicinity and even metastasize to distant organs. Thousands of years after the description of the first breast cancer case documented in Egypt 3,000-2,500BC (Breasted, 1991), today, cancer is the second leading cause of mortality and morbidity worldwide, affecting millions (Bray et al., 2018). Cancer prevalence has increased throughout the years and is expected to surpass cardiovascular diseases which are currently the first leading cause of death (Siegel et al., 2020). Nowadays, we, humans have the longest life expectancy in human history which increases the risk of cancer but also, and more importantly, the environment in which we are living in is drastically changing; from pollution to lifestyle and diet, people have an increased risk of cancer (Ferlay J et al., 2019; IARC, 2014; Madia et al., 2019).
Despite the increased risk of cancer, we are closer than ever in understanding cancer. Cancer is a group of diseases sharing the same characteristics: ungovernable abnormal growth of cells capable of invading its vicinity and even metastasize to distant organs. In 2000, Hanahan et al defined the hallmarks of cancer (Hanahan & Weinberg, 2000), which were revisited a decade later (Hanahan & Weinberg, 2011). These hallmarks are defined as follows: evading growth suppressors, avoiding immune destruction, enabling replicative immortality, tumor-promoting inflammation, activating invasion and metastasis, inducing angiogenesis, genome instability, and mutations, resisting cell death, deregulating cellular energetics, and sustaining proliferative signaling (Hanahan & Weinberg, 2000; Hanahan & Weinberg, 2011; Vogelstein & Kinzler, 2004). Normal cells acquire progressively these capabilities, to ultimately acquire their tumorigenesis and eventually malignancy.
Cancer is a multistep process caused by a series of mutations leading to genetic and epigenetic changes that are molecularly variable, among patients, and within the same patient and the same tumor. The inter-tumoral diversity and intra-tumoral heterogeneity are heavily interrogated. The advances in sequencing techniques enabled researchers to map the genetic evolution of a tumor, to understand selection pressure (Hu et al., 2017; McGranahan & Swanton, 2017; Shen & Laird 2013; Sottoriva et al., 2015; Waclaw et al., 2015), and to choose the best therapeutic option in the new era of personalized medicine.   
 Furthermore, today, we have entered a new era of treatments. In addition to chemotherapies and radiotherapies, immunotherapies and targeted therapies are now being administered to patients (Tsimberidou, 2015). Today, we know that cancer is a multifactorial disease, resulting not from one insult but the combination of the genetic and epigenetic interlay and environmental or chemical carcinogens (Madia et al., 2019; Vogelstein et al., 2013).

Leukemia: A Hematological Malignancy
Leukemia is hematological cancer affecting blood cells or their hematopoiesis in the bone marrow. In 2020, it is estimated that 60,530 new cases of leukemia will be diagnosed in the US, with 23,100 related-possible deaths(ACS, 2020). 
The hematopoietic system provides our body with over 100 billion mature blood cells daily and hence replenishes the pool of blood cells that are lost (Boulais & Frenette, 2016). Normal hematopoiesis is a highly regulated multistep process that gives rise to two lineage progenitors from HSCs: myeloid progenitors and lymphoid progenitors. The myeloid progenitors give rise to platelets, red blood cells, neutrophils, and macrophages. The lymphoid progenitors give rise to B lymphocytes and T lymphocytes. Leukemia arises from a disruption of the normal homeostatic mechanisms that regulate the production of blood cells. All different blood cell types/lineages arise from hematopoietic stem cells (HSCs) in the bone marrow. 
Leukemia is the uncontrolled proliferation of hematopoietic cells that lose the ability to differentiate into mature cells (Sawyers et al., 1991). Therefore, leukemia can affect either the myeloid-derived cells and is then called “myeloid leukemia” or arise in the lymphocytic derived cells and is called “lymphocytic leukemia”. Additionally, the rate of the disease progress can be either fast or slow and hence classified into “acute” and “chronic” leukemias, respectively. Those two classifications combined give rise to four main types of leukemias: acute lymphocytic leukemia (ALL), acute myeloid leukemia (AML), chronic myeloid leukemia (CML), and chronic lymphocytic leukemia (CLL) (ACS, 2020). One type of leukemia that does not make the main shortlist of leukemia due to its great rarity is adult T cell leukemia/lymphoma (ATL). 




[bookmark: _Hlk40743699]C.  Adult T-cell Leukemia/Lymphoma
1.  Overview
[bookmark: _Hlk44348309]  Adult T-cell leukemia/lymphoma (ATL) is a severe and rare T-cell malignancy secondary to a  human T-cell leukemia virus type-1 (HTLV-1) infection (K. Takatsuki, 1978). It was first described in 1977 by Uchiyama and Takatsuki in Japan. After studying 16 cases of clinically and hematologically distinct T-cell leukemia, the physicians suggested the presence of a new type of leukemia: Adult T-cell leukemia (Poiesz et al., 1980).
 ATL is endemic to several regions with the highest rates found in southeast Japan, South America, northern Oceana, the Caribbean islands, tropical Africa, and the Middle East including North of Iran (Gessain & Cassar, 2012). Locally, two cases of ATL were reported in Lebanon (Bitar et al., 2009). One of the two patients was of Lebanese origin presented with acute ATL and the second patient was of Romanian origin and had developed acute ATL in early relapse after autologous transplantation for ATL. The peripheral blood of both patients presented lymphocytosis, severe hypercalcemia, and CD25+ T-cell immunophenotype. Additionally, in both patients, HTLV-I serology was positive by enzyme-linked immunosorbent assay (confirmed by Western blot), and HTLV-I oncoprotein Tax was expressed in the leukemic cells. Screening of seven direct family members of the Lebanese patient revealed that they were all HTLV-I positive; four of them were regular blood donors. 
 ATL preferentially develops in 3-5% of infected HTLV-1 carriers, generally after four to five decades in individuals infected during childhood, and rarely occurs in those infected with the virus as an adult (Reviewed in Iwanaga et al., 2012; Yamaguchi & Takatsuki, 1993). Most HTLV-1 infected individuals are asymptomatic, yet capable of transmitting the virus.

2.Clinical features of ATL
[bookmark: _Hlk44348360][bookmark: _Hlk44348381]ATL is characterized by heterogeneous clinical presentations with infiltration of organs such as the central nervous system, the skin, and gastrointestinal tract in addition to frequent blood and lymph involvement. Although the clinical presentation of ATL is highly variable, the disease is typically subdivided into four subtypes according to the Shimoyama classification based on circulating cell counts, sites of involvement, calcium, and serum lactate dehydrogenase LDH level: smoldering, chronic, lymphomatous, and acute (Shimoyama, 1991). The chronic subtype is further divided into favorable and unfavorable based on either the presence or absence of factors: LDH level greater being than the upper limit of normal (ULN), serum blood urea nitrogen level greater than the ULN, and serum albumin level lower than the lower limit of normal (Utsunomiya et al., 2015). Acute ATL accounts for 55 to 60% of ATL patients, whereas Lymphoma ATL accounts for around 20-25% , smoldering ATL subtype accounts for 5-10% and the chronic ATL subtype accounts for 10-20% of patients(Reviewed in Katsuya et al., 2015; Pombo De Oliveira et al., 1999; Shimoyama, 1991).  Moreover, the disease’s aggressivity varies with its subtypes with the most aggressive subtype being acute ATL followed by lymphoma, chronic, and lastly smoldering. In fact, the acute and lymphomatous are grouped as aggressive ATL as the progression is rapid in these patients, and they often present rapidly enlarging lymph node masses and visceral organ invasion leading to either organ failure or respiratory compromises (Dittus & Sloan, 2017; Shimoyama, 1991). Hypercalcemia is the most distinctive laboratory abnormality in ATL and is observed, at the onset, in 31% of patients: 50% in acute type, 17% in lymphoma type however it is not observed in the other two types (Shimoyama, 1991).
Despite the highly heterogeneous clinical features, the leukemic manifestation is one of the most distinctive features of ATL. ATL cells typically have characteristic multilobed nuclei called “flower cells” which are the characteristic morphology of the disease that supports the diagnosis, via flow cytometry, in leukemic ATL where patients have circulating clonal T cells (Dahmoush et al., 2002; Uchiyama et al., 1977). 
Additionally, all ATL patients are immunocompromised and at the risk of infections. Among the possible infections, pneumocystis carinii infections, strongyloides, and cryptococcal meningitis are common, as are bacterial and other fungal infections (Gallo, 1989; Mehta-Shah et al., 2017; Moriyama et al., 1988). 
[bookmark: _Hlk44348439] Furthermore, ATL cells express the surface T-cell lymphocytic markers CD2, CD4, CD5, CD25 and are usually negative for CD7, CD8, and CD56 whereas they show variable expression of CD30. The lymphocytic activation markers HLA-DP, DQ, DR, and interleukin-2 receptor α chain are always present. Additionally, expression of CC chemokine receptor 4 (CCR4), a type of chemokine receptor, has been reported in most ATL cases (Dittus & Sloan, 2017; Gabet et al., 2000; K Takatsuki et al., 1994; Yoshie et al., 2002). 
 The diagnosis of ATL is made clinically when a patient is tested positively for anti-HTLV-1 antibodies through ELISA and western blotting in addition to the detection of the previously mentioned cell surface markers through flow cytometry.

