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ABSTRACT 

The pathogenesis of Cutaneous T cell lymphoma (CTCL) remains unclear. Using 

conditional knockout mice, we found that ablation of the genomic organizer Special AT-rich 

sequence-binding protein-1 (Satb1) caused malignant transformation of mature, skin-homing, 

Notch-activated CD4+ and CD8+ T cells into progressively fatal lymphoma. Mechanistically, 

Satb1 restrained Stat5 phosphorylation and the expression of skin-homing chemokine receptors 

in mature T cells. H3K27 and H3K9 trimethylation occluded the SATB1 promoter in Sézary 

cells, while inhibition of SUV39H1/2 methyltransferases (unlike EZH2 inhibition), restored 

protective SATB1 expression and selectively abrogated the growth of primary Sézary cells more 

effectively than romidepsin. Additionally, using single-cell RNA/TCR sequencing of 106,130 

CD3+CD4+, CD26-/CD7- malignant lymphocytes from the peripheral blood of 7 patients with 

CTCL, coupled to single-cell ATAC-seq of 35,857 CTCL cells, we show that tumor-initiating 

cells in Sézary syndrome and Mycosis fungoides (MF) exhibit different trajectories of 

differentiation. Sézary cells exhibit narrower repertoires of TCRs, compared to MF, which are 

maintained throughout malignant cell expansion, while differentiated MF cells exhibit clonal 

enrichment. Surprising, we identified ≥200 mutations in hematopoietic stem cells from Sézary 

syndrome patients. Mutations in key oncodrivers were also present in peripheral Sézary cells, 

which showed the hallmarks of recent thymic egression. However, Sézary cells expand 

independently of antigen recognition, while mutations in non-malignant cells suggest that they 

complete their malignant transformation in the periphery. Therefore, CTCL arises from mutated 

lymphocyte progenitors that acquire TCRs in the thymus.
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CHAPTER ONE: INTRODUCTION 

 

Overview of Leukemia and Lymphomas 

The estimated number of new cases per year for Leukemia and Lymphoma are 60,530 

and 85,720, and the number of cancer related deaths per year in the United States are 23,100 and 

20,910, respectively presenting as one of the leading lethal cancers for both men and women (1). 

The two main forms of lymphoma are Hodgkin’s Lymphoma (approximately 10%) and non-

Hodgkin lymphoma (NHL) (approximately 90%) (2). Hodgkin’s Lymphoma is defined by the 

presence of multi-nucleated B lymphocytes known as Reed-Sternberg cells (CD45-CD20-

CD30+CD15+) (3, 4) with a favorable prognosis depending on the stage (SEER 88.3% 5 year 

relative survival rate) compared to NHL (SEER 72.7% 5 year relative survival rate) (4, 5). 

Symptoms and complications shared by most forms of lymphoma consist of swelling of the 

lymph nodes (lymphadenopathy), enlarged spleen (splenomegaly), night sweats, weight loss, 

fever, fatigue, and impaired immunity (6, 7). Peripheral T cell Lymphoma (PTCL) are a 

heterogeneous group of aggressive lymphomas consisting of mature T cells that is presented in 

29 forms as recognized by the World Health Organization and comprises 10-15% of NHL in 

western countries (6). Clinical subgroup of PTCL include extranodal involvement such as the 

skin which are known as Cutaneous T cell Lymphomas (CTCL) (7).  
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Staging and Survival of Cutaneous T cell Lymphoma 

CTCL is comprised of many diseases, with the most prevalent being mycosis fungoides 

(MF) and Sézary syndrome (SS) accounting for approximately 50% of cases with an increase 

incidence rate in males, individuals over 70, and African decent (8).  In the United States, the 

incidence rate per 100,000 person-years is approximately 0.55 mycosis fungoides (MF) and 0.01 

for Sézary syndrome (SS) (9). Mycosis fungoides and Sézary syndrome are typically CD4+ T 

cells diseases (10) and rarely does mycosis fungoides presents as CD8+ T cells (5%) (11, 12). 

Reports have also described the presence of CTCL cases being double positive for CD4 and CD8 

surface markers (13, 14). The International Society for Cutaneous Lymphomas (ISCL) classifies 

MF and SS using the tumor-node-metastasis-blood (TNMB) classification system. This system 

defines staging based on peripheral blood (B), lymph node (N), involvement in the skin (T) and 

visceral organs (M) (Table 1) (15, 16).  

Sézary syndrome is often described as the leukemic variant of mycosis fungoides; 

however, Sézary syndrome is a distinct form of CTCL which can occur de novo without prior 

history of mycosis fungoides (17). Clinical presentation of mycosis fungoides patients are skin 

lesions typically defined as patches (T1,2), plaques (T1,2), or tumors (T3) whereas Sézary 

syndrome presents with erythroderma (T4), or erythema (reddening of the skin) that covers at 

least 80% body surface area (BSA) of the skin (15, 18). There are cases in which mycosis 

fungoides will present with erythroderma known as erythrodermic MF usually without systemic 

involvement (19, 20). Blood involvement is characterized by percentage and absolute count of 

CD4+CD26- or CD7- cells with stage B0 as <5% of lymphocytes are MF/SS cells (<250 cells/ul), 

B1 as >5% MF/SS cells (≥250-1,000 cells/ul), and B2 (≥1000cells/ul) (21). Sézary syndrome is 

defined at B2 whereas mycosis fungoides typically lacks robust peripheral blood involvement 
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(15, 22). The prognosis for Sézary syndrome is dismal with 5-year survival rate around 15-30% 

once the patient has been diagnosed. Mycosis fungoides is fairly indolent disease with a high 

survival rate at early stages (16) (Table 2). Considering the aggressive and heterogenous nature 

of Sézary syndrome as well as the low survival rate of patients at advanced stages, a variety of 

treatments have emerged with varying clinical success. 

 

Phenotypic Characteristic of Cutaneous T cell Lymphoma 

Flow cytometry immunophenotyping (FCI) of Sézary syndrome and mycosis fungoides 

has shown to be an important component of staging both diseases. CTCL is most often 

characterized by CD2+, CD3+, CD4+, CD5+/-, CD8-, CD7-, and CD26- surface markers. CD7 is 

cell surface homodimer that is part of the immunoglobin superfamily and is one of the first 

markers in T cell maturation. It is expressed on all thymocytes, most mature peripheral T cells 

and natural killer (NK) cells (23). The precise function of CD7 remains unclear; however, it is 

speculated to be involved in signal transduction, T cell proliferation, T cell activation, and 

intercellular adhesion (24). Its loss has been reported in both benign and malignant inflammatory 

skin conditions as well as hematological malignancies. The expression of CD7 is potentially 

regulated by epigenetic factors such as mutations in CCAAT/enhancer-binding protein-α 

(CEBPA), a leucine zipper transcription factor needed for granulocytes, or DNA promoter 

methylation as shown in AML and CML (25-27). CD26 is a glycoprotein with dipeptidyl 

peptidase IV (DPP-IV) activity located in the extracellular domain responsible for cleavage of 

polypeptides with L-proline or L-alanine (28). Expression of this marker appears in late thymic 

differentiation, typically on CD4+ Th1 helper cells, and responds to ligands such as caveolin-1 on 

monocytes and adenosine deaminase (29, 30). CD26 acts as co-stimulatory molecule associated 

with T cell activation and IL-2 production in response to antigens in humans (30), unlike their 
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murine counterparts (31). The difference in function between human and murine homologs for 

CD26 and CD7 has made in vivo studies of their role in CTCL pathology and other associated 

conditions challenging.  

The majority of CD4+ cells lack the presence of CD26 (>90%) compared to CD7 

(approximately 50%) in Sézary patients (32). However, it should be mentioned that a 

multiparameter approach to FCI has shown that there is a percentage of non-malignant T cells in 

normal donors which share the CD3+CD4+CD26- (range 4.0-34.6%, mean absolute cell count 

159/ul) and CD3+CD4+CD7- (range 1.6-23.5%, mean absolute cell count 78.1/ul) phenotype 

(33). Additionally, CD26 positivity was shown for 56-86% of CD4+ T cells and CD7 positivity 

for 73%-97% of CD4+ T cells from peripheral blood of normal control samples demonstrating 

there are CD26 negative and CD7 negative populations in non-malignant cells. Therefore, 

quantification of CD4+CD26- or CD4+CD7- T cells exclusively does not provide an accurate 

absolute count of malignant cells (34). Despite these limitations, the loss of CD26 and CD7 

expression is well correlated with MF and SS cells and quantified for staging of patients.   

The expression of C-C chemokine receptor type 4 (CCR4) has been reported in CTCL 

(35) and high expression is associated with poor prognosis (36, 37). CCR4 is a member of G 

protein-coupled seven transmembrane receptors responsible for the trafficking of leukocytes in 

inflammatory diseases such as atopic asthma and atopic dermatitis (38, 39). CCR4 ligands are 

CCL17 and CCL22, which are secreted by dendritic cells, and is expressed on Th2 cells which 

produce pro-inflammatory cytokines IL-4, IL-5 and IL-13 (38). Furthermore, CCR4 has shown 

to play an important role in tissue homeostasis and maintenance of Th2 inflammation. Its 

regulation is ligand-induced as well as subject to constitutive endocytosis based on the C-
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terminus amino acid sequence (40). The usage of anti-CCR4 antibody, mogamulizumab, in 

CTCL is discussed in later sections.  