D.  Human T-cell Leukemia Virus Type-1
 HTLV-1 is a member of the Deltaretrovirus genus of the Oncovirinae subfamily of retroviruses. In 1980, it was the ﬁrst human retrovirus found in a T-cell line established from a patient with mycosis fungoides (Poiesz et al., 1980). 
 HTLV-1 is transmitted vertically from the mother to her child through breastfeeding, intravenously, and via sexual intercourse (Gonçalves et al., 2010). 
 The compact 9-kb genome includes, in addition to essential structural and enzymatic genes (gag, pro, pol, and env) shared by all retroviral family members, a unique pX region, which generates two regulatory (Tax, Rex) and ﬁve accessory (HBZ, p30, p12, p13, p8) proteins (Figure 1) (Ciminale et al., 1992; Katz & Skalka, 1990; Koralnik et al., 1993). Among them, Tax and HBZ have been shown to play essential roles in the viral life cycle and expression levels of several host genes (Feuer & Chen, 1992). The two genes are individually linked to oncogenic transformation and play a role in the pathogenesis of ATL (M Matsuoka & Jeang, 2007).
[bookmark: _Hlk44348528][bookmark: _Hlk44348542][bookmark: _Hlk44348562] In addition to causing ATL, HTLV-1 is also associated with multiple other diseases and conditions such as HTLV1-associated myelopathy/tropical spastic paraparesis (HAM/ TSP), HTLV-1-associated uveitis (HU), and various dermatological conditions. HTLV-1 associated myelopathy/ tropical spastic paraplegia (TSP/HAM), affects the central nervous system leading to progressive demyelination of the long motor neuron tracts of the spinal cord. HAM/TSP develops in approximately 3-5% of HTLV-1-infected individuals with a female bias (Gonçalves et al., 2010; Orland et al., 2003). HU is characterized by ‘floaters’ and foggy vision in the eye. The condition is classified as intermediate uveitis and can be the only symptom of HTLV-1 infection or associated with HAM/TSP (Kamoi & Mochizuki, 2012). HTLV-1 associated infective dermatitis (IDH) is a pediatric form of severe and recurrent eczema commonly associated with endemic HTLV-1 infection (McGill et al., 2012). Notably, IDH has been considered an indicator of future ATL or HAM/TSP development (Primo et al., 2009).  
[image: ]
[bookmark: _Toc50577028][bookmark: _Toc50653639]Figure 1. Genetic organization of the HTLV-1 provirus. Human T Cell Leukemia Virus Type 1: Persistence and Pathogenesis.  Annual Review of Immunology 36:43–71. Adapted from: Charles R.M. Bangham 2018.

E.  The viral Protein Tax

1.  Overview
[bookmark: _Hlk44348592]Tax, the HTLV-1 trans-activator is a 40-kDa protein of 353 amino acid residues, further ampliﬁes the HTLV-1 transcripts by augmenting the transcriptional activity of the long terminal repeat (LTR) (Beimling & Moelling, 1992; Paca-Uccaralertkun et al., 1994). Tax drives viral gene expression through three highly conserved 21-bp repeat elements located within the U3 region of the LTR, thus referred to as Tax-responsive element (TRE) (Brady et al., 1987; Felber et al., 1985).
Tax is essential for efﬁcient HTLV-1 replication and production; HTLV-1 mutants lacking Tax function are not able to replicate in vitro as well as in vivo (Robek & Ratner, 1999). 

2.  Clonal expansion and immune response
Upon HTLV-1 infection, the proliferation of T cell clones is triggered, not only in ATL but also in HAM and in asymptomatic carriers of the virus (Figure 2) (Furukawa et al., 1992) (Takemoto et al., 1994). HTLV-1 expands by reverse transcription of the viral RNA, integration of the provirus into the host’s DNA, expression of viral proteins, and budding of new virions. HTLV-1 then replicates through mitotic division of a cell containing an integrated provirus (Overbaugh & Bangham, 2001). Additionally, the clonal expansion also requires the expression of Tax. The proliferation of CD4+ T cells, in-vivo, correlates with Tax expression (Asquith et al., 2007). Furthermore, Tax is highly immunodominant in the HLA Class 1-associated CD8+ cytotoxic T lymphocyte (CTL) response to HTLV-1, causing the rapid elimination of Tax-expressing cells (Goon et al., 2004; Kannagi et al., 1991). Also, Tax immortalizes human T cells and drives tumor formation in transgenic mouse models, confirming its oncogenic potential (Grossman et al., 1995; Ohsugi, 2013). (Fujisawa, 2017)
[image: ][bookmark: _Toc50577029][bookmark: _Toc50653640]Figure 2. Model of clonal selection and ATL development. Human T-Cell Leukemia Virus Type 1 (HTLV-1). Adult T-cell Leukemia/Lymphoma. Japan, Springer Japan KK. Adapted from: Fujisawa. 2017.

             

3. Pathogenic mechanisms
In addition to activation of viral transcription and HTLV-1, Tax also plays essential roles in persistent infection, inﬂammation, and pathogenesis (Figure 3). 
Following the activation of the viral promoter, and creation of an autocrine loop involving interleukin-2 (IL-2), IL-15, and their respective receptors, Tax modifies many cellular pathways that lead to leukemogenesis (Azimi et al., 1999; Mortreux et al., 2001; Wattel et al., 1995). Tax activates many transcription factors such as ATF/CREB, activator protein 1 (AP-1) and NF-κB, represses p53, upregulates anti-apoptotic proteins, DNA polymerase beta, proliferating cell nuclear antigen (PCNA), and MAD-1 checkpoints, and interferes with several cell cycle regulators and DNA repair systems (Kfoury et al., 2005; M. Matsuoka & Jeang, 2011; Mulloy et al., 1998). Additionally, Tax binds to IKK-γ, the regulatory subunit of the IκB kinase (IKK) complex (Harhaj et al., 1999; Kfoury et al., 2008; Wang et al., 2016), leading to the activation of the NF-κB pathways and its downstream effector genes (Kfoury et al., 2005). Moreover, Tax modulates the microenvironment and increases invasion and extravasation of ATL cells (A Bazarbachi et al., 2004; El-Sabban et al., 2002). Tax down-regulates the expression of various micro RNAs (mi-RNA) including mi-RNA31, a mi-RNA that inhibits the expression of the NF-κB non-canonical pathway components (Yamagishi & Watanabe, 2012). Furthermore, Tax transforms T cells in vitro, and its expression in T cells of transgenic mice, or in human CD34+ stem cells induces leukemia with ATL features faithful to those seen in the human disease (Banerjee et al., 2007; H Hasegawa, 2011; Moodad et al., 2018; Portis et al., 2001). Although Tax protein expression is significantly low in most ATL patients, recent in vitro data showed that transient bursts of Tax expression occur sequentially in small fractions of ATL-derived cells as a mechanism to maintain oncogenicity and yet escape the immune system (Billman et al., 2017), ATL- cells depend on Tax expression for their long-term survival, even when Tax protein is undetectable by Western blot (Dassouki et al., 2015; Mahgoub et al., 2018).



[image: ]             [bookmark: _Toc50577030][bookmark: _Toc50653641]Figure 3. Schematic presentation of Tax biological effects which contribute to its oncogenic potential. Role of Tax protein in human T-cell leukemia virus type-I leukemogenicity. Retrovirology. 1:20. Adapted from: Azran et al. 2004.



F.  ATL Prognosis and Treatment
1.  Prognosis
[bookmark: _Hlk44348944][bookmark: _Hlk44348959] ATL patients show heterogenous clinical manifestations due to the infiltration of organs by ATL cells and opportunistic infections which often contribute to the extremely high mortality of the disease (Shimoyama, 1991; Tajima K et al., 1990). The major prognostic indicators, among 854 patients with ATL in Japan, were advanced performance status, high LDH level, age of 40 years or more, at least three involved lesions, and hypercalcemia (Lymphoma Study Group, 1991). Additional factors associated with a poor prognosis are eosinophilia, CC chemokine receptor 4 (CCR4) expression, thrombocytopenia, p53 mutation and p16 deletion by multivariate analysis, bone marrow involvement, a high interleukin (IL)-5 serum-level, lung resistance-related protein (LRP) (Tsukasaki et al., 2009). Poor prognosis indicators for the chronic type of ATL are high blood urea nitrogen (BUN), high LDH, and low albumin levels (K Takatsuki et al., 1994). 
In summary, the prognosis of ATL is poor especially for the acute and lymphoma types with a median survival of less than one year. The projected 4‐year survival is estimated to be around 5% for these two clinical variants. The chronic and smoldering ATL have a projected 4‐year survival of 26.9% and 62% respectively (Shimoyama., 1992). 

2.  Treatment
[bookmark: _Hlk44348993][bookmark: _Hlk41078491]Treatment of ATL is notoriously difficult; ATL is a disease that is often refractory to intensive regimens. Besides, patients with ATL are immunosuppressed before any treatment, thereby have a course complicated by recurrent bacterial, viral, and fungal infections. Current treatment options for ATL include monitoring until disease progression, zidovudine (AZT) and interferon-alpha (IFN) therapy, multi-agent chemotherapy, allogeneic hematopoietic stem cell transplantation (allo-HSCT), and new targeted agents (Tsukasaki & Tobinai, 2013).

I. Antiretroviral therapy
[bookmark: _Hlk44349044]Among ATL subtypes, the smoldering and favorable chronic ATL respond well to antiretroviral therapy. The primary antiretroviral agents studied in ATL are zidovudine (AZT) and interferon-alfa (IFN). Major responses of the combination of the two antiretrovirals were first recorded in 1995 (Gill et al., 1995). AZT treatment of ATL cell lines resulted in the inhibition of telomerase, reprograming the cells to p53-dependent senescence (Datta et al., 2006). A meta-analysis study evaluated the use of AZT/IFN in 207 patients with ATL, divided into 3 groups: smoldering/chronic, acute, and lymphomatous (Bazerbachi et al., 2010). The study compared patients who received either AZT/IFN or chemotherapy as initial therapy, as well as those who received chemotherapy followed by AZT/IFN. The median overall survival (OS) for those receiving AZT/IFN as initial therapy was 17 months, with a 5-year OS of 46%. As for patients who received chemotherapy as initial therapy, they had a median OS of 10 months, with a 5-year OS of 20%. Patients who received chemotherapy followed by AZT/IFN had a median OS of 15 months, with a 5-year OS of 12%. Furthermore, upon evaluating the data according to ATL subtypes, there was an impressive improvement in OS for the smoldering/chronic group that received up-front AZT/IFN. These patients had a 5-year OS of 100%, whereas those who received chemotherapy initially had a 5-year OS of 42%. Patients with acute-type ATL who received up-front AZT/IFN had a 5-year OS of 28% whereas patients who received initial chemotherapy had a 5-year OS of 10%. Based on these data, the combination of AZT/IFN has become the standard of care for the smoldering and favorable chronic subtypes of ATL. The combination of AZT and has significantly improved long-term survival in patients with smoldering and chronic ATL as well as a subset of patients with acute ATL (Ali Bazarbachi et al., 2011). 
Additionally, the combination of arsenic trioxide, IFN, and AZT for chronic ATL has been evaluated (A Bazarbachi et al., 1999). Arsenic trioxide has been shown to synergize with IFN to induce cell-cycle arrest and apoptosis in leukemia cells from ATL patients. These events are due to a rapid shut-off of the NF-κB pathway and delayed shut-off of cell cycle gene after Tax degradation by the proteasome (A Bazarbachi et al., 2000). A phase II study of the combination of arsenic trioxide, IFN, and AZT for the chronic subtype revealed a promising response rate and moderate toxicity (Kchour et al., 2009). However, arsenic trioxide is toxic and should be further evaluated.