The complete etiology of CTCL is unknown; however, the accumulation of these cells in 

the skin is suspected to be antigen driven. Mycosis fungoides is typically described as having an 

effector T cell phenotype by expressing E-selectin ligand, cutaneous lymphocytes antigen 

(CLA), CCR4, CCR8, and CCR10 which facilitate trafficking to the skin. These cells eventually 

become tissue resident memory T cells (TRM) (41, 42). Mechanistically, as the plaques and 

patches form there is an accumulation of malignant cells which home to the skin via interactions 

through CCR4 and CLA (ligand is E-selectin). The cells begin to produce Th2 cytokines (IL-4, 

IL-5, and IL-10) which inhibits the immune response by decreasing the number of CD8+ T cells, 

NK cells, and dendritic cells. As the lesions transform into tumors, there is an increase in the 

number of eosinophils and malignant T cells. Overtime, it is hypothesized these cells gain the 

ability to escape the tumor microenvironment as Sézary cells by adopting a T cell central 

memory phenotype (TCM) (L-selectin and CCR7) which allows homing to the peripheral blood 

and lymph nodes (Figure 1). Additionally, both MF and SS cells evade the immune system by 

upregulation of exhaustion markers PD-1 and CTLA-4 (Figure 2) (43, 44).  

The morphology of Sézary and MF cells have been described as small to medium sized 

cells with a cerebriform or “brain-like” nuclei. These cells have a high nucleus to cytoplasm ratio 

as well as condensed chromatin. The presence of cerebriform nuclei have also been found in less 

than 10% of lymphoid cells in circulating normal cord and peripheral blood (45). Cerebriform 

nuclei have been described in T cell prolymphocytic leukemia (46), and in rare cases B-cell 

lymphoma (47). The purpose and stage at which Sézary and MF cells develop this morphology 

in the malignant transformation is currently unclear.  
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There is a subset of CTCL patients which undergo Large Cell Transformation (LCT), 

adopting a large blast-like T cell morphology. This aggressive form of the disease has poor 

outcomes for patients with a median survival of 2-3 years after transformation (48). LCT occurs 

in 20-55% of advanced MF cases (48), with expression of the marker CD30 in 30-40% of LCT-

MF cases (49, 50) and 50% of LCT-SS cases (50). LCT is defined when more than 25% of 

lymphoid or tumor cells are large cells infiltrating the skin (50). CD30, also known as Ki-1 or 

TNFRSF8, is a trans-membrane glycoprotein that is part of the tumor necrosis factor receptor 

superfamily and is activated via the NF-κB pathway (51, 52). CD30 is expressed on other 

primary cutaneous T cell lymphoma such as cutaneous anaplastic large cell lymphoma and 

lymphomatoid papulosis (6). Direct targeting has been achieved using Brentuximab vendotin 

which is a CD30 specific monoclonal antibody conjugated with monomethylauristatin E, a 

microtubule targeting agent, in CTCL (53) as well as other CD30+ PTCL (54) and Hodgkin 

Lymphoma (55-57).  

 

Epigenetic Gene Regulation and Histone Modification of Cutaneous T cell Lymphoma 

In many cancers, the conformation of DNA is abrogated with global effects on the 

transcriptional programming of cells. Gene regulation has been attributed to several mechanisms, 

most notably post-translational modification (PTM) of the lysine tails of histones. Modification 

of lysine residue occurs in a variety of sites involved in either gene activating or repressing 

functions. Acetylation of these lysine tails by Histone acetyltransferases (HATs) modifies 

chromatin accessibility and allows for an “open” conformation for transcriptional machinery to 

bind to enhancer and promoter regions. Conversely, histone deacetylases (HDACs) remove the 

acetyl group and result in changing of DNA from an “open” to a “closed” conformation, 

preventing transcription factors and other co-factors from mediating transcription of tumor 
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suppressor genes. The HDAC superfamily is divided into 18 members and grouped into four 

main classes consisting of two protein families based on their yeast homologs (Table 3) (58). 

Classes I, II, and IV are zinc-dependent HDACs while Class III (sirtuins) are NAD+-dependent 

HDACs (59). Inhibitors have been developed to prevent the acetylation of histones, resulting in 

changes in the chromatin conformation landscape. Subsequently, the expression of tumor 

suppressors in cancer cells are potentially restored. Inhibitors of HDACs (iHDAC) target only 

zinc-dependent HDAC proteins and prevent the removal of acetyl groups from histone lysine 

tails to maintain transcriptional activity. 

HDACs which have been shown to be relevant to CTCL pathology have been HDAC1, 2, 

and 6. Increased expression of HDAC2 has been previous associated with aggressive disease 

whereas increased expression of HDAC6 is associated with favorable outcomes regardless of 

subtype (60, 61). Mechanistically, the overexpression of IL-15 has contributed to the initiation 

and progression of CTCL. Downstream signaling molecules of IL-15, HDAC1 and HDAC6, 

have therefore been targeted in preclinical studies (58). Conversely, inhibition of HDAC6 

alongside the PI3K pathway has abrogated cell proliferation (62). The efficacy of HDAC 

inhibitors in pre-clinical studies opens the possibility of other methods of epigenetic modification 

in CTCL via inhibitors of other histone modifying compounds.  

Repressing tumor suppressive genes can be regulated via other epigenetic modifiers 

containing Su(var)3-9-Enhancer of zeste-Trithorax (SET) domains which act as histone 

methyltransferases (HMTases). The mono- and dimethylation of lysine 9 of histone 3 (H3K9) 

and lysine 27 (H3K27) is mainly mediated by SET containing epigenetic modifiers, Ga9 and 

Ga9 like protein (GLP), to produce heterochromatin (63). Furthermore, Suppressor of 

variegation 3-9 homolog (SUV39H1) is responsible for the trimethylation of H3K9 (64). Several 
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naturally and synthetically derived inhibitors for HMTases have been developed. Firstly, an 

inhibitor for SUV39H1/2 was developed by Greiner et al. known as Chaetocin which was an 

isolated fungal toxin from Chaetomium minutum (65). The role of SUV39H1 and its inhibition 

using Chaetocin have been previously reported in acute myeloid leukemia (AML) preclinical 

studies. Interaction of factors relating to self-renewal of hematopoietic stem cells such as 

RUNX1 (AML1) with SUV39H1 and G9a as transcriptional repressors allow for bone marrow 

immortalization in AML. Combination of chaetocin with HDAC inhibitor (vorinostat) or 

bromodomain extra terminal protein (BET) inhibitor (JQ-1) demonstrated a synergistic effect in 

AML cells (66, 67). Another study demonstrated that treatment with chaetocin on AML cell lines 

and ex vivo patient samples increased reactive oxygen species (ROS) and death-receptor 

dependent apoptosis (68).  

Another fungal toxin was screened by the Lui lab to identify an inhibitor for SUV39H1/2 

and G9a/GLP known as Verticillin A. Treatment with Verticillin A inhibited H3K9me3 

deposition near the promoter of FAS gene to mediate apoptosis via cytotoxic T lymphocytes 

(CTLs) in 5-Fluorouracil resistant colorectal carcinoma (CRC) (69). However, both chaetocin 

and Verticillin A are non-specific inhibitors for SUV39H1 and interact with other HMTases (69, 

70). This group has also developed a second generation of a specific SUV39H1 inhibitor, F5446, 

which recovered FAS expression and induced cell cycle arrest and apoptosis in CRC (71). 

Additionally, expression levels of SUV39H1 were found to be elevated in CD8+ CTLs in which 

inhibition via F5446 restored expression of GZMB, PRF1, FASLG, and IFNG (72). Although 

HMTases have not been previously tested in CTCL, there is precedence for their use in leukemia 

as well as altering expression patterns in T cells.  
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Current Treatments of Cutaneous T cell Lymphoma 

The National Cancer Center Network (NCCN) and European Organization for Research 

and Treatment of Cancer (EORTC) have guidelines available for treatment of this rare and 

heterogenous disease (50, 73). Unfortunately, patients rarely achieve long-term remission and 

treatment often follows a stage-adapted approach depending on treatment goals (73). Typically, 

patients at earlier stages of disease receive skin directed therapies such as ultraviolet B light 

(UVB) phototherapy for patch and thin plaques (74), psoralen plus ultraviolet A light (PUVA) 

for thicker plaques (74) and topical cortical steroids (75). Patients at more advanced stages are 

treated with systemic therapies such as retinoids (bexarotene) (76, 77), Interferon-alpha (78, 79), 

and Histone De-acetylates (iHDACs) inhibitors such as vorinostat (80-82) and romidepsin (83). 

However, standard chemotherapies are rarely curative for Sézary syndrome patients. The 

following section will focus on first- and second-line therapies used for stage III or SS patients 

(stage III or IVA).  

Regarding first line therapy, the Food and Drug Administration (FDA) approved the use 

of extra-corporeal photoimmunotherapy (ECP) for Sézary syndrome and erythrodermic mycosis 

fungoides with high blood involvement in 1988 and was initially pioneered by Edelson and 

colleagues (84). The whole peripheral blood is collected and separates out leukocytes to be 

exposed extracorporeally to photosensitizing agent 8-Methoxypsoralen (8MOP), which belongs 

to a group of compounds known as psoralen, and subsequently UVA irradiated (Figure 3). The 

precise mechanism of action is still unknown; however, it is plausible that monocytes 

differentiate into immature dendritic cells (iDCs) and the induction of apoptosis in T cells 

provides patient specific antigens (85). This process has been compared to having a vaccine like 

effect in patients and can be used as a monotherapy as well as in combination with other agents 
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(86). The response rate across all stages is 56% OR (18% CR), but 43% OR (10% CR) in SS. 

Similarly, PUVA is a photosensitizing agent taken orally with direct skin exposure to UVA 

radiation and is typically used on stages IA and IIB, but is less effective in erythrodermic 

patients or thicker plaques (54-65% OR) (87).  

Second line therapies include HDAC inhibitors, which as previously discussed have a 

prominent role in the disease pathology of CTCL. Vorinostat and romidepsin were the first 

HDAC inhibitors to be approved by the FDA for treatment CTCL. Vorinostat was approved in 

2006 by the FDA with an overall response rate (ORR) of 24-30% and inhibits class I and class II 

HDACs (81, 88). Patient OR to romidepsin as a monotherapy; however, are still approximately 

34% in the clinic (6% CR and 28% PR) (83). Treatment with romidepsin in combination with 

other agents may improve outcomes for relapse and refectory PTCL (89).  

In 2018, the first FDA approved drug specifically for Sézary syndrome was the 

defucosylated monoclonal antibody against CC chemokine receptor 4 (CCR4 or CD194), known 

as mogamulizumab (90). In a randomized controlled phase 3 trial of CTCL patients treated with 

mogamulizumab showed superior progression free survival (7.7 months) compared to vorinostat 

(3.1 months) (90). However, treatment with mogamulizumab can result in autoimmune 

conditions such as Stevens-Johnson syndrome in adult T cell leukemia/lymphoma (91, 92) and 

potentially Graft-vs-host-disease (GVHD) in CTCL (93) as CCR4 is also expressed on Tregs. 

Despite the numerous clinic approaches in treating Sézary syndrome, patients often relapse and 

rarely are cured of this aggressive disease. This warrants additional treatments and understanding 

of the pathogenesis of the CTCL. 
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Cell lines for Cutaneous T cell Lymphoma 

There are 11 main cell lines for CTCL which are composed of HTLV-1+ or HTLV-1- 

cells. However, HTLV-1+ cell lines are more reflective of Adult T cell Leukemia/Lymphoma 

(ATLL) than MF/SS as previously investigated (94). Generally, MJ and HuT102 are HTLV-1+ 

while My-La, HUT78, HH, H9, SZ4, Sez4, Mac2a, SeAx, and PB2B are HTLV-1-. These cell 

lines are further characterized by whether they are considered MF (My-La) (95), Leukemic MF 

(HH) (96), SS (HUT78 (97), H9 (98), SZ4, Sez4 (99), and SeAx(100)), or CD30+ lymphoma 

(Mac2a and PB2B) (94). HTLV-1- cell lines for MF and SS have been shown to have more 

sensitivity to HDAC inhibitors, more aneuploidy, heterogenous mutations in TP53 gene, and 

more heterogenicity in karyotyping and gene expression compared to HTLV-1+ cell lines (94). 

However, none of these MF or SS cell lines represents early-stage MF or LCT transformation, 

which currently limits in vitro studies.  

 

Current Murine Models for Cutaneous T cell Lymphoma 

Ideally, murine models replicate clinical presentation as well as the genetics of the tumor. 

The peripheral blood of mice are predominantly lymphocytes rather than neutrophils like in 

humans (101).  Xenograft models are relatively simple, inexpensive, high yielding, and typically 

give more rapid results compared to other murine models which are useful systems for initial 

studies. However, the microenvironment often greatly differs compared to patients and lacks the 

coordination of other essential immune players. Cell line-derived xenografts can be challenging 

as cell lines are prone to acquire chromatin mutations which do not faithfully recapitulate the 

primary tumor. Patient-derived xenografts recapitulate the genetics of the primary tumor, but 

also are immunodeficient and are unable to precisely test specific combinations of initiating 
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mutations. Conditional transgenic mice have the advantage of specific cell targeting and 

temporal control in an immunocompetent model (102). Previous strategies for CTCL murine 

models have utilized several strategies to recapitulate the diseases patient derived xenografts, cell 

line-derived xenografts, spontaneous, adoptive transfer, germline and conditional transgenic 

models.  

Early CTCL murine models used xenografts from patient derived CD4+ lymphocytes or 

blood or skin derived CTCL cell lines in immunodeficient mice models. However, these models 

were either unable to disseminate outside of the graft (103) or displayed perivascular locations 

and circulating cells but were unable to develop large secondary tumors (104, 105). Several cell 

line xenograft models for CTCL have been developed studying therapeutic efficacy such as 

HDAC inhibitors (106) and Methotrexate (107). Previous transgenic models overexpressing 

human IL-15 showed a 30% developed aggressive large granular lymphocyte (LGL) leukemia or 

70% developed cutaneous lesions and atypical hyperchromatic nuclei similar to cerebriform 

structure in CTCL patients. However, this model displayed only moderate increases in total 

peripheral leukocytes compared to wild type mice and has been typically described as having 

expansion and activation of NK cells and CD8+ T cells (108, 109).  

In a bone marrow transplantation model, a retroviral transduction for constitutively active 

form of JAK3, JAK3A572V, produced effector CD8+TCRαβ+CD44+CD122+Ly-6C+ T cells 

which acted as an aggressive lymphoproliferative disorder which infiltrated the skin with 

cerebriform nuclei. When the procedure was repeated in an MHC-I deficient model, there was an 

accumulation of CD4+ T cells (110) (Table 4). Few murine models have been developed to 

assess the pathogenesis of the disease which should be addressed with additional transgenic 

murine models. 
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Table 1. ISCL/EORTC revision to the staging of MF and SS 

Stage T N M B 

IA  1  0  0  0,1  

IB  2  0  0  0,1  

IIA  1,2  1,2  0  0,1  

IIB* 3  0-2  0  0,1  

III* 4  0-2  0  0,1  

IIIA* 4  0-2  0  0  

IIIB* 4  0-2  0  1  

IVA1* 1-4  0-2  0  2  

IVA2*  1-4  3  0  0-2  

IVB* 1-4  0-3  1  0-2  

Abbreviations: B, blood; M, metastasis; N, node; T, tumor.*Considered “advanced-stage” 

disease. (Sean Whittaker, Richard Hoppe, H. Miles Prince, Blood, 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

14 

Table 2. Mycosis Fungoids and Sézary Syndrome Survival by Clinical Stages 

5 year Overall Survival 

Stage Percentage Symptoms Disease 

IA 94-100% Plaques cover <10% of the skin surface MF 

IB 73-86% Plaques cover >10% of the skin surface MF 

IIA 78% Lymph nodes are abnormal, but not 

cancerous 
MF 

IIB 40-65% Tumors 1cm or larger, lymph 

nodes are abnormal 
MF 

III 40-60% >80% of the skin surface has patches, 

lymph nodes are abnormal 
MF 

IVA1 37-48% High number of Sézary cells in the blood SS 

IVA2 18-33% Cancer forms in lymph nodes, high number 

of Sézary cells in the blood 
SS 

IVB 18-39% Cancer spreads to spleen or liver SS 

(Sean Whittaker, Richard Hoppe, H. Miles Prince, Blood, 2016) 
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Table 3. Summary of Histone Deacetylase (HDAC) Classes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Class HDACs Mechanism 

I HDACs 1,2,3 & 8 zinc-dependent 

IIa HDAC 4,5,7 & 9 zinc-dependent 

IIb HDAC 6 & 10 zinc-dependent 

III SIRT1-7 NAD+-dependent 

IV HDAC 11 zinc-dependent 
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Table 4. Summary of Murine models for CTCL  

 

 

 

 

Disease Model Description Mouse strain Reference 

CTCL Patient skin xenograft; CD4+ 

lymphocytes 

C.B.-17 SCID (103) 

MF Cell line xenograft; MyLa Athymic nude mice (nu/nu) (104) 

CTCL Cell line xenograft; 

MyLa2059 

NOD/SCID-B2m−/− 

(NOD.Cg-Prkdcscid 

B2mtm1Unc/J) 

(106) 

SS Cell line xenograft; 

intrahepatic injection; HUT78 

and SeAx 

RAG2 −/− γc −/− (105) 

CTCL Cell line xenograft; 

intrahepatic injection; My-La, 

HUT78, HH, MAC2A, 

MAC2B, FE-PD and MAC1 

NOD.Cg- Prkdcscid 

Il2rgtm1Wjl/SzJ 

(107) 

CTCL/T-

NK 

Transgenic; overexpression 

human IL-15 

CD4+ and CD8+ T cells 

C57BL/6 (108, 109) 

CTCL Activated JAK3 CD8+ or 

CD4+ T cells 

Retroviral transduction/BMT 

model; C57BL/6, C57BL/6-

2Kbtm1 H-2Dbtm1 and Balb/c  

(110) 
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Figure 1. Overview of tumor microenvironment in CTCL skin. 

Malignant T cells begin to home to the skin via cell surface receptors CLA and CCR4 to their ligands E-selectin and CCL17. 

Accumulation of malignant cells in the epidermis begin to produce Th2 cytokines IL-4, IL-5, and IL-10 and impacting CD8 T 

cells, NK cells, and DCs in the microenvironment as patches and plaques form. Eventually the number of CD8 T cells, NK cells, 

and DC cells declines with the rapid increase of malignant cells as tumor lesions form. Finally, erythroderma appears, and 

malignant cells migrate from the skin to the peripheral blood causing Sézary syndrome. (Kim et al., Journal of Clinical 

Investigation, 2005)  
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Figure 2. Cell surface markers of MF/SS cells. 

Cutaneous T cell lymphoma is characterized by presence of CD4, CCR4, high expression of NOTCH1, expression of Th2 

cytokines, absence of CD7 and CD26, and exhaustion markers PD-1 and CTLA.  
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Figure 3. Overview of Extra-Corporeal Photoimmunotherapy. 

Circulating leukocytes including monocytes and neoplastic cells are concentrated outside of the patient and exposed to 8-MOP 

and UVA radiation. The neoplastic cells undergo apoptosis in the presence of immature DCs to eventually form mature DCs 

loaded with tumor antigen before being reinfused into the patient.  
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CHAPTER TWO: METHYLTRANSFERASE INHIBITORS RESTORE SATB1 

PROTECTIVE ACTIVITY AGAINST CUTANEOUS T CELL LYMPHOMA  

 

A note to the reader: the majority of this chapter has been published in a research article 

in Journal of Clinical Investigation, Harro et. al., 2020  

 

Introduction 

Peripheral T cell lymphomas (PTCL) represent a collection of aggressive disorders with 

unfavorable outcome that account for about 12% of lymphoid tumors worldwide (111). 

Cutaneous T cell lymphoma (CTCL) belongs to a heterogeneous group of T cell lymphomas 

characterized by a cutaneous infiltration of malignant T cells. No curative therapies are currently 

available for advanced Mycosis fungoides and its leukemic variant, Sézary syndrome, which are 

the most common forms of CTCL with an annual incidence of about 0.5 per 100,000 (112). 