II. Chemotherapy and allogeneic hematopoietic stem cell transplantation (allo-HSCT)
[bookmark: _Hlk44349065][bookmark: _Hlk44349088][bookmark: _Hlk44349104][bookmark: _Hlk44349115]The Japanese Clinical Oncology Group (JCOG) developed an intensive regimen known as VCAP-AMP-VECP (vincristine, cyclophosphamide, doxorubicin, and prednisone [VCAP], doxorubicin, ranimustine, and prednisone [AMP], and vindesine, etoposide, carboplatin, and prednisone [VCEP]), or LSG1 (Yamada et al., 2001). This regimen has become the standard treatment for aggressive ATL in Japan (Tsukasaki et al., 2007). However, the MST of 13 months in VCAP-AMP-VECP (mLSG15) still compares unfavorably to other hematological malignancies, requiring further effort to improve the outcome. Also, aggressive chemotherapy worsens cellular immunodeficiency, leading to a high frequency of opportunistic and bacterial infections. Moreover, the administration of intensive treatment could be prevented due to the clinical characteristics of patients with tumor burden, severe hypercalcemia, multiorgan failure (especially kidney and liver deficiencies), and poor performance status (A Bazarbachi et al., 2004).
[bookmark: _Hlk44349138]The goal for all patients with aggressive ATL is alloSCT in the first remission. A Japanese nationwide retrospective study in 386 ATL patients who underwent allo-HSCT between 1996 and 2005 with multiple kinds of conditioning (Hishizawa et al., 2010). The 3-year OS for the entire cohort was 33%. Furthermore, that same cohort revealed that the development of mild-to-moderate acute graft versus host disease (GVHD) confers a lower risk of disease progression and beneficial influence on survival among allografted patients with ATL (Kanda et al., 2012). Besides, the minimal residual disease after allo-HSC, detected as HTLV-1 proviral load, was much less than that after chemotherapy or AZT/IFN therapy. The latter suggests the presence of a graft-versus-ATL effect as well as graft-versus-HTLV-1 activity (Kchour et al., 2009)However, the number of ATL patients who are eligible for allogeneic transplantation is limited due to advanced age onset, poor prognosis, and severe immunosuppression (A. Bazarbachi et al., 2004)

III. Targeted and novel therapies
i. Monoclonal antibody therapy
ATL cells universally express CD25, also called TAC antigen, making it an obvious target for monoclonal antibody therapy. Daclizumab, an anti-CD25 agent, which is used to prevent rejection in organ transplantation, has been evaluated in two ATL clinical trials (Berkowitz et al., 2014; Ceesay et al., 2012). However, the response to daclizumab was not as robust as was hoped, and the use of this agent has not been widely adopted.
[bookmark: _Hlk44349173]Another targeted receptor is the CC chemokine receptor 4 (CCR4). Mogamulizumab, a humanized anti–CC chemokine receptor 4 (CCR4) monoclonal antibody, was evaluated in a phase II study including 27 CCR-positive patients with aggressive, relapsed ATL (T. Ishida et al., 2012) Additionally, mogamulizumab was studied as an adjuvant treatment with the standardized LSG15 treatment (T. Ishida et al., 2015). The median progression-free survival (PFS) for the mogamulizumab with LSG15 group was 8.5 months and 6.3 months in the LSG15 group. However, mogamulizumab was found to increase the risk of severe and corticosteroid-refractory graft-versus-host disease, and mortality in patients treated with mogamulizumab before allogeneic transplant (Fuji et al., 2016).
CD52 is a glycoprotein that is highly expressed on benign and malignant B and T- lymphocytes and monocytes (Buggins et al., 2002). Alemtuzumab (Campath-1H), a chimeric humanized antibody directed at CD52, has shown promising results in a phase 2 clinical study on ATL cell lines. Alemtuzumab resulted in an overall objective response in 15 out of 29 patients. However, the duration of the response was short as the median response duration was 1.4 months for the whole group and 14.5 months among responders (K. Sharma et al., 2017).
In contrast to resting T cells, HTLV-1-infected cells express higher levels of surface transferrin receptor (TfR). The monoclonal antibody, mAb A24, directed against TfR demonstrated promising results in pre-clinical trials on ATL cells. A24 blocked the ex vivo proliferation of malignant T cells from both acute and chronic forms of ATL, via induction of apoptosis (Moura et al., 2004).
 Many other T-cell receptors have also become novel targets for ATL such as CD30 (Fanale et al., 2016). In general, monoclonal antibodies could be useful as single agents in ATL or in combination with other chemotherapeutic agents (A. Bazarbachi et al., 2004). 

ii. Lenalidomide
Lenalidomide is an immunomodulatory drug which is a new class of anti-cancer drugs for which the parent molecule is thalidomide (Bartlett et al., 2004). Lenalidomide was approved by the FDA for the treatment of multiple myeloma, mantle cell lymphoma, and myelodysplastic syndrome with deletion 5q. In clinical trials, Lenalidomide demonstrated clinically significant antitumor activity and an acceptable toxicity profile in patients with relapsed or recurrent aggressive ATL (Takashi Ishida et al., 2016). Additionally, a recent report describes that low-dose lenalidomide as maintenance therapy achieved complete remission in a patient with aggressive ATL, whose condition has since remained stable with no recurrence for 24 months (Oka et al., 2019). 

iii. Vaccines
Anti-ATL vaccines, meant to stimulate host immune response against the virus, represent a potential therapeutic option for ATL. A Tax peptide-pulsed dendritic cell (Tax-DC) vaccine was designed to augment Tax-specific cytotoxic T lymphocyte (CTL) response. The vaccine was tested in a pilot study on three previously treated ATL patients. The patients were subcutaneously administered with the vaccine, consisting of autologous dendritic cells (DCs) pulsed with Tax peptides corresponding to the CTL epitopes. The vaccination resulted in clinically favorable results (Suehiro et al., 2015). The three patients have received the Tax-DC vaccine with the same regimen and have maintained complete remission at least for 2 years after vaccination. THV02, another therapeutic vaccine of ATL, comprises two lentiviral vectors to be used in a prime/boost regimen. Preclinical results have shown that THV02 can induce a cellular immune response in animal models (Reviewed in Hermine et al., 2018). Further research is required for both vaccines. 



iv. Histone deacetylase inhibitor
Histone deacetylases (HDACs) are enzymes involved in the remodeling of chromatin and play a key role in the epigenetic regulation of gene expression. Several classes of HDAC inhibitor have been found to have potent anticancer effects in preclinical studies. Multiple HDAC inhibitors, such as vorinostat, romidepsin, and Panobinostat have shown promise in preclinical and clinical studies against ATL (H. Hasegawa et al., 2011). Specifically, Panobinostat or LBH589 was shown to have a significant anti-ATL effect both in-vitro and in-vivo (Arima et al., 1999). However, a phase II study for CTCL and indolent ATL in Japan was terminated because of severe infections associated with the shrinkage of skin tumors and the formation of ulcers in patients with ATL. However, in clinical trials, severe infections were associated with the formation of ulcers in patients with ATL and the trials were terminated (Tsukasaki & Tobinai, 2014).

v. Inhibition of angiogenesis
Angiogenesis has a pivotal role in the growth and metastasis of solid tumors and even hematological tumors (A Bazarbachi et al., 2004). Due to the invasive nature of ATL and the multiple organ infiltrations in ATL patients, an interaction between HTLV-1 infected cells and endothelial cells could be involved. ATL cells were found to secrete high concentrations of the vascular endothelial growth factors (VEGF) and heparin-binding growth factor 2, thus inducing angiogenesis. Plasma from patients with adult T-cell leukemia or lymphoma have very high concentrations of VEGF or heparin-binding growth factor 2 that are sufficient to induce angiogenesis (A Bazarbachi et al., 2004). Therefore, angiogenesis could be a potential novel target for ATL treatment. 
Retinoids, cell proliferation and differentiation modulators, are currently being used as standard induction therapy, in combination with chemotherapy, for acute promyelocytic leukemia. As for ATTL, HTLV-1 cells are negative for retinoic acid receptor α and thus have an innate resistance to ATRA (Collins et al., 1990; Darwiche et al., 2001).

G.  Retinoids
1.  Natural retinoids
[bookmark: _Hlk44349361]Retinoids are a family of signaling molecules obtained from the diet as dietary vitamin A (retinol), as a retinyl ester, or as the proretinoid carotenoid β‐carotene (Blaner & Olson, 1994). Retinoids act primarily by regulating gene expression and exert many important and functions in virtually every cell and organ system, most importantly in vision, cell differentiation, cell proliferation, immune function, neural function, and the establishment of the body plan during early development (Chambon, 1996; Gudas, 1994; Wolf, 1996). Isomers of retinoic acid such as the all-trans- tretinoin, Retin-A (ATRA), and 9-cis- (alitretinoin), are transcriptionally active retinoids and account for the gene regulatory properties of retinoids within cells and tissues (Balmer & Blomhoff, 2002; Chambon, 1994).

2.  Retinoid signaling
[bookmark: _Hlk44349374][bookmark: _Hlk44349390]All-trans-retinoic acid (ATRA) and 9-cis retinoic acid exert their physiological actions through heterodimers of specific nuclear receptors known as retinoic acid receptors (RARs) and 9-cis retinoic acid receptors (RXRs) (di Masi et al., 2015; G Allenby, 1993). There are multiple isotypes of both the RARs [RARα (NR1B1), RARβ (NR1B2), and RARγ (NR1B3)] and the RXRs [RXRα (NR2B1), RXRβ (NR2B2), and RXRγ (NR2B3)]. RAR/RXR heterodimers regulate the transcriptional activation of target genes through binding to DNA-response elements termed RA response elements (RAREs) (The Biochemistry of Retinoic Acid Receptors I: Structure, Activation, and Function at the Molecular Level, 2014; Chambon, 1996). To regulate transcription, the RARs interact with diverse coactivator and corepressor proteins. In the absence of ligand, RAR/RXR heterodimer complexes act as transcriptional repressors through binding a corepressor complex that contains N-CoR or SMRT (N-CoR-2) plus additional proteins that have HDAC activity (Reviewed in Perissi et al., 2010). 