NOTCH1 is overexpressed in CTCL in a stage-dependent manner (113), and recent studies have 

suggested a role for other potential oncogenic drivers, including TP53, RB1, PTEN and 

DNMT3A (114). The similarities and differences in the molecular underpinnings of these 

heterogeneous diseases remain poorly understood, and seminal genomic analyses are restricted to 

a handful of patients in the pathogenesis of Mycosis fungoides/Sézary syndrome (114). 

Informative animal models that reflect multi-step oncogenesis and cover a broader spectrum of 

CTCL are therefore needed to test more effective treatments and identify potentially novel 

therapeutic targets. Lack of mechanistic understanding and the subsequent absence of curative 
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interventions have led to a poor prognosis and serious deterioration in the quality of life for 

patients with advanced CTCL disease. A better understanding of the pathogenesis of this disease 

is urgently needed to design new treatments that improve both quality of life and survival 

outcome. 

The chromatin organizer Special AT-rich sequence-binding protein-1 (SATB1) plays 

essential roles in the process of apoptosis, cell invasion, metastasis and proliferation of cancer 

cells (115). In addition, a dynamic SATB1 expression pattern controls the phenotype of tumor-

associated dendritic cells (116) and cytotoxic T cells (117), which in coordination determine 

malignant progression. In addition to cancer, SATB1 modulates the phenotype of regulatory T 

cells (118) as well as the epigenetic and transcriptional pathways required for hematopoietic 

stem cell division and self-renewal (119). Interestingly, recent reports suggest that SATB1 could 

be down-regulated in Mycosis fungoides (120), although epigenetic silencing mechanisms via 

histone modification and the consequences of SATB1 downregulation remain uninvestigated. 

Using a triple transgenic mouse for concurrent ablation of Satb1 and activation of Notch1 

signaling specifically in mature T cells, we generated a reproducible model of progressive fatal T 

cell lymphoma/leukemia. This system provides possible insight into the role of SATB1 as a 

suppressor gene in CTCL and allowed us to identify potential interventions to restore SATB1 

function in primary malignant T cells. 

 

Results 

Ablation of Satb1 cooperates with Notch1 overexpression to cause T cell lymphoma  

We generated a triple (CD11cCreSatb1flx/flxRosa26N1-ICD) transgenic mouse model to 

bypass the requirement of Satb1 for Notch1 expression in Bone Marrow Dendritic Cells 
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(BMDCs). In this system, cre expression triggers Satb1 ablation while simultaneously driving the 

expression of Notch1 intracellular domain (N1ICD) (Figure 4) (121).  Mice developed normally as 

neonates but exhibited a progressive increase in T cell numbers in peripheral blood. 

Unexpectedly, all triple transgenic mice, but never CD11cCreSatb1flx/flx or CD11cCreRosa26N1-ICD 

littermates, developed a decrease in activity and ruffled fur after ~10 weeks, followed by 

tensional ascites and difficulty breathing within the next 2 weeks, when the mice became 

moribund. Compared to littermates, 8-10 week-old triple transgenic mice showed prominent 

splenomegaly and hepatomegaly, along with pronounced adenopathy and effacement of normal 

architecture in the kidneys (Figure 5 A, C and D). Triple transgenic mice demonstrated 

significantly decreased survival compared to CD11cCreSatb1flx/flx and CD11cCreRosa26N1-

ICDlittermates (Figure 5B). 

T cell accumulation of tumor-bearing CD11cCre mice presented no detectable expansion 

of NK or γδ T cells in the peripheral blood (Figure 6A). Although the phenotype was driven by a 

CD11cCre transgene, flow cytometric analyses of Satb1 excised cells (based on green 

fluorescence linked to Notch1 expression) revealed progressive accumulation of 

GFP+CD8+CD3+ T cells in peripheral blood, which is consistent with the expression of CD11c in 

a subset of CD8+ T cells (122, 123) (Figure 6B). Accordingly, the disease evolved from the 

accumulation of a population of CD8+ T cells in peripheral blood, which progressively turned 

into CD4+CD8+ double positive T lymphocytes and became the most abundant T cell subset after 

~8 weeks (Figure 6C). In contrast, although Satb1+CD11cCreRosa26N1-ICD littermates also 

showed some progressive expansion of NotchKnock-in (GFP+) CD8+ T cells (Figure 6D), no mice 

in this group exhibited accumulation of CD4+CD8+ lymphocytes at identical temporal points or 

signs of disease at any time (Figure 6E). Together, these results indicate that Notch1 
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overexpression in a subset of mature CD11c+CD8+ T cells alone is not sufficient to drive 

malignant progression. However, additional ablation of Satb1 results in progressive and lethal 

accumulation of T cells that become CD4+CD8+ double positive lymphocytes at terminal disease 

stages. 

 

Ablation of Satb1 induces malignant lymphocytic expansion by promoting phosphorylation of 

Notch-induced Stat5  

Microscopic examination of skin harvested from CD11cCreSatb1flx/flxRosa26N1-ICD showed 

CD3+ T cell infiltrates which were stained as described previously (124). CD3+ T cell infiltrates 

densely cluster within the dermis with individual lymphocytic cells present within the epidermis 

in the majority of CD11cCreSatb1flx/flxRosa26N1-ICD mice examined (Figure 7A and Figure 8A-D). 

Quantification via Positive Pixel Count (PPC) of CD3+ T cells showed significant infiltration in 

CD11cCreSatb1flx/flxRosa26N1-ICD, compared to single genotype littermates (Figure 7B). 

Examination of peripheral blood smears at ~8 weeks confirmed the expansion of immature 

lymphocytic cells with larger nuclei and prominent nucleoli (Figure 7C), matching the 

morphology of malignant lymphocytes.  

To understand how ablating Satb1 transforms the mild expansion of CD8+ T cells 

observed in CD11cCreRosa26N1-ICD mice into a fatal lymphocytic expansion, we focused on 

differences in Stat signaling. As shown in Figure 7D, knocking-in Notch1 in CD11c+CD8+ T 

cells resulted in the up-regulation of total Stat5a, while Satb1 ablation alone had no effect on 

Stat5 expression. However, we only observed high levels of Stat5 phosphorylation upon 

combined Satb1 ablation and Notch1 (N1ICD) overexpression.  
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To elucidate what the mechanism driving Stat5 phosphorylation upon Satb1 deletion, we 

focused on cytokine secretion by transgenic T cells. We found that CD11cCreSatb1flx/flxRosa26N1-

ICD T cells produce an approximately 7-fold increase of IL-2, compared to their counterparts 

from Cre- littermates (Figure 7E). These data indicate that Satb1 ablation de-represses IL-2 

production by T cells. Therefore, Notch1 signaling results in Stat5 overexpression. When Satb1 

deletion de-represses IL-2 production in the same lymphocytes, up-regulated Stat5 is more 

actively phosphorylated in an autocrine manner, driving malignant progression. 

 

Ablation of Satb1 in mature CD4+ T cells causes fatal lymphomas with massive T cell skin 

infiltrates 

Our results so far suggested that SATB1 could act as a tumor suppressor in T cells with 

deregulated NOTCH1 activity. To confirm that Satb1 expression prevents the malignant 

transformation of truly mature (post-thymic) CD4+ T cells upon deregulated Notch1 expression, 

we next generated CD4CreERT2Satb1flx/flxRosa26N1-ICD mice and CD4CreERT2Rosa26N1-ICD 

littermates. In this system, Cre is selectively activated in mature CD4+ T cells in adult mice 

(125). Administration of tamoxifen at 6-8 weeks-old triple transgenic mice again led to 

adenopathy and splenomegaly (Figure 9A) while tamoxifen-injected CD4CreERT2Rosa26N1-ICD or 

vehicle and untreated CD4CreERT2Satb1flx/flxRosa26N1-ICD mice did not show signs of disease. 

Examination of the skin of mice with advanced disease showed dermal damage, with obvious 

CD3+ lymphocytic infiltrates in the dermis and, to a lesser extent, in the epidermis (Figure 9B) as 

well as a trend to enlarged spleen and liver (Figure 10), albeit less pronounced than in the 

CD11c-driven model. In CTCL, a disease in which NOTCH1 is overexpressed in a stage-

dependent manner (113), homing of T cells to the skin is associated with the up-regulation of the 
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chemokine receptors CCR4, CCR6 and CCR10 (126, 127). Supporting a role for SATB1 as a 

CTCL suppressor, tamoxifen-driven ablation of Satb1 in CD4+ T cells (unlike their CD8+ 

counterparts) resulted in the overexpression of CCR4 in CD4CreERT2Rosa26N1-ICD mice compared 

to vehicle controls (Figure 9C).  

Tamoxifen-induced Satb1 silencing associated with Notch1 overexpression in mature 

CD4+ T lymphocytes produced peripheral cells with convoluted cerebriform nuclei, 

characteristic of Sézary cells, with the presence of malignant CD3+CD4+ lymphocytes (Figure 

9D). Interestingly, the majority of these malignant T cells co-express CD8 at terminal stages, 

along with the myeloid marker CD11b, a determinant also found in CD4+ T cells in experimental 

autoimmune encephalomyelitis (EAE) mouse model (128) (Figure 9E). Mice without the 

CD4ERT2Cre gene do not present with splenomegaly unlike their CD4ERT2Cre positive 

counterparts. Together, these data indicate that Satb1 prevents the expression of the chemokine 

receptors of Notch-activated CD4+ mature lymphocytes that promote the homing of malignant T 

cells to the skin.  

 

 

SATB1 silencing differentiates cutaneous T cell lymphomas from other peripheral T cell 

malignancies 

To determine whether SATB1 repression plays a role in the pathogenesis of human 

lymphoproliferative disorders derived from CD4+ and CD8+ T cells, we first analyzed the 

expression of SATB1 in malignant T cells in the bone marrow from a group of 16 patients with a 

confirmed diagnosis of T cell large granular lymphocyte (T-LGL) leukemia (n=7); T cell 

prolymphocytic leukemia (T-PLL; n=6); and Sézary syndrome (SS; n=3).  