3.  Retinoids in cancer
[bookmark: _Hlk44349420]In cancer cells, accumulated mutations lead to genetic instability of CDK activities via the modulation of cyclin-dependent kinases (CDK) activities (Malumbres & Barbacid, 2009). Among the RARs (α, β, and γ), RARβ2 is the main receptor mediating the inhibitory effects of RA on cell proliferation. In the early process of tumorigenesis, RARβ2 expression is lost  (Altucci et al., 2007; Faria et al., 1999). The RARβ2 gene is frequently either lost or epigenetically silenced in various human cancers (Mongan & Gudas, 2007).
[bookmark: _Hlk44349448]Additionally, the metabolism of retinol to RA is impaired in breast cancer cells relative to normal human mammary epithelial cells, and ovarian cancer (Mira et al., 2000; Williams et al., 2009). Retinaldehyde dehydrogenase 2 (RALDH2) (ALDH1a2), an important player in the metabolism of RA, has also been shown to have the properties of a tumor suppressor gene in human prostate cancer (Kim et al., 2005). Therefore, retinoids have been studied as a potential target for cancer treatment (Dobrotkova et al., 2018).
[bookmark: _Hlk44349464][bookmark: _Hlk44349476][bookmark: _Hlk44349488][bookmark: _Hlk44349502]One of the most successful retinoid treatments is the administration of pharmacological doses of ATRA to acute promyelocytic leukemia (APL) patients (Fenaux et al., 2007). Retinoid treatments are known as differentiation treatments as they induce cell differentiation. In most patients with APL, the RARα gene is rearranged and fused to the promyelocytic leukemia (PML) gene. The oncogenic mechanism elicited by PML-RARα fusion proteins involves a stoichiometric increase in the levels of HDACs and associated DNA methyltransferase (DNMTase) complexes resulting in the epigenetic silencing of retinoid-regulated genes, including important regulators of myeloid differentiation and proliferation (Villa et al., 2006). In response to RA, APL cells differentiate to granulocytes. Furthermore, RA was shown to also trigger growth arrest of the leukemia-initiating cells (LICs) in an APL mouse model (Nasr et al., 2008; Nasr et al., 2009). Furthermore, ATRA was clinically evaluated in 20 ATL patients and showed a partial response in 40% of the patients but no remission (Maeda et al., 2008).
 However, remission on ATRA is short-lived (3-4 months) and many patients will relapse with the disease that is often resistant to a second clinical remission with RA (Freemantle et al., 2003). Moreover, retinoids administration is limited to retinoid resistance such as that seen in carcinomas and APL due to impaired function of RARβ2 or silencing of RARβ2 gene (Tang & Gudas, 2011).



4.  Synthetic retinoids
[bookmark: _Hlk44349528]An alternative approach to overcoming RA resistance is through synthetic retinoids. Synthetic retinoids offer improved resistance to isomerization and metabolism, and thus improved activities (Barnard et al., 2009). Synthetic retinoids, also known as “atypical” retinoids or retinoid-related molecules (RRMs), have displayed significant potential as therapeutic agents in tumor treatment. These agents are the ability to activate p53-independent apoptosis, a unique mechanism due to the high frequency of p53 mutations in cancers. In addition to activating certain RARs, RRMs also exert a growth regulatory or apoptogenic activity that is not receptor-mediated (Cincinelli et al., 2003). 
[bookmark: _Hlk44349560]The first generation of synthetic retinoids, in specific, CD437 or 4-Hydroxyphenylretinamide (4HPR) and 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalenecarboxylic acid (AHPN/CD437) can bind RARγ. CD437 has been reported to induce apoptosis in breast cancer cells (Shao et al., 1995). However, CD437 and other RRMs showed limited potential due to toxicity as well as unfavorable pharmacokinetic profile.
I. ST1926 
[bookmark: _Hlk44349594]To overcome the limitations of CD437, the prototype ST1926 was developed by Cincinelli et al, using DC437 as a reference compound (Cincinelli et al., 2003). ST1926 was prepared by keeping the key structural and pharmacologically important groups (hydroxyl, lipophilic admantyl moiety, and carboxylic function) connected by different linkers, by keeping the distance between the C1 of adamantyl in CD437 and the carboxylic Carbon at 11.4 Å, and replacing the naphthalene ring by styrene moiety (Figure 4). E-4-(4’-hydroxy-3’-admantyl biphenyl-4-yl) acrylic acid or ST1926 was to induce apoptosis is mainly via genotoxic stress induction in tumor cells as its ability to trans-activate RARs is lost.  Furthermore, ST1926 also displayed p53 independent growth-inhibitory activity (Cincinelli et al., 2003). ST1926 was described as having strong antitumor activity by targeting DNA polymerase alpha 1 (POLA1) and hence targeting DNA replication like its counterpart CD437 (Abdel-Samad et al., 2018; Han et al., 2016).
ST1926 was evaluated preclinically in ATL models and was shown to induce, in pharmacological concentrations, death in ATRA-resistant HTLV-1–positive and HTLV-1 negative malignant T-cell lines and of primary ATL cells (El Hajj et al., 2014). Furthermore, ST1926 upregulated p53 and downregulated Tax. ST1926 was also shown to be more potent and effective than its counterpart CD437. Notably, ST1926 did not affect resting or activated normal lymphocytes (El Hajj et al., 2014). However, ST1926 displayed poor pharmacokinetics in clinical trials (Sala et al., 2009).
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[bookmark: _Toc50577031][bookmark: _Toc50653642]Figure 4. The chemical structure of ST1926. A novel atypical retinoid endowed with proapoptotic and antitumor activity. Journal of Medicinal Chemistry, 46(6), 909-912. Adapted from: Cincinelli, et al (2003).





II. ST1296 Analogue
[bookmark: _Hlk44349620][bookmark: _Hlk44349631][bookmark: _Hlk44349646]Aiming to identify a new RRM with an improved pharmacological profile, Pisano et al. synthesized and screened a library of RRMs for their antitumor properties and inhibitory activity on POLA1 (Pisano et al., 2018). The screening resulted in the selection of four molecules: MIR002, MIR020, MIR072, and MIR075. The selected molecules exerted a strong anti-proliferative effect, with G1/S arrest and apoptosis, in more than 50cancer cell lines derived from human hematological and solid tumors. Furthermore, the molecules were found to regulate POLA activity and/or expression. Remarkably, Non-Small Cell Lung Cancer (NSCLC), a cell line harboring a POLA1 mutation is resistant to both POLA1 and CD437 but was sensitive to MIR002. To investigate the activity of MIR002 against tumor growth, the compound was assessed in vivo xenograft tumor models, including those originating from human NSCLC and Malignant Pleural Mesothelioma (MPM). In these models, MIR002 was orally administered in doses ranging from 50 to 70 mg/Kg administered orally resulted in a strong tumor growth inhibition (TGI>70%). Notably, the combination of MIR002 with Cisplatin in MPM models showed a synergistic antitumor effect (TGI>90%) and cured animals (Pisano et al., 2018). Structurally, MIR002 is highly similar to ST1926; however, the hydroxyl group is replaced with a functional R group that is currently under patent by Pisano et al (Figure 5). Therefore, MIR002, called ST1926 analogue (ST-A), is a new potent synthetic retinoid with an improved pharmacological profile that could potentially show efficacy in preclinical and clinical studies in both solid and hematological cancers.
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[bookmark: _Toc50577032][bookmark: _Toc50653643]Figure 5. The molecular Structures of CD437, ST1926 AND MIR002. MIR002: a new POLA1 inhibitor endowed with a large spectrum of antitumor activity. Cancer Res July 1 2017 (77). Adapted from: Pisano et al, Abstract 4195.











H. Aims of the study
Our research group demonstrated the in vitro and in vivo potency of ST19126 in pre-clinical models of various cancers including ATL, AML, CML, colon, rhabdomyosarcoma, breast, and prostate cancer cells.
The synthetic retinoid ST-A has improved pharmacokinetic properties and is active in tumor cells that are resistant to the parent adamantyl retinoids, CD437 and ST1926. Our main aim is to investigate the effects of ST-A on cell viability, cell cycle regulators, and cell death mechanisms in vitro on ATL and peripheral T lymphomas. Our hypothesis is that ST-A decreases the growth and induces apoptosis in ATL and T lymphoma cells and reduces Tax and POLA1 protein levels. Three HTLV-1 positive malignant T cell lines (HuT-102, MT-2, and C8166) and three HTLV-1 negative malignant cell lines (CEM, Jurkat, and MOLT-4) were used throughout our study. 
We had four specific aims:
1. Test the effect of ST-A on the growth of ATL and malignant T-cell lines using MTT and trypan blue exclusion dye assays.
2. Determine whether the activity of the drug is reversible.
3. Study the effect of ST-A on cell cycle distribution. 
4. Determine the mechanism of ST-A on apoptosis and DNA damage.

Understanding the mechanism of action of ST-A in ATL and malignant T-cells will hopefully support the potential therapeutic role of this synthetic retinoid in ATL and peripheral T-lymphomas. 