In malignant T cells from 7 patients with T-LGL leukemia specifically driven by 

malignant CD3+CD8+ lymphocytes (Figure 11A), we found that SATB1 was expressed at 
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reproducibly higher levels than in activated CD8+ T cells from healthy subjects by intracellular 

flow cytometry analysis (Figure 11D).  

In 4 out of 5 patients with T-PLL driven by malignant CD4+ T cells, SATB1 expression 

was even higher than in activated CD4+ T cells from healthy donors (Figure 11, A and D, 

center). Similarly, SATB1 was overexpressed in malignant CD3+CD4-CD8- cells in one of these 

patients, as well as in malignant cells from a different T-PLL patients driven by CD3+CD4+CD8+ 

cells (Figure 11, A and D, right). In contrast, we found a significant reduction in the levels of 

SATB1 in malignant T cells in the bone marrow of 3 different SS patients (Figure 11, B and D). 

Further supporting that SATB1 repression is a common event in cutaneous T cell lymphoma, low 

levels of SATB1 were found in CD3+CD4+CD7- T cells sorted from the peripheral blood of 11 

additional patients compared to CD4+ T cells from healthy donors (Figure 11, C and D). 

Therefore, SATB1 silencing appears to be also a pathogenic factor in Mycosis fungoides, 

although it is not universally found in malignant cells, as in Sézary syndrome. These data 

validate the relevance of the phenotype identified in our tumor model, and indicate that SATB1 

repression is a common pathogenic driver in cutaneous T cell malignancies (but not other 

peripheral T cell malignancies) and acts by dysregulating the expression of chemokine receptors 

that promote skin homing. 

 

Reversing H3K9 trimethylation, but not targeting H3K27 trimethylation, rescues protective 

SATB1 activity in Sézary T cells 

As supported by emerging genomic analysis and recent publications (114), SATB1 

downregulation in Sézary cells is not the result of deletions or point mutations. To determine 

how SATB1 is silenced in peripheral T cell malignancies, we focused on the activity of polycomb 
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repressive complex 2 (PRC2) and histone-lysine N-methyltransferase Suppressor Of Variegation 

3-9 Homolog 1 and 2 (SUV39H1/2) in HuT78 Sézary cells, which have been reported to be 

SATB1 deficient (129). Epigenetic repression often requires coordinated gain of H3K9 

trimethylation and H3K27 trimethylation (130) to effectively occlude DNA (131, 132). To test 

this proposition, we quantified occupancy of H3K9me3 at the SATB1 promoter. We performed 

Chromatin Immuno-precipitation (ChIP) sequencing on several leukemia cell lines with various 

level of SATB1 expression; HuT78 (low expression), Jurkat (high expression), and RAJI (no 

detectable expression) to ascertain the regulatory landscape near the SATB1 Transcription Start 

Site (TSS) (GSE 159962). Immunoprecipitations were performed on all cell lines for H3K27me3, 

H3K9me3, H3K27ac to reveal several sites of enrichment as shown in Figure 12. There were no 

sites in RAJI for any markers, H3K27me3 for Jurkat, or H3K27ac for K562 near the TSS of 

SATB1 gene. Ensembl regulatory regions at ~4.8kb and ~5.6kb were also found for repressive 

histone markers H3K27me3 and H3K9me3 from the TSS of SATB1, respectively. We found 

several regions in the H3K9me3 pulldown of ChIP-seq from which we designed primers to 

validate by ChIP-PCR using specific antibodies or an irrelevant IgG isotype in control 

immunoprecipitations as shown in Figure 13A. Enrichment of H3K27me3 and H3K9me3 

appeared in HuT78 cells in the ~4.8kb and ~5.6kb regions, but no significant enrichment was 

found for a control adjacent sequence (Figure 13B). Out of the 3 regions identified via ChIP-seq 

for H3K9me3, Region 1 was shown to be enriched in HuT78 cells and RAJI cells in which 

SATB1 is repressed, but not in Jurkat cells in which SATB1 is highly expressed (Figure 13C).  

To define the requirement of PCR2-dependent SATB1 repression for the expansion of 

Sézary T cells, we next treated HuT78 cells with increasing concentrations of the EZH2 inhibitor 

GSK126. As shown in Figure 13D, inhibition of EZH2 decreased the number of viable Sézary 
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cells and increased SATB1 mRNA expression (Figure 14E). Treatment with 10µM of GSK126 

decreased the occupancy of H3K27me3 in the ~4.8kb site of the SATB1 promoter compared to 

the vehicle control (DMSO) (Figure 14A). 

SUV39H1/2 enzymes are primarily responsible for eliciting and maintaining H3K9 

trimethylation at constitutive heterochromatin regions (64, 133). Accordingly, the histone lysine 

methyltransferase inhibitor Chaetocin reduced the number of viable Sézary cells (Figure 13E). 

These effects were not the result of the nonselective activity of Chaetocin as F5446, a recently 

reported SUV39H1/2-specific inhibitor (72), also blocked Sézary cell expansion at inhibitory 

concentrations 50% (IC50) values in the nanomolar range (Figure 13F), which are 4-fold lower 

than those needed to restore effector gene expression in tumor-reactive T cells (72). In contrast, 

the IC50 of romidepsin (Figure 13G) was 44-fold higher, than the IC50 of Chaetocin (Figure 13E). 

Interestingly, combinations of HDAC inhibitor romidepsin and SUV39H1/1 inhibitor Chaetocin 

abrogated the protective effect of either individual treatment. Treatment on HuT78 cells at 72 

hours resulted in significantly increased SATB1 mRNA expression (Figure 14F). Treatment of 

HuT78 cells with Chaetocin, F5446, or romidepsin versus the DMSO control showed that F5446 

and romidepsin produce a cytostatic effect compared to Chaetocin (Figure 14G). RNA-seq of 

HuT78 cells collected after 72 hours treatment with Chaetocin and F5446 revealed pathways 

associated with negative regulation of αβ T cell activation, methyltransferase activity, and 

chemokine binding pathways, while having positive regulation of cellular senescence, 

nucleosome binding, and histone modification (GSE 159963) (Figure 15). Together, these data 

suggest that H3K9 trimethylation, H3K27 deacetylation, and H3K27 trimethylation are potential 

targetable mechanism to rescue SATB1 expression and abrogate malignant cell growth.  
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SUV39H1/2 inhibition de-represses SATB1 and arrests primary Sézary cell expansion more 

effectively than romidepsin 

To compare the effects of methyltransferase, histone deacetylase, and EZH2 inhibitors 

against CTCL, we next treated purified malignant primary CD3+CD4+CD26- cells from the 

aphaeresis of four Sézary patients with high blood tumor burden (>1,000 malignant cells/µL) 

(Figure 16A and Figure 17A) as well as four additional Sézary patients with CD3+CD4+ cells 

from peripheral blood (Figure 18A). Notably, both methyltransferase inhibitors Chaetocin and 

F5446 were effective at abrogating the expansion of Sézary cells from all patients, at IC50 values 

in the nanomolar range. In contrast, the class I HDAC inhibitor romidepsin, FDA-approved for 

the treatment of relapsed/refractory CTCL, only decreased the number of viable Sézary cells 

from the same patients at doses >8-fold higher than F5446, under identical conditions, while 

treatment with EZH2 inhibitor GSK126 was not effective under any condition (Figure 16A and 

Figure 17A). Primary Sézary cells treated with F5446, as opposed to Chaetocin, significantly 

increased the expression of SATB1 mRNA (Figure 17B). Accordingly, ChIP-PCR analysis on 

purified primary Sézary cells showed negligible H3K27me3 occupancy, compared to H3K9me3 

in their respective regions of occupancy in the SATB1 promoter (Figure 17C and D) (Figure 18B 

and C). In order to determine the effects of SATB1 recovery in primary Sézary samples, 

malignant CD4+CD26- cells were retrovirally transduced to ectopically express SATB1. Levels of 

pSTAT5 was assessed in positively transduced SATB1 high cells and compared to cells 

expressing endogenous levels of SATB1 from the same donor where an increase in pSTAT5 upon 

SATB1 recovery was observed (Figure 17E). The recovery of SATB1 resulted in an impairment 

of proliferative potential (Figure 17F) and is congruent with our observation with HuT78 cells 

where SATB1 recovery from epigenetic inhibitors does not induce significant apoptosis. 
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Therefore, SUV39H1/2-mediated repression of SATB1 emerges as a major potential therapeutic 

target to restore tumor-suppressor SATB1 expression in Sézary patients in a manner that 

preserves healthy cells.  

 

Discussion 

Here we show that SATB1 silencing in peripheral T cell lymphoma cells cooperates with 

NOTCH1 activation to drive mature T cell expansion through STAT5 activation and CCR4 

expression. Correspondingly, we found that SATB1 is epigenetically repressed in human Sézary 

syndrome through H3K27me3- and H3K9me3-mediated chromatin occlusion, and SUV39H1/2 

inhibition has significant anti-proliferative effects in malignant cells from multiple Sézary 

syndrome patients (Figure 19).  

 CTCL is a disease with no curative therapies that is accompanied by painful and 

pruritic skin lesions causing both disfigurement and significant deterioration in quality of life. At 

advanced stages, the disease progresses rapidly with short survival. With the exception of 

palliative anti-CCR4 antibodies to reduce circulating cells in the blood and skin homing (134), 

no new treatments have been FDA-approved for advanced refractory CTCL since romidepsin in 

2009.  This is due, in part, to a poor understanding of its pathophysiology. We find that 

expression levels of the master epigenetic organizer SATB1 are significantly reduced in CTCL 

CD4+ T cells in the bone marrow and the periphery of multiple Sézary syndrome patients, 

compared to CD4+ lymphocytes from healthy donors or other peripheral T cell malignancies. 

SATB1 is a key regulator of T cell development and maturation, but also governs the function of 

other mature immune cells (116, 117, 135, 136). Although recent reports suggested that SATB1 

could be universally down-regulated in CTCL (120), the causes and the effects of SATB1 
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silencing remain elusive. Using a transgenic model, we found that ablation of Satb1 in mature T 

cells promotes the malignant and skin homing properties of mature Notch-activated lymphocytes 

through a mechanism that involves de-repression of CCR4 and constitutive activation of Stat5 

signaling. Importantly, NOTCH and STAT5 signaling are activated in a stage-dependent manner 

in CTCL (113, 137), while the homing of malignant T cells to the skin is driven by the up-

regulation of chemokine receptors such as CCR4 (126, 127). Interestingly, phosphorylation of 

Stat5 requires cooperation between Satb1 ablation and Notch signaling, because the individual 

events were insufficient to activate Stat5 signaling. Future studies will determine whether this is 

the result of enhanced secretion of IL-2 in malignant cells; or the effect of deregulation in JAK 

activity. 

SATB1 silencing does not appear to be restricted to Sézary syndrome because a recent 

study identified that among 57 Mycosis fungoides patients, 35% were deficient in SATB1 or 

presented low expression specifically in the skin, which was associated with worse outcome 

(138). Importantly, seminal publications support that SATB1 silencing in Sézary cells is not the 

result of mutations  (114), indicating epigenetic repression. We found that the SATB1 promoter 

in primary Sézary cells is marked by trimethylated H3K27 and H3K9 and acetylated H3K27. 

Histone deacetylase inhibitors and SUV39H1/2 partially restored SATB1 and had significant 

anti-proliferative effects on malignant cells. Although H3K27me3 occupancy is consistently 

associated with gene repression, transcription factors can still access H3K27me3-marked 

promoters, unlike H3K9me3-marked chromatin, which remains completely occluded (131). 

Hence, inhibition of the enzymes primarily responsible for causing and maintaining H3K9 

trimethylation at constitutive heterochromatin (64, 133) (namely, SUV39H1/2) emerges as novel 

intervention for urgent testing against refractory CTCL. Our results therefore offer potentially 
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new insight into the pathophysiology of CTCL as well as a mechanistic rationale for targeting 

histone methyltransferases to abrogate malignant expansion and skin homing in advanced CTCL 

patients. 

 

Materials and Methods 

Animals and human samples 

Genetically-deficient Satb1 mice were generated in the Wistar Institute’s transgenic 

facility on a C57BL/6 background (116, 117). Rosa26N1-ICD mice were kindly provided by Ben 

Stanger (University of Pennsylvania) and backcrossed for at least 10 generations to a C57BL/6 

background. These transgenic mice have a floxed version of Notch1 interrupted by a STOP 

codon at the permissive locus Rosa26. Satb1flx/flx mice were crossed with CD11cCre mice 

(Taconic, 4196M) and Rosa26N1-ICD mice to generate triple transgenic (116) and control mice. 

Satb1flx/flx mice were also bred with Cre-ERT2+ (Jackson Labs, Jax 022356) and Rosa26N1-ICD 

mice to generate CD4CreERT2Satb1flx/flxRosa26N1-ICD mice. CD4CreERT2Satb1flx/flxRosa26N1-ICD 

were male and injected at 6-8 weeks of age with 75mg/kg Tamoxifen (Sigma, T5648) in corn oil 

(Sigma, C8267). All animals were maintained in pathogen free barrier facilities.  

De-identified human bone marrow aspirates were procured under a protocol approved by 

Moffitt’s Scientific Review Committee. Sorted bone marrow was maintained in RPMI media 

with 10% human serum (Sigma, H5667), Penicillin/Streptomycin (Lonza, 17-602E) and 

100U/ml IL-2 (Peprotech, 200-02) and 5ng/ml IL-7 (Peprotech, 200-07). CD4+CD7+/CD26+ and 

CD4+CD7-/CD26- cells were isolated with Human CD4+ T cell Isolation Kit (STEM CELL, 

17952) and Release Human PE Positive Selection Kit (STEM CELL, 17654) from peripheral 

blood of patients with Sézary syndrome and cultured in complete RPMI (10% heat-inactivated 
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Fetal Bovine Serum, 0.5 mM Sodium Pyruvate (Gibco, 11360070), 2 mM L-glutamine (Sigma, 

G7513), 100 I.U/mL Penicillin, 100 ug/mL Streptomycin (Lonza, 17-602E) with 100U/ml IL-2 

(Peprotech, 200-02)) in an incubator (37°C, 5% CO2). Memory CD4+ T cells from peripheral 

blood of normal donors were isolated using Human Memory CD4+ T Cell Enrichment Kit 

(STEM CELL, 19157) and cultured exactly as peripheral blood Sézary cells. 

 

Retroviral Transduction  

Primary Sézary CD4+CD26- cells were transduced activated with human CD3/CD28 

Dynabeads (Gibco, 1132D) with retrovirus produced using Phoenix-AMPHO (ATCC, CRL-321) 

cells following transfection using LipofectamineTM 3000 Transfection Reagent (ThermoFisher, 

L3000001) following manufacture’s recommendations with pBMN-I-GFP vector containing 

human SATB1 ORF (GenScript Biotech) cloned using the EcoRI and BamHI restriction sites. 

Virus was collected in complete medium at 48 and 72hrs and filtered through a 40uM filter. 

50ug/ml of Retronectin in sterile PBS was used to coat non-tissue treated 24-well plates 

overnight at 4℃. Wells were blocked with 2% BSA in PBS solution for 15 minutes at RT and 

washed twice in sterile PBS. Plates were spin with 3mL viral supernatant for 1.5hrs at 32℃ at 

2,000g). Supernatant was removed except ~500ul and cells were added and spun for 10 minutes 

at 1500rpm 32℃ and cultured at 37℃ at 5% CO2 until GFP expression was detected at ~96hrs.  

Cell lines and MTT assays 

The HuT78 Sézary cell line was purchased from the American Tissue Culture Collection, 

ATCC. (ATCC TIB-161) and cultured with Iscove's Modified Dulbecco's Medium (IMDM) with 

20% of FBS (and Penicillin/Streptomycin (Lonza, 17-602E). For viability analysis, HuT78 cells 

were seeded at 40,000 cell/well in triplicates in 96-well plates in the presence of vehicle control 
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ethanol or DMSO the EZH2 inhibitor GSK126 (Cayman Chemical Co, 15415), Chaetocin 

(Abcam, ab144534), romidepsin (FK228, Depsipeptide) (Selleck, S3020-5mg), F5446 (acquired 

from Dr. Liu Lab) and placed at 37C, 5% CO2 for 48hrs or 72hrs. 10ul of 5mg/ml MTT reagent 

(Sigma, M2128-1G) was added for 3hrs, followed by 100ul of Lysis Buffer (44% DMF, 2.2% 

Acetic Acid, 1.8% 1N HCL, 17.7%w/v SDS, add NaOH as needed) overnight at 37C, 5% CO2. 

Result measured at 560nm on microplate spectrophotometer (Biorad, Benchmark Plus). Jurkat 

(ATCC TIB-152) grown in RPMI 10% FBS with Penicillin/Streptomycin, K562 (ATCC CCL-

243) grown in IMDM 10% FBS and Penicillin/Streptomycin, and RAJI (ATCC CCL-86) grown 

in RPMI 10% FBS with Penicillin/Streptomycin. 

 

Antibodies and Flow Cytometry  

We used the following anti-human antibodies: CD45 (Clone HI30), CD45RO (UCHL1), 

CD26 (BA5b), CD3 (Clone OKT3), CD2 (Clone RPA-2.10), CD5 (Clone UCHT2), CD7 (Clone 

CD7-6B7), TCRβ (Clone IP26), CD52 (Clone HI186), CD56(Clone 5.1H11), CD57 (Clone 

HCD57), and CCR4/CD194 (Clone L291H4); all from Biolegend; and CD4 (Clone SK3), CD8 

(Clone RPA-T8), SATB1 (Clone 14/satb1) and TCRγδ (Clone B1), from BD Bioscience. Human 

γ-globulin (Sigma, G4386) was used for Fc Receptor blockade. 

Mouse antibodies were as follows: CD45 (Clone 30-F11), CD5 (Clone 53-7.3), CD11b 

(Clone M1/70), CD11c (Clone N418), Ly6G (Clone 1A8), Ly6C (Clone HK1.4), TCRβ (Clone 

H57-597), TCRγδ (Clone GL3), NK1.1 (Clone PK136), NKG2D (Clone CX5), CD96 (Clone 

6A6), CD25(Clone PC61), CD34 (Clone MEC14.7), CCR4 (Clone 2G12), CCR7 (Clone 4B12), 

CCR6 (Clone 29-2L17), CD19 (Clone 6D5), CD62L (Clone MEL-14); all from Biolegend. 

MHCII (Clone M5/114), CD2 (Clone RM2-5), CD3e (Clone 145-2C11), CD4 (Clone GK1.5), 
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CD8 (Clone 53-6.7) and CD69 (Clone H1.2F3), from BD Bioscience. CD44 (Clone IM7), from 

Tonbo and CCR10 (Clone 248918), from R&D systems. Zombie yellow (Biolegend) was used as 

viability probe for all samples. Anti-CD16/32 mAb (Clone 2.4G2) was used for Fc Receptor 

blockade.  

 For Flow Cytometry, all Samples were run on a LSRII (BD) and sorted using a 

FACSAria SORP. Data were analyzed using FlowJo software. Intracellular staining was 

performed with Transcription Factor Staining Buffer Set (ThermoFisher). 

The following antibodies were used for immunoblot analysis: anti-pSTAT5 (Tyr694; 

rabbit clone#D47E7; Cell Signaling), STAT5 (rabbit clone#D2O6Y; Cell Signaling), anti-

mouse/human β-actin (BA3R; ThermoScientific) and anti-Satb1 (BDBiosciences, clone#14). 

When indicated, CD3+ T cells were isolated from mouse spleens using Dynabeads™ 

Untouched Mouse T Cells Kit (Invitrogen, 11413D) from 5x106 total splenocytes following 

manufacturer’s recommendations. 