[bookmark: _Hlk49271566]CHAPTER II
MATERIALS AND METHODS

A. ATL and T Lymphoma Cell Lines
Three HTLV-1–transformed CD4+ T-cell lines (HuT-102, MT-2, and C8166) HuT-102as well as three HTLV-1–negative CD4+1 leukemic cell lines (CEM, MOLT-4, and Jurkat) were selected. All selected HTLV-1 positive cell lines are transformed by the viral trans-activator Tax oncoprotein, that is produced by the pX region of the HTLV-1 transcriptome.
The HuT-102 cell line was derived from the peripheral blood of a 26-year old black male patient with Mycosis fungoides (Wano Y, 1988). The MT-2 cell line was derived from a 45-year old Japanese female with generalized ATL (Harada S, 1985). The C8166 cell line was derived from an ATL patient by fusion of primary umbilical cord blood cells with an HTLV-1 producing line. Of note,C8166 cells contain a defective HTLV-1 genome (Hahn B, 1983). 
The CEM cell line is a T lymphoblastoid cell line derived from the peripheral blood buffy coat of a 4-year-old Caucasian female with acute lymphoblastic leukemia (FOLEY GE, 1965). The MOLT-4 cell line was established from a 19-year-old ALL male in relapse. The cell line carries a G -> A mutation at codon 248 of the p53 gene and lacks P53 expression (Minowada J, 1972).
The Jurkat cell line was established from the peripheral blood of a 14-year old boy by Schneider et al (Schneider U, 1977). 
B. Isolation of Peripheral Blood Mononuclear Cells
Peripheral blood mononuclear cells (PBMC) were collected from healthy HTLV-1 negative donors as excess clinical samples after obtaining their informed consent (American University Hospital, AUB). Venous blood was collected into heparinized syringes using uniform standards. The heparinized blood was diluted 1:2 with phosphate buffered saline (PBS) (Gibco, Invitrogen, Paisley, UK), pH 7.2, and layered on a Ficoll-Hypaque gradient (Lymphoprep, Nyegaard, Norway). The gradient was centrifuged at 800 x g for 30 minutes at room temperature and the PBMC band was collected then washed twice in PBS. Before ST-A addition, resting PBMC were seeded at 1x105 cells/ml in RPMI-1640 medium containing 10% heat-inactivated FBS and antibiotics for 24 hours. Activated PBMC were grown in Ham’s F10 medium (Gibco) supplemented with 2% polyhydroxyalkanoates (PHA) (Gibco).

C. Cell Culture
CEM, Jurkat, MOLT-4, HuT-102, MT-2, and C8166 cell lines were all maintained in RPMI 1640 medium (Lonza) supplemented with 10% heat-inactivated FBS and 50 U/ml penicillin-streptomycin antibiotics (Lonza).  All cells were maintained under standard incubator conditions: 95% relative humidity, 21% O2, 5% CO2, 37oC. 
The cells were passaged and maintained every two to three days depending on their growth status. 
Cells were counted using trypan blue dye exclusion using a 0.4% trypan blue solution using a hematocytometer, according to the following formula: cells/ml=average number of cells x dilution factor x volume of suspension x 104.
  For experiments, cells were seeded at the concentration of 2 x 105- 2.5 x 105cells/ml.

D. ST1926 and ST1926 Analogue Preparation 
ST1926 was kindly provided by Dr. Claudio Pisano at Biogem Institute (Ariano Irpino, Italy), prepared as a stock solution, dissolved in dimethyl sulfoxide (DMSO) at 
1 x 10-2 M, and stored in amber tubes at −80◦C. ST-A(MIR002) was kindly provided by Dr. Claudio Pisano at Biogem Institute, prepared as a stock solution, dissolved in DMSO at 1 x 10-2 M, and stored in amber tubes at −80◦C.  
ST1926 or ST-A were diluted in DMSO to obtain concentrations ranging from 0.01 µM to 1 µM.  ST1926 and ST-A were applied to the cells while the visible light inside the cell culture cabinet was turned off.
ST1926 aliquot was reused once thawed whereas ST-A stock was used once then discarded.

E. Cell Growth Assay
To test the effect of ST-A on cell growth, ATL and T lymphoma cells were treated with 0.1% DMSO for control or with different concentrations of ST-A(0.01 µM, 0.05 µM, 0.1 µM, 0.5 µM, 1 µM, and 5 µM), then seeded at a concentration of 2 x 105 cells/ml into 96-well plates, in quadruplicate wells per each condition,.  Cell growth at 1, 2- or 3-days post-treatment was assayed using MTT ([3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide]) CellTiter 96 non-radioactive cell proliferation assay kit (Promega Corp., Madison, WI). The MTT assay quantifies the mitochondrial metabolic activity of the cells.  The tetrazolium salt of the MTT dye is converted to a blue formazan product, 3 hours after the addition of the dye.  The formazan dye is then solubilized in an SDS-based stop solution and Relative MTT dye uptake is assessed by optical density (OD) measurement at 595 nm using an ELISA microplate reader.
The results were expressed as a percentage of DMSO control and they represent an average of at least three independent experiments ± standard error mean (SEM).

F. Cell Viability Assay
Cell growth was confirmed by trypan blue dye exclusion assay.  ATL cells were treated with 0.1% DMSO or varying concentrations of ST1926 analogue (0.05 µM, 0.1 µM, 0.5 µM, 1 µM and 5 µM) then seeded into 96-well plates at a concentration of 2 x 105 cells/ml. Upon the drug addition (24, 48, or 72 hours post-treatment), trypan blue dye was added. This dye enters the disrupted membranes of the non-viable cells and causes the cells to turn blue. Cells were counted on the four corner chambers of a hemocytometer. The results were expressed as a percentage of control (0.1% DMSO) ± SEM.

G. Drug Reversibility Assay
To study whether the effect of ST-A, on ATL and T lymphoma cells, is reversible or irreversible, two cell lines were selected: HuT-102 and MOLT-4. The two cell lines were seeded in 25 mm2 cell culture flasks at 2 x 105 cells/ml and pre-treated with 0.1% DMSO or 0.1 µM and 0.5 µM of ST-A for 24 hours. The next day, the cells were centrifuged then washed twice with 1X calcium free-phosphate buffered saline (PBS), and resuspended in fresh drug-free media; this was recorded to be day 0.  Cell growth was then assessed at day 1, 2, or 3 post-ST-A removal via MTT assay.  The results were expressed as a percentage of DMSO control representing an average of up to three independent experiments (± SEM). 
The same procedure was followed for ST1926 treated cells for a comparison between the two adamantyl retinoids. 

H. Cell Cycle Analysis 
Cell cycle analysis was performed using the propidium iodide (PI) flow cytometric assay. PI is a membrane impermeant dye that binds to double-stranded DNA. Cells were seeded at 2.5 x 105 cells/ml in 25 cm2 flasks and treated with either 0.1% DMSO or 0.5 µM of ST-A. Cells were then collected and washed twice with cold PBS, fixed in ice-cold 100% ethanol, and stored for 24 h at -20°C. The cells were fixed with ethanol to permeabilize the membranes to the PI dye. Afterward, the cells were rinsed with PBS to remove ethanol traces, then incubated for one hour in 200 μg/ml DNase-free RNase A (Roche, Mannheim, Germany). Subsequently, the RNase was washed off and the cells were resuspended in 1 x PBS and then stained with PI (50 g/ml) (Sigma) and analyzed by flow cytometry.  

 
I. Immunoblot Assays

1.  Protein Extraction
Total cellular protein extracts were prepared from cultured cells after three washed with ice-cold 1x PBS, and lysis in SDS-lysis buffer (0.25 M Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 0.002% bromophenol blue, 10%  -mercaptoethanol).  Protein concentrations were determined using the Detergent Compatible Protein Assay from Bio-Rad (Hercules, CA) according to the manufacturer’s instructions.  

2.  Gel preparation
To prepare a 12% separating gel, 3 ml of 30% acrylamide/0.8% N’N’-bis-methylene-acrylamide solution, 2 ml of 4x separating gel buffer (1.6M tris-HCl pH 8.8, 10% (w/v) SDS) and 2.5 ml ddH2O were combined.  A 10% gel was prepared similarly except 2.5 ml acrylamide solution and 3 ml ddH2O was used. Right before pouring the separating gel into the glass plates, 45 l 10% APS (freshly prepared) and 12 l N,N,N’,N’ Tetramethylethylenediamine (TEMED) were added. After polymerization of the separating gel (~15-20 min), isobutanol was rinsed off. The stacking gel was then prepared by combining 1 ml of 30% acrylamide / 0.8% N’N’-bis-methylene-acrylamide solution, 1.7 ml of 4x stacking gel buffer (0.5 M tris-HCl pH 6.8, 0.4% (w/v) SDS), and 4 ml ddH2O.  Before pouring the gel, 40 l 10% APS (freshly prepared) and 10.6 l TEMED were added.  The gel solution was poured on top of the stacking gel and a comb was inserted between the plates.  After polymerization of the stacking gel (30-60 min), the comb was gently withdrawn and the wells were rinsed with 1x electrophoresis buffer (prepared from a 5x solution containing 120 mM tris base, 1 M glycine, 0.5% (w/v) SDS, pH to 8.3).

3.  Gel Running and Protein Transfer 
Cellular protein extracts (50-80 g) were loaded along with a molecular weight marker and run in 1x electrophoresis buffer at 100 Volts for ~1-2 hours using the Mini-PROTEAN II electrophoresis cell unit.  After the run, gels were set up for transfer in the Bio-Rad Trans-Blot Electrophoretic Transfer Cell according to the manufacturer’s instructions. Proteins were transferred onto nitrocellulose membranes (Biolab) in transfer buffer [(50mM tris base, 77 mM glycine, 0.04% SDS (w/v), 20% methanol (v/v)] under 30 Volts overnight at 4C or under 70 volts for 2-3 hours.

4.  Protein Detection 
POLA1, PARP, p21, Tax, p53, phosphorylated p53, and Tubulin antibodies were used. Membranes were first blocked in TBS (10 mM tris-HCl pH 8.0, 150 mM NaCl) containing 5% dry milk and 0.05% tween 20 for 1 hour at room temperature.  Subsequently, the membranes were incubated with different primary antibodies for either 2 hours at room temperature or overnight at 4C.  Membranes were then washed 3 times (10 minutes per wash) in TBS containing 0.05% tween 20 and placed in the secondary antibody (Santa Cruz, horseradish peroxidase-conjugated anti-rabbit or anti-mouse) at a dilution of 1:5000-1:10000 for 1 hour at room temperature while shaking.  Finally, membranes were washed 3 times (10 minutes per wash) with TBS containing 0.05% tween 20 before protein detection.  
Proteins were detected by enhanced chemiluminescence using the ECL system (Santa Cruz) followed by chemiluminescence. The verification of equal protein loading and quality was done using the housekeeping Tubulin primary antibody.