 

Cell Trace Violet Assays and Annexin V staining  

Cell Trace Assays were performed using CellTraceTM Violet (Invitrogen, C34571) 

following manufacture’s recommendations with 5uM stock concentration resuspended in DMSO 

starting with 106cell/mL cell concentration in sterile PBS. Cells were incubated at 37℃ for 20 

minutes protected from light. Reaction was quenched using complete cell culture medium 5 

times the reaction volume and incubated for 5 minutes, spun for 5 minutes 4℃ at 1500rpm, and 

resuspended at cell concentration of 106 cells/ml in fresh warm media and cultured for 5 days 

prior to FACs analysis. Cells were stained with DAPI (Invitrogen, D1306), to remove dead cells 

from analysis.  
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Annexin V staining was performed with APC Annexin V Apoptosis Detection Kit 

(Biolegend, 640932) and Propidium Iodide (PI) (Biolegend, 421301) for the identification of 

apoptotic and necrotic cells following manufactures recommendations. Cells were washed twice 

with cold Cell Staining Buffer (Biolegend, 420201) and then resuspend cells in Annexin V 

Binding Buffer (Biolegend, 422201) at a concentration between 0.25-1.0 x 107 cells/mL. Cells 

were then stained with APC Annexin and PI. Cells were then incubated for 15 minutes at RT in 

dark prior to resuspension in Annexin V Binding Buffer and FACS analysis. For Flow 

Cytometry, all Samples were run on a LSRII (BD) and data were analyzed using FlowJo 

software.  

 

Immunohistochemistry, Giemsa, and Western blot  

Formalin-Fixed, Paraffin-Embedded ventral and dorsal skin sections on charged slides 

(APEX-SAS, 3800080E) were stained using Ready-to-use IHC/ICC kit (Bio Vision, 

501119739), following manufacturer’s instructions, following antigen retrieval (10 min boiling 

in citrate buffer) and deparaffination. Anti-CD3 was from Abcam (rabbit monoclonal SP7). 

Slides were counterstained with Hematoxilin (RICCA, 3530-32), dehydrated and mounted with 

Permount (Fisher, SP15-100). For Giemsa staining, 5µl of non-coagulated blood smears were 

left to air dry and fixed in methanol 10 min at room temperature. Slides were then incubated in 

Giemsa (Sigma 48900) 1:20, in PBS for 1 hour, washed in ddH2O and mounted with Permount 

(Fisher, SP15-100). Histology slides were scanned using the Aperio™ ScanScope AT2 (Leica 

Biosystems, Vista, CA) with a 200x/0.8NA objective lens with a doubler to image at 400X. 

Image analysis for mouse slides were performed using an Aperio Positive Pixel Count® v9.0  

algorithm with the following thresholds: [Hue Value =.1; Hue Width =.5; Color Saturation 
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Threshold =0.04; IWP(High) = 220; Iwp(Low)=Ip(High) = 175; Ip(low) =Isp(High) =100 

Isp(Low) =0] to segment positive staining of various intensities. 

For Western blot analysis, cells were lysed in RIPA buffer (Pierce) supplemented with 

protease inhibitors (Roche). Equal amounts of protein were quantified using the BCA protein 

Assay kit (Pierce) and resolved by SDS-PAGE, blotted onto PVDF membranes (Millipore) and 

probed with the aforementioned antibodies.  

 

Q-PCR and ChIP PCR 

Real Time PCR amplification was carried out using Sybr Green on a 7500 Fast Real-

Time PCR system (Applied Biosystem). Human SATB1 mRNA expression was quantified using 

the following primers, common to all human splicing variants, and mRNA expression was 

normalized by GAPDH levels or TATA-binding protein (TBP) levels with primers listed in 

Table 5. The average of three independent analyses for gene and sample was calculated using the 

ΔΔ threshold cycle (Ct) method and was normalized to the endogenous reference control gene 

GAPDH or TBP.  

For ChIP experiments, the HuT78 cell line was seeded at 1.5x106 cells/well in 6 well-

plates. ChIP assays were performed as we previously reported (117). Input and 

immunoprecipitated DNA were analyzed using the SYBR Green in a real-time PCR machine 

(Applied Biosystem). Results shown for each ChIP condition were analyzed using the percent 

input method; namely, the amount of DNA recovered from the ChIP were divided by signals 

obtained from the input sample (signals calculated with 2.5% of the amount of chromatin used in 

the ChIP). Anti-H3K27me3 (Cell Signaling; rabbit clone# C36B11), H3K9me3 (Abcam; rabbit 

clone# ab8898), H3K27ac (Abcam; rabbit clone# ab4729), and control IgG (Cell Signaling, 
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rabbit IgG) antibodies were used for chromatin immunoprecipitation. The primers used for 

quantification of human SATB1 promoter for H3K27me3, H3K9me3, control regions, and 

validating the ChIP-seq experiment are listed in Table 6. All sequences designed to give 

amplicons <200 bp. Amplification of target gene is shown as fold enrichment compared to that 

of irrelevant antibody controls. 

 

RNA-sequencing 

Total RNA was collected from HuT78 cells at 72hrs using a Qiagen RNAesy Mini Kit 

and treated with RNAse-Free DNAse, Qiagen, Cat#79254 for removal of genomic DNA. 

Sequencing libraries were prepared by using NuGEN Universal RNA-Seq kit and run on 

NextSeq v2 300 cycles (75x2). Read depth was approximately ~35M reads per sample, and raw 

sequencing reads were trimmed and aligned to human genome assembly GRCh37 using STAR 

(139) (version 2.5.3a). Uniquely mapped reads were counted by htseq-count (140) (version 

0.6.1) using Gencode v30 annotation. Differential expression analysis was performed using 

DESeq2 taking into account of RNA composition bias (141) and genes were ranked based on –

log10(p-value)*(sign of log2(fold-change)). The ranked gene list was used to perform pre-ranked 

gene set enrichment analysis (GSEA version 4.0.2) (142) to assess enrichment of hallmarks, 

Reactome, and Gene Ontology (143) terms in MSigDB (143). The resulting normalized 

enrichment score (NES) and FDR controlled p-values were used to assess the transcriptome 

changes induced by F5446 and Chaetocin. 
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ChIP-sequencing  

Samples were prepared in a similar method to the aforementioned ChIP section. 

Chromatin immunoprecipitation sequencing (ChIP-seq) was performed by the Molecular 

Genomics Core Facility at the Moffitt Cancer Center.  Ten nanograms of immunoprecipitated 

DNA was fragmented to 300 base pairs using a Covaris M220 Focused-ultrasonicator (Covaris, 

Inc., Woburn, MA) and then used to generate sequencing libraries using the Kapa HyperPrep Kit 

(Roche Sequencing and Life Science, Wilmington, MA). The size and quality of the library was 

evaluated using the Agilent BioAnalyzer, and the library was quantitated with the Kapa Library 

Quantification Kit.  Each enriched DNA library was then sequenced on an Illumina NextSeq 500 

sequencer to generate 50 million 75-base paired-end reads (Illumina, Inc., San Diego, CA) (144).  

Sequencing adaptors and low-quality bases were trimmed off from the raw sequencing reads 

using cutadapt (145). Processed reads were aligned to human reference genome GRCh37 using 

Bowtie2 (144) and further filtered to remove discordant read pairs and reads with low alignment 

scores. Strand cross-correlation (SCC) analysis and calculation of NSC (normalized strand 

coefficient) and RSC (relative strand coefficient) values were performed using 

phantompeakqualtools. Narrow peaks were called by MACS2 (146) for histone marker H3K27ac 

with a minimal cutoff at narrow peak q-value (nq) <0.05. Broad peaks were called by MACAS2 

for histone markers H3K27m3 and H2K9m3 with a minimal cutoff at nq<0.05 and broad peak q-

value (bp) <0.05. The enriched reads and peaks were further annotated and analyzed using 

Chipseeker (147), deeptools (148), and ngsplot (149). Peak regions were lifted over to GRCh38 

for primer design purpose using UCSC lift-over online tool (https://genome.ucsc.edu/cgi-

bin/hgLiftOver). 
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Statistics 

All statistical assays were performed using GraphPad Prism 5.0 software. Student’s t test 

was used for calculating differences between means of experimental groups and two-tailed P-

values less than 0.05 were considered significant. One-way ANOVA was used for calculating 

differences between means using multiple comparisons between groups with P-values (Tukey’s 

test) less than 0.05 were considered significant. Log-rank (Mantel-Cox) was used to for survival 

curve analysis. P-values less than 0.05 were considered significant. Mean ± SEM for each group 

or measurement is shown.   

 

Study approval 

Study conformed to approvals granted by Moffitt’s research regulatory committees, including 

IRB approvals MCC 50175 (TCPL), MCC 50218 (T-LGL), and MCC 50229 (Sézary). Further, 

MCC 20032 for Sézary syndrome peripheral blood samples were acquired with informed written 

consent protocol MCC 14690. All experimental procedures involving vertebrate animals were 

conducted in accordance with The Institutional Animal Care and Use Committee (IACUC) 

approvals IS00006598, IS00006654, and IS00002583. 
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Table 5. RT-qPCR primers for SATB1 gene expression 

Primer ID Sequence 

SATB1 Forward 5’- AGTGGGTACGCGATGAACTGAA-3’ 

SATB1 Reverse 5’-ATGCAGTCTTGGGGTCCTCTTC-3 

GAPDH Forward 5’-CCTGCACCACCAACTGCTTA-3’ 

GAPDH Reverse 5’-GTGATGGCATGGACTGTGGT-3’ 

TBP Forward 5’-CACGAACCACGGCACTGATT-3’ 

TBP Reverse 5’- TTTTCTTGCTGCCAGTCTGGAC-3’ 
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Table 6. ChIP-PCR Primers 

Primer ID Sequence 

SATB1 promoter H3K27me3 Forward 5'- TTTCCCCTGTTGGTCTTCTGAGG-3' 

SATB1 promoter H3K27me3 Reverse 5'- TGGCCTTTTCCTATTGCTCCAGT-3' 

SATB1 promoter H3K9me3 Forward 5'-TCTATTGGGCAGGTGTGGTGG-3' 

SATB1 promoter H3K9me3 Reverse 5'- GCAGGGCTTCAACGGTCTTC-3'. 

SATB1 promoter Control Forward 5'-GAGGAGGAGGAAGATCAGAAGGC-3' 

SATB1 promoter Control Reverse 5'-GTTTTGTCGGGGTTTCTGGGTTT-3' 

ChIP H3K9me3 Region 1 Forward 5'-TTGCTTTTTCCTCCCATAG-3' 

ChIP H3K9me3 Region 1 Reverse 5'-GAAATTTGTGGCCAACTACA-3' 

ChIP H3K9me3 Region 2 Forward 1 5'-AACCTGCCAGCTAAACAGTC-3' 

ChIP H3K9me3 Region 2 Reverse 1 5'- GCCGACACTTAGGGAAAATA-3' 

ChIP H3K9me3 Region 2 Forward 2 5'- AAGAAGGTCGGATAGTGCAG-3' 

ChIP H3K9me3 Region 2 Reverse 2 5'- AGACTTGGGCCATAAAGCTA-3' 

ChIP H3K9me3 Region 2 Forward 3 5'- AACAGGACCAGAGCAAAATC-3' 

ChIP H3K9me3 Region 2 Reverse 3 5'- ACTAGGATTGGGAAACACCA-3' 

ChIP H3K9me3 Region 3 Forward 5'- TTTCTACTGAAGGTCAAAGTGTTT-3' 

ChIP H3K9me3 Region 3 Reverse 5'- CAGGTATGCATGTATAGGACAAA-3' 
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Figure 4. Schematic of triple transgenic murine model. 

Overview of the removal of stop codon via Cre at loxp sites upstream of N1-ICD region conjugated with report gene GFP. Mice 

are injected with 75mg/kg of tamoxifen for 5 days at 6 to 8 weeks old resulting in terminal neoplasm.  
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Figure 5. Concurrent ablation of Satb1 and increased expression of Notch1 in mature T cells results in lethal adenopathy.  

(A) Representative size of different organs in CD11cCreSatb1flx/flxRosa26N1-ICD mice; mice with CD11cCre-dependent Notch1 (N1-

ICD) overexpression alone (CD11cCreRosa26N1-ICD); and mice with CD11cCre-induced ablation of Satb1 alone 

(CD11cCreSatb1flx/flx); LN, Axillary Lymph Nodes. (B) Survival curve of CD11cCreSatb1flx/flxRosa26N1-ICD mice (n=18); mice with 

CD11cCre-dependent Notch1 overexpression alone (CD11cCreRosa26N1-ICD) (n=12), mice with CD11cCre-dependent Satb1 ablation 

alone (CD11cCreSatb1flx/flx) (n=10), mice without CD11cCre (n=11). Log-rank (Mantel-Cox) test p<0.0001. (C) Weight of 

different organs in CD11cCreSatb1flx/flxRosa26N1-ICD mice (n= 5-3); CD11cCreRosa26N1-ICD mice (n=5-7); CD11cCreSatb1flx/flx mice 

(n=4-5); or mice without Notch1 overexpression or Satb1 ablation (CD11cCre negative) (n=7). One-way ANOVA using multiple 

comparisons Tukey’s test; *p<0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001. (D) Haemotoxylin and Eosin staining of kidneys of 

CD11cCre negative mouse (left) versus CD11cCreSatb1flx/flxRosa26N1-ICD mice (right).
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Figure 6. Satb1 ablation transforms the Notch-dependent expansion of CD8+ T cells into a full-blown CD4+CD8+ T cell 

lymphoma. 
(A) Notch-overexpressing (GFP+) cells in the peripheral blood of 10-week-old CD11cCreSatb1flx/flxRosa26N1-ICD mice are CD56- 

γδTCR-CD3+ T cells. (B) An initial population of (GFP+) CD8+ T cells overexpressing Notch1 is progressively transformed into 

CD4+CD8+ T cells at advanced stages of malignant progression with quantitative representation of CD3+ GFP+ T cells from 

peripheral blood. (C) Progressive accumulation of CD4+CD8+ T cells in the peripheral blood of CD11cCreSatb1flx/flxRosa26N1-ICD 

mice. (D) Progressive expansion of CD8+ T cells, but not CD4+CD8+ malignant lymphocytes, in Notch-overexpressing mice 

without Satb1 ablation. (E) Quantitative representation of progressive accumulation of CD4+CD8+, CD4+, and CD8+ T cells in 

CD11cCreSatb1flx/flxRosa26N1-ICD mice (n=4-12), CD11cCreRosa26N1-ICD (n=4-6), and CD11cCre negative mice (n=6-9). Two-tailed 

Student’s t-tests (b,e); **p≤0.01. 
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Figure 7. Satb1 ablation and Notch activation cooperate to transform post-thymic CD8+ T lymphocytes into skin-homing 

lymphoma cells with phosphorylated Stat5 and cytokine increase. 

(A) Accumulation of CD3+ T cells in skin of 10week-old CD11cCreSatb1flx/flxRosa26N1-ICD mice compared to single genotype 

littermates. Bar, 100µm. (B) Quantitative Representation of Positive Pixel Count (PPC) of CD3+ staining of skin from 

CD11cCreSatb1flx/flxRosa26N1-ICD (n=10), CD11cCreRosa26N1-ICD (n=8), CD11cCreSatb1flx/flx (n=8), and CD11cCre negative mice 

(n=8). One-way ANOVA using multiple comparisons Tukey’s test; ***p≤0.001; ****p≤0.0001. (C) Representative Giemsa 

staining of peripheral blood in the CD11cCreSatb1flx/flxRosa26N1-ICD mice. Bar, 100µm. (D) Western blot analysis of protein 

extracts from GFP+ (Notch1-overexpressing) cells sorted from the bone marrow of CD11cCreSatb1flx/flxRosa26N1-ICD and 

CD11cCreRosa26N1-ICD mice; plus sorted CD8+ T cell splenocytes from wild-type (Cre-) and CD11cCreSatb1flx/flx mice. 

Representative of 2 independent experiments. (E) 2x105 immunopurified CD3+ T cells were stimulated with 0.5 µg/mL PMA and 

1 µg/mL Ionomycin in RMP1 10% FBS for 4 hours at 37oC. Supernatants were diluted 1:40 and IL-2 was quantified by ELISA 

(Biolegend) for from CD11cCreSatb1flx/flxRosa26N1-ICD (n=6), CD11cCreRosa26N1-ICD (n=3), and CD11cCre negative mice (n=3). 

One-way ANOVA using multiple comparisons Tukey’s test; ****p≤0.0001. 
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Figure 8. Immunohistochemistry staining for CD3+ T cell infiltration in mouse skin for CD11cCre model. 
Dermis and epidermis of mice show peripheral staining of CD3 in CD11cCreSatb1flx/flxRosa26N1-ICD (A), CD11cCreRosa26N1-ICD 

(B), CD11cCreSatb1flx/flx (C), and CD11cCre negative (D) genotypes. Scale, 100um.  
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Figure 9. Satb1 ablation and Notch activation cooperate to transform post-thymic CD4+ T lymphocytes into skin-homing 

lymphoma cells. 

(A) Splenomegaly and adenopathy in a CD4CreERT2Satb1flx/flxRosa26N1-ICD mouse 2 months after tamoxifen-mediated activation 

of transgenes. Representative differences in the size of lymph nodes (LNs) and spleens from different 

CD4CreERT2Satb1flx/flxRosa26N1-ICD mice injected with tamoxifen (n=9) versus corn oil (vehicle control) (n=9). (B)  Accumulation 

of CD3+ T cells in the skin of CD4CreERT2Satb1flx/flxRosa26N1-ICD mice, 10 weeks after tamoxifen administration. Bar, 300µm. (C) 

Representative histogram analysis (left) and median fluorescence intensity (MFI, right) of the expression of CCR4 in CD3+CD4+ 

T cells in the peripheral blood of CD4CreERT2Satb1flx/flxRosa26N1-ICD mice, treated with tamoxifen (n=10) versus corn oil (n=10). 

Two-tailed Student’s t-tests; *p<0.05. (D) Representative Giemsa staining of peripheral blood in the same mice. Bar, 50µm. A 

detail of a cerebriform cell is also shown. Bar, 10µm. (E) Expansion of CD4+CD8+CD11b+ T cells in the peripheral blood of 

CD4CreERT2Satb1flx/flxRosa26N1-ICD mice 10 weeks after tamoxifen challenge. (F) Splenomegaly and adenopathy in a 

CD4CreERT2Satb1flx/flxRosa26N1-ICD mouse 2 months after tamoxifen-mediated activation of transgenes. Representative differences 

in the size of lymph nodes (LNs) and spleens from different CD4CreERT2Satb1flx/flxRosa26N1-ICD versus CD4CreERT2 negative mice. 

(G) Survival curve of CD4CreERT2Satb1flx/flxRosa26N1-ICD mice (n=12) versus mice without CD4CreERT2 (n=9). Log-rank (Mantel-

Cox) test; p<0.05.  
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Figure 10. Organ weight and immunohistochemistry staining for CD3+ T cell infiltration in mouse skin for CD4CreERT2 

model. 

(A) Representative photo of liver, kidney, thymus, spleen and inguinal lymph nodes were from CD4CreERT2Satb1flx/flxRosa26N1-ICD, 

CD4CreERT2Rosa26N1-ICD, CD4CreERT2Satb1flx/flx and CD4CreERT2 negative genotypes (2 replicates). (B) Organ weights of liver, 

kidney, thymus, spleen and inguinal, axillary, and bilateral lymph nodes. Peripheral staining of CD3 in 

CD4Ert2CreSatb1flx/flxRosa26N1-ICD was shown in the dermis and epidermis of the mice (C), CD4Ert2CreRosa26N1-ICD (D) 

CD4Ert2CreSatb1flx