J. Statistical Analysis
The results represent the average of three independent experiments ± SEM unless indicated otherwise. Result comparisons were analyzed by ANOVA analysis using GraphPrism. P values less than 0.05 were considered significant from the control. *, **, *** indicate P values less than 0.05, 0.01, and 0.001, respectively.




CHAPTER III
RESULTS

A. ST1926 analogue induces growth arrest in ATL and T lymphoma cells at submicromolar concentrations as evident by the MTT proliferation assay 
First, we characterized the anti-proliferative effect of ST-A on three HTLV-1 positive cell lines: C8166, HuT-102, and MT-2, and on three HTLV-1 negative cell lines: MOLT-4, Jurkat, and CEM. All the selected cell lines are ATRA resistant, even at a concentration of 5 μM (Darwiche et al., 2001). Also, previous work showed that ST1926 inhibited the growth of ATL cell lines in a dose-dependent manner, at pharmacologically achievable concentrations (El Hajj et al., 2014). We tested ST-A on the six selected cell lines at concentrations ranging from 0.05 μM to 5 μM.

1) HTLV-1 positive cells are sensitive to ST1926 analogue
The tested ST-A concentrations ranged from 0.05 to 5 µM that are physiologically achievable. Interestingly, we have shown that ST-A treatment resulted in a dose- and time-dependent growth inhibition as measured by the MTT cell proliferation assay in all tested cell lines (Figure 6). Treatment with 0.5 μM ST-A resulted in 30%, 40%, and 100% growth inhibition after 24 hours of treatment in MT-2, C8166, and HuT-102 cells, respectively. ST-A treatment showed variable sensitivities across the three cell lines with HuT-102 being the most sensitive and MT-2 the least sensitive. By 72 hours, 0.5 μM ST-A completely inhibited the cell growth in HuT-102 cells and by 90% in both MT-2 and C8166 cell lines underlining the potency of ST-A treatment on HTLV-1 positive cells.
Therefore, ST-A treatment, in sub-micromolar concentrations, decreased cell growth in HTLV-1 positive cells, in a time-and-dose dependent manner.
[image: ][bookmark: _Toc50577033][bookmark: _Toc50653644]Figure 6. ST1926 analogue treatment of HTLV-1 positive cells causes a concentration- and time-dependent growth suppression. HuT-102, MT-2, and C8166 cells were seeded at a density of 2 x 105 cells/ml and treated with 0.1% DMSO or with varying concentrations of ST1926 analogue ranging from 0.05 to 5 µM up to three days. Cell growth was assayed in quadruplicate wells with the CellTiter 96® non-radioactive cell proliferation kit. The results are expressed as percentage of control (0.1% DMSO) and they represent an average of three independent experiments (± SEM) (*, P < 0.05; **, P < 0.01; *** P < 0.001).



2) HTLV-1 negative cells are sensitive to ST1926 analogue
ST-A treatment resulted in a dose- and time-dependent growth inhibition of all tested HTLV-1 negative cell lines (Figure 7). CEM cells appeared to be the least sensitive to ST-A treatment among all tested cell lines, as a concentration of 0.5 μM took 72 hours to inhibit growth by 50% whereas that same concentration, in 24 hours, inhibited cell growth by 60% in C8166, Jurkat and Molt-4 cells, by 100% in HuT-102 cells, and by 30% in MT-2 cells. Therefore, among tested T malignant cells, HuT-102 cells showed the most sensitivity to ST-A treatment whereas CEM cells appeared to be the least sensitive.
Based on the previous results, ST-A treatment inhibited cell growth in HTLV-1 negative cells in a time-and-dose dependent manner. Interestingly, growth inhibition is observed at sub-micromolar concentrations of ST-A in all tested cell lines. 







[image: ][bookmark: _Toc50577034][bookmark: _Toc50653645]Figure 7. ST1926 analogue treatment of HTLV-1 negative cells causes a concentration- and time-dependent growth suppression. MOLT-4, Jurkat, and CEM cells were seeded at a density of 2x105 cells/ml and treated with 0.1% DMSO or with varying concentrations of ST1926 analogue ranging from 0.05 to 5 μM up to three days. Cell growth was assayed in quadruplicate wells with the CellTiter 96® non-radioactive cell proliferation kit. The results are expressed as percentage of control (0.1% DMSO) and they represent an average of three independent experiments (± SEM) (*, P < 0.05; **, P < 0.01; *** P < 0.001).




3) ST1926 analogue inhibits the viability of ATL cell lines at sub-micromolar concentrations as evident by trypan blue exclusion assay 
To confirm the effect of ST-A on T malignant cells that we have shown via MTT assay, we further tested the effect of ST-A on the viability of ATL cells using trypan blue exclusion assay. Similar to the MTT results, ST-A significantly inhibited the viability of all the tested ATL and T lymphoma cells, at sub-micromolar concentrations (Figure 8), with an IC50 of 0.5 µM at 24 hours post-treatment. 
These results confirm the cell growth inhibition, by ST-A treatment, that we have seen in MTT assay.

[image: ][bookmark: _Toc50577035][bookmark: _Toc50653646]Figure 8. Effect of ST1926 analogue on the viability of malignant T cells using trypan blue exclusion assay. Jurkat, CEM, MT-2, C8166, and HuT-102 cells were seeded at a concentration of 2 x 105 cells/ml and treated with 0.1% DMSO or indicated concentrations of ST-A up to 72 hours. Cell growth was assessed in triplicate wells by trypan blue exclusion assay. The results are expressed as a percentage of control (0.1% DMSO) and they represent only one experiment.


4) Normal T Lymphocytes are not affected by ST1926 analogue
 Next, we assessed the effect and selectivity of ST-A on leukemic versus normal hematopoietic cells using MTT proliferation assay. We isolated PBMCs from the blood of ten healthy donors, after obtaining an IRB approval before the start of the experiments. Resting and activated PBMCs, for six and four donors, respectively, were treated with increased concentrations of ST-A, reaching 5 µM, for 48 hours. Interestingly, the effect of the drug on PBMCs was minimal, even at the highest 5 µM concentrations on resting (Figure 9) and activated PBMCs (Figure 10). Viable cell count was confirmed by trypan blue exclusion assay on all tested normal cells (data not shown). These results demonstrate that normal hematopoietic cells are resistant to ST-A treatment.
Therefore, ST-A treatment inhibits cell growth and decreases the viability in ATL and T lymphoma cells while sparing normal hematopoietic cells. 
[image: ][bookmark: _Toc50577036][bookmark: _Toc50653647]Figure 9. ST1926 analogue does not affect the growth of resting PBMCs. PBMCs were collected from six healthy donors. Cells were treated with 0.1% DMSO or the indicated concentrations of ST-A. Cell growth was assayed in triplicate wells with the CellTiter 96 nonradioactive MTT cell proliferation kit. Results are expressed as percentage of control ± SD of triplicate measurements.




[image: ][bookmark: _Toc50577037][bookmark: _Toc50653648][bookmark: _Hlk50292263]Figure 10. ST1926 analogue does not affect the growth of activated PBMCs. PBMCs were collected from four healthy donors. Activated PBMCs were supplemented with 2% PHA. Cells were treated with 0.1% DMSO or the indicated concentrations of ST-A. Cell growth was assayed in triplicate wells with the CellTiter 96 nonradioactive MTT cell proliferation kit. Results are expressed as percentage of control ± SD of triplicate measurements.


5) ST1926-induced growth-inhibitory effect on ATL cells is irreversible 
To assess whether the ST-A growth inhibitory effect is irreversible in T malignant cells, we have selected two representative cell lines, the HTLV-1 negative MOLT-4 and the HTLV-1 positive HuT-102. Cells were pretreated with 0.1 µM and 0.5 µM of ST1926 and ST-A for 24 hours. One day later, cells were washed and resuspended in drug-free media. Cell growth was assessed using MTT assay, up to three days post removal of the drug. As shown in Figure 10, cell growth was inhibited in both cell lines at a concentration of 0.5 µM of ST1926 and ST-A; this growth inhibition persisted three days after removing the drug, underscoring the irreversibility of ST-A growth inhibitory effect in ATL cells.
However, the effect of ST-A was only irreversible at a concentration of 0.5 µM and not 0.1 µM which suggests that ST-A is not irreversible at lower concentrations. 



MOLT-4
HuT-102


[bookmark: _Toc50577038][bookmark: _Toc50653649]Figure 11. Irreversible effect of ST1926 analogue on malignant T cell growth. HuT-102 and MOLT-4 cells were seeded at a concentration of 2 x 105 cells/ml and treated with 0.5 and 0.1 µM of both ST1926 and ST-A. On day pone post-treatment, the cells were washed with PBS and resuspended in fresh drug-free media for up to three days. Cell growth was assayed in quadruplicate wells with the CellTiter 96 non-radioactive cell proliferation kit. The results are expressed as a percentage of control (0.1% DMSO) ± SD of quadruplicate measurements and they represent an average of two independent experiments.

B.  Effect of ST1926 treatment on the cell cycle distribution of HTLV-1 positive and negative Cells
To investigate the mechanism involved in STA-induced growth inhibition and cell death, cells were treated with 0.5 µM and 1 µM ST-A up to 48 hours then stained with PI (50 µg/ml) and further analyzed using FACScan flow cytometer. The cell cycle distribution among the untreated HuT-102 and Jurkat cells showed no variation. 
At 24 hours post-treatment with 0.5 µM and 1 µM ST-A, an increased cell accumulation in the presumably apoptotic sub-G1 region of 25% for 0.5 µM and 22% for 1 µM ST-A in HuT-102 cells was noticed. Similarly, treatment with 0.5 µM ST-A also induced cell accumulation in the sub-G1 region in MOLT-4 cells (data not shown). As for Jurkat cells, treatment with 0.5 µM and 1 µM ST-A resulted in cell cycle arrest as evidenced by cell accumulation in the G0/G1 region. Additionally, the percentage of cycling cells in treated Jurkat cells did not change for up to 48 hours (Figures 12 and 13).
Hence, ST-A treatment presumably induced apoptosis in HuT-102 and cell cycle arrest in MOLT-4 cells.
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[bookmark: _Toc50653650]Figure 12  ST1926 analogue induces cell cycle arrest in HTLV-1 positive and HTLV-1 negative human T-cells. HTLV-1 positive HuT-102 cells and HTLV-1 negative Jurkat cells were treated with 0.5 μM and 1 μM ST-A up to 48 hours. Cells were stained with PI (50 µg/ml) and the cell cycle analysis was performed using a FACScan flow cytometer. The sub-G1 percentage represents apoptotic cells whereas the G0/G1 percentage represents arrested cells. Cycling cells, the sum of (S+G2/M) phases, are a percentage of nonapoptotic cells. The percentage of cells in the G1 phase is calculated as 100 minus (S+G2+M). The results represent the average of three independent experiments (±) SEM for Jurkat cells and one independent experiment for HuT-102 cells.
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[bookmark: _Toc50653651]Figure 13 Representative histograms of the cell cycle distribution and progression in ST1926 analogue treated ATL cells.  HuT-102 and Jurkat cells were seeded at a concentration of 1.25 x 105 cells/ml and treated with 0.5 µM or 1 µM ST-A up to 48 hours.  The cell cycle was assessed using a PI-based flow cytometric analysis of DNA content. The histograms shown are representative of three independent experiments for Jurkat cells and one independent experiment for HuT-102 and they express an overlay of the treated (light grey) cells compared to the control (dark grey).  

48 h
Jurkat
24 h









Figure 13. Representative histograms of the cell cycle distribution and progression in


A. ST1926 analogue decreases the expression of Tax oncoprotein in ATL cell lines 
Tax, an HTLV-1 trans-activator, is a 40-kda protein that strongly promotes oncogenesis in ATL (Beimling & Moelling, 1992; Brady et al., 1987). To investigate the effect of ST-A on ATL cells, we studied the effect of the drug on Tax. we treated malignant HTLV-1 positive cells HuT-102 and C8166 with 0.5 µM or 1 µM ST-A in comparison with 1 µM ST1926. Upon treating HuT-102 cells with 0.5 µM or 1 µM ST-A for 6, 12, and 12 hours, Tax protein levels were decreased by 12 hours at both concentrations. Additionally, a decrease in Tax protein levels was also noted in C8166 cells upon treatment with either 0.5 µM or 1 µM ST-A or 1 µM ST1926 at 24 hours post-treatment. 
Therefore, ST-A treatment, in sub-micromolar concentrations, completely decreased Tax levels by 24 hours in ATL cells.
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[bookmark: _Toc50653652][bookmark: _Hlk50460109]Figure 14 Reduction of Tax protein levels after ST1926 analogue treatment in ATL cells. C8166 cells and HUT102 cells were seeded at a concentration of 2.5 x 105 cells/ml and treated with 0.1% DMSO (CTR) or the indicated concentration of the drugs. Cells were then collected at 6, 12, and 24 hours for HuT-102 and at 2 hours, 12 hours, and 24 hours for C8166 post-treatment, and the protein lysates (50 µg/ml) were prepared and immunoblotted against Tax antibody. Blots were re-probed with tubulin antibody to ensure
equal protein loading. The results depicted are representative of one experiment. 





B. ST1926 analogue induces PARP cleavage in T malignant cells
 During apoptosis, the poly(ADP-ribose) polymerase (PARP-1), a 113 kDa nuclear enzyme, is cleaved in fragments of 89 and 24 kDa; and its cleavage became a useful hallmark of apoptosis (Gobeil et al., 2001).
To investigate whether ST-A treatment is inducing apoptosis, PARP-1 antibody was probed on the membranes of whole-cell lysates of the HTLV-1 positive HuT-102 cells and the HTLV-1 negative Jurkat, and MOLT-4 cell lines. Cells were seeded and treated with either 0.1% DMSO (control) or the selected concentrations of ST-A in comparison with ST1926 for up to 24 hours. Interestingly, PARP was cleaved in all the tested cell lines as early as 2 hours post-treatment in HuT-102 cells, at 6 hours in Jurkat cells, and 12 hours in MOLT-4 cells (Figure 15).
These results confirm that ST-A exhibits its effects on these malignant cells, at least partly, by inducing apoptosis.
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[bookmark: _Toc50653653]Figure 15 Induction of PARP cleavage after ST1926 analogue treatment in ATL cells. MOLT-4, Jurkat, and HuT102 cells were seeded at a concentration of 2.5 x 105 cells/ml and treated with 0.1% DMSO (CTL) or the indicated concentrations of ST-A and ST1926. Cells were then collected at 2 hours, 6 hours, 12 hours, 18 hours, and 24 hours post-treatment, and the protein lysates (50 µg/ml) were prepared and immunoblotted against PARP antibody. Blots were re-probed with tubulin antibody to ensure equal protein loading. The results depicted are representative of at least three independent experiments for HuT-102 and Jurkat and one experiment for MOLT-4.

C. ST1926 analogue reduces POLA1 protein levels in malignant T cells
DNA polymerase alpha 1, the catalytic subunit of the DNA polymerase alpha complex, plays an essential role in the initiation of DNA synthesis. Additionally, POLA1 is overexpressed in many cancers and hence it is a target for cancer treatment. ST-A has been shown to reduce POLA1 protein levels in some cancer cell lines (Pisano et al., 2018). To determine whether the inhibitory properties of ST-A on malignant T cells affects POLA-1 levels, we selected four representative cell lines: two HTLV-1 positive cells (C8166 and HuT-102) and two HTLV-1 negative cells (MOLT-4 and Jurkat). Cells were treated with 0.1% DMSO (control) or 0.5 µM or 1 µM of ST-A for up to 24 hours.
The HTLV-1 positive cells, HuT-102, were treated with either 0.5 µM or 1 µM of ST-A for 6, 12, and 24 hours. The treatment resulted in decreased POLA1 protein levels by 12 hours for 0.5 µM ST-A and a complete reduction in protein levels at 1 µM ST-A at 24 hours post-treatment.
The HTLV-1 negative MOLT-4 cells were treated with either 0.5 µM or 1 µM ST-A or 1 µM ST1926 for 2, 12, and 24 hours. Our results show a complete reduction of POLA1 protein levels by 24 hours post-treatment at all tested concentrations. Furthermore, treating the HTLV-1 negative Jurkat cells with both adamantyl retinoids resulted in decreased POLA1 protein levels detected as early as 12 hours post-treatment for both ST-A and ST1926 (Figure 16). 
These results implicate POLA-1 in the inhibitory effect of ST-A on these malignant T cells and therefore ST-A could be a potential treatment for many cancers.
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[bookmark: _Toc50653654]Figure 16 Reduction of POLA1 protein levels after ST1926 analogue treatment in 
malignant T cells. Cells were seeded at a concentration of 2.5 x 105 cells/ml and treated 
[bookmark: _Hlk50462265]with 0.1% DMSO (CTR) or the indicated concentration of either ST-A or ST1926. Cells were then collected at several time points post-treatment and the protein lysates (50 µg/ml) were prepared and immunoblotted against the POLA1 antibody. Blots were re-probed with tubulin antibody to ensure equal protein loading. The results shown are representative of at least two independent experiments.



D. ST1926 analogue induces γ-H2AX proteins in malignant T cells
Double-stranded breaks (DSBs), a form of DNA damage, is followed by the phosphorylation of the histone, H2AX. The latter is a variant of the H2A protein family, which is a component of the histone octamer in nucleosomes. H2AX is phosphorylated by kinases such as ataxia telangiectasia mutated (ATM) and ATM-Rad3-related (ATR) in the PI3K pathway. γ-H2AX is a marker for DNA damage; specifically, DSBs (Kuo & Yang, 2008).  
To test whether ST-A induces DNA damage, we treated four malignant T cell lines with 0.1% DMSO (control), 0.5 µM, and 1 µM of either ST-A or ST1296 for up to 24 hours. Interestingly, ST-A induces γ-H2AX as early as 2 hours post-treatment in HuT-102 and MT-2 cells similarly to ST1926 treatment (Figure 17). Whereas γ-H2AX was upregulated as early as 12 hours in MOLT-4 cells treated with ST-A and ST1926 (Figure 18). It is worth noting that the levels of γ-H2AX accumulated and increased with time. However, γ-H2AX was transiently upregulated after 6 hours of treatment in Jurkat cells. 
These results demonstrate that ST-A induces DNA damage in malignant T cells, which may contribute to their cell death, and hence ST-A is a genotoxic drug.

                 [bookmark: _Toc50653655]Figure 17 Induction of γ-H2AX expression after ST1926 analogue treatment in ATL cells. HuT-102 and MT-2 cells were seeded at a concentration of 2.5 x 105 cells/ml and treated with 0.1% DMSO (CTR) or 0.5 ST-A and ST1926. Cells were then collected at 2 hours, 6 hours, 12 hours, 18 hours, and 24 hours post-treatment, and the protein lysates (50 µg/ml) were prepared and immunoblotted against the γ-H2AX antibody. Blots were re-probed with tubulin antibody to ensure equal protein loading. Results shown are representative of at least three independent experiments for HuT-102 cells and one experiment for MT-2.





















[bookmark: _Toc50653656]Figure 18 Induction of γ-H2AX expression after ST1926 analogue treatment in HTLV-1 negative cells. Jurkat and MOLT-4 cells were seeded at a concentration of 2.5 x 105 cells/ml and treated with 0.1% DMSO (CTR) or the indicated concentrations of ST-A and ST1926. Cells were then collected at 12 hours, 18 hours, and 24 hours post-treatment, and the protein lysates (50 µg/ml) were prepared and immunoblotted against γ-H2AX antibody. Blots were re-probed with tubulin antibody to ensure equal protein loading. The results depicted are representative of at least three independent experiments.












CHAPTER IV
DISCUSSION


ATL is a rare, yet severe, disease associated with the HTLV-1 infection (Dittus & Sloan, 2017). The oncogenicity of HTLV- 1 is believed to be highly driven, along with other players, by the viral oncoprotein Tax (M Matsuoka & Jeang, 2007). ATL is divided into four subtypes: acute, lymphomatous, chronic, and smoldering. ATL cases are individually treated based on aggressive versus indolent subtypes. Treatment involves using combination chemotherapy, followed by allo-HSCT along with disease progression observation (Reviewed in Tsukasaki & Tobinai, 2014). ATL is rarely cured with available therapies and only patients with favorable, indolent subtypes experience a prolonged survival, hence the need for a novel agent to treat ATL patients and increase their chances of survival (Reviewed in Phillips & Harewood, 2018).
Retinoic acid, a biologically active metabolite of vitamin A, regulates the growth and differentiation of a wide variety of cell types. Retinoic acids have been reported as potent treatments in a variety of cancers. ATRA, a derivative of RA, is established as the most potent RA for treatment of choice for patients suffering from APL (Fenaux et al., 2007). However, many cancers, including APL, develop ATRA resistance. Synthetic retinoids offered an alternative to ATRA resistance and have shown potent effects against multiple cancers. ST1926 is a second-generation synthetic retinoid that was described having strong antitumor activity, by targeting POLA1, on multiple cancers such as ovarian carcinoma, lung carcinoma, neuroblastoma, teratocarcinoma, and acute myeloid leukemia (Cincinelli et al., 2003). ST1926 showed a potent effect on ATL cells by inducing, at pharmacological concentrations, death in ATRA-resistant HTLV-1-positive and HTLV-1 negative malignant T-cell lines and of primary ATL cells (El Hajj et al., 2014). Furthermore, ST1926 downregulated the viral oncoprotein Tax (El Hajj et al., 2014). 
However, due to the poor pharmacological profile ST1926 exhibited in clinical trials, a third-generation synthetic retinoid was developed: the ST-A (MIR002) (Pisano et al., 2018). ST-A showed a strong anti-proliferative effect with G1/S arrest and apoptosis in several cancer cell lines derived from human hematological and solid tumors. Moreover, similarly to ST1926, ST-A was also shown to downregulate POLA1 expression. Based on these potentially promising results for the use of ST-A in the cancer setting, we aimed at investigating the mode of action of ST-A in ATL and T Lymphoma cells. 
To represent the heterogeneity and genetic complexity of the disease, we selected six malignant T cell lines: three HTLV-1 positive cell lines and three HTLV-1 negative cell lines. We used a set of concentrations ranging between 0.1 and 5 μM to screen for the concentration that induces at least 50% growth inhibition in the above cell lines. We found that ST-A significantly inhibited the cell proliferation and viability of all tested ATL cells at sub-micromolar concentrations, in fact, a concentration of 0.5 µM ST-A resulted in at least 50 % growth suppression by 24 hours in all tested malignant cells. Moreover, cells had variable sensitivity to ST-A, with HTLV-1 positive cells exhibiting a higher sensitivity to the treatment than HTLV-1 negative ones. This could be due a Tax-dependent mechanism of action or due to a difference in basal POLA1 levels in HTLV-1 positive cells and HTLV-1 negative cells. We further confirmed MTT results via the trypan blue exclusion assay and observed a similar trend.
Notably, and in addition to ST-A-inhibited cell proliferation and viability of all tested ATL cells, ST-A treatment showed no effect on normal resting and activated lymphocytes. The normal resting or activated circulating lymphocytes were collected from ten healthy donors and treated with a high concentration of 5 µM ST1926, and these showed resistance to the drug. Moreover, the growth-inhibitory effect of ST-A similarly to ST1926, was irreversible even three days post-drug removal (El-Houjeiri et al., 2017). However, the irreversibility of ST-A appears to be dose dependent; treatment with of 0.1 µM ST-A exhibited a reversible effect on cell growth in T malignant cells whereas treatment with 0.5 µM ST-A exerted an irreversible effect on cell growth in tested cell lines.
Since in all tested cells, the pharmacologically achievable 0.5 µM ST-A resulted in at least 50 % growth suppression by 24 hours with no observed effect on normal lymphocytes, we used this concentration to further investigate its effect on the cell death mechanisms in HTLV-1 positive and negative malignant T cells. We noted that ST-A mostly induced the accumulation of the cells in the pre-G1 phase of the cell cycle with a minor cell cycle arrest in HuT-102 cells; however, in Jurkat cells, it induced the accumulation of the cells in the G0/G1 phase arrest. Pre-G1 cell accumulation presumably indicates cell death by apoptosis whereas G0/G1 cell accumulation indicates cell cycle phase arrest (Kandeel et al., 2015).
Since ST-A decreased cell growth in T malignant cells, reduced viability, and presumably induced apoptosis in HUT-102, we investigated ST-A’s effect on PARP1. Upon severe DNA damage, several downstream signals are activated including caspases, which lead to a subsequent cleavage of a PARP-1. This cleavage of PARP-1, in fragments of 89 and 24 kDa, is well studied and is generated by the caspases 3 and 7, proteases activated during apoptosis and has become a useful hallmark of apoptosis (Gobeil et al., 2001; Kaufmann et al., 1993). Our results show that treatment with ST-A induced early PARP cleavage in the tested malignant T cells, suggesting a caspase-dependent mechanism of apoptosis. Therefore, ST-A induces early apoptosis in T malignant cells. Additional studies are planned to confirm the involvement of caspases in ST-A-induced apoptosis of malignant T cells.
DNA polymerase alpha catalytic subunit or POLA1 is an enzyme subunit that plays an essential role in the initiation of DNA synthesis during the S phase of the cell cycle. Since ST-A was shown to target POLA1, we aimed to test ST-A’s effect on POLA1’s protein levels. Our results show that ST-A reduced POLA1 protein levels in HTLV-1 negative cells (MOLT-4 and Jurkat) by 18 hours after treatment and by 24 hours in HTLV-1 positive cells (HuT-102). Whether ST-A reduction of POLA1 protein levels is proteasomal-mediated remains to be investigated.
Furthermore, H2AX phosphorylation to γH2AX is considered as a sensitive marker that can be used to examine cellular DNA damage produced, specifically DSB, and its subsequent repair (A. Sharma et al., 2012). Our results show an early induction of γ-H2AX that increased with time, implicating ST-A in eliciting DNA damage in treated malignant T cells which shows that ST-A is a genotoxic drug.
Tax, a powerful viral oncoprotein, plays a major role in ATL oncogenicity. Therefore, we studied the effect of ST-A on Tax status in HTLV-1 positive cells. Indeed, ST-A caused a decrease in Tax levels by 24 h treatment, at a concentration of 0.5 μM, as detected in C8166 and HuT-102 cells. It remains to be determined whether Tax reduction by ST-A is proteasomal-mediated.
Finally, in comparison to previously tested synthetic retinoids such as ST1926, ST-A’s effect on malignant T-cells was shown to exert similar efficacy and potency. Hence, ST-A appears to be a promising agent and a potent synthetic retinoid in ATL/lymphoma and peripheral T-lymphomas treatment. These results are interesting knowing that ST-A retains its activity in SCLC cells with POLA1 mutations that are resistant to ST1926. Besides, ST-A represents a more favorable pharmacological profile than ST1926.
In this study, we showed that ST-A, at sub-micromolar concentrations, displayed a growth inhibitory effect in all tested malignant T cells while sparing normal cells. Furthermore, our results demonstrate that ST-A is a potent inducer of DNA damage and apoptosis. In some malignant cells, ST-A caused cell cycle arrest, evidenced by an accumulation of cells in the G0-G1 phase, while in others it caused apoptosis evidenced by a major increase in the presumably apoptotic pre-G1 region in tested cells. In tested malignant T cells, ST-A reduced POLA1 protein levels, a key player in DNA synthesis meaning that ST-A inhibits DNA synthesis. Since POLA1 is overexpressed in multiple cancers, ST-A’s inhibitory effect on POLA1 is particularly important as it can be a potential drug in cancer therapy. Since an increase in γ-H2AX levels indicates an increase in DSB, therefore ST-A induces apoptosis in at least two mechanisms: through inducing DSBs leading to apoptosis and through POLA1 inhibition that eventually results apoptosis.
Furthermore, we showed that ST-A reduced the viral oncoprotein tax. A decrease in Tax levels will result in reduced viral expression. However, the molecular mechanisms in which ST-A reduces Tax are yet to be determined. Since Tax is important in the road to oncogenicity in ATL, ST-A could potentially be useful as not only a treatment for ATL but also as a preventative measure to stop the latent progression into an oncogenic state post-HTLV-1 infection. 
Additionally, ST-A induced early PARP cleavage in the tested ATL cells which suggests a caspase-dependent mechanism of apoptosis.
Finally, ST-A appears to be a promising agent and a potent synthetic retinoid in ATL/lymphoma and peripheral T-lymphomas treatment. ST-A is a potential candidate as a stand-alone treatment for ATL or adjuvant one to be combined with other available chemotherapies. In comparison to ST1926, ST-A demonstrated similar efficacy and potency, in pharmacologically achievable concentrations and with a better pharmacological profile.



CHAPTER V
Limitations and Future Perspectives

During our work course, we, unfortunately, have encountered many obstacles that not only slowed down our pace but also sometimes completely stopped our work course. Due to a pandemic and a local disaster (Beirut’s port explosion), the university has closed its doors for a long period of time.
Furthermore, we initially planned on selecting four representative cell lines: two HTLV-1 negative cells (MOLT-4 and Jurkat) and two HTLV-1 positive cells (MT-2 and HuT-102). We aimed at testing the effect of ST-A on the cell cycle of the above cell lines. We further wanted to test the effect of ST-A on the following proteins: POLA1, γH2AX, PARP, p53, p21, caspase 3, Tax (for the positive cell lines), and tubulin. Due to some experiments not being repeated at least three times, we did not quantify the protein levels via densitometry. 
 Next, we aimed to study whether ST-A induced early apoptosis via Annexin V/PI assay. During apoptosis, phosphatidylserine (PS) is translocated from the cytoplasmic face of the plasma membrane to the cell surface. Annexin V has a strong Ca2+-dependent affinity for PS and, hence, can be used as a probe for detecting apoptosis. All the experiments were to be done at least three times. However, in addition to the previously mentioned interruptions, the cells did not grow well in culture which not only slowed us down but also forced us into experimenting on two cell lines instead of four. Further experiments should be done to increase the number of independent experiments and the number of ATL cell lines on which the drug was tested. Future experiments using in vivo mouse models of ATL (Hideki Hasegawa et al., 2006) are needed to determine whether to recommend ST-A for ATL and peripheral T cell lymphoma clinical trials.
In summary, some of the experiments are currently being repeated to have a total of at least three independent experiments. Future experiments will additionally study the effect of ST-A, in vivo, on ATL mouse models. 
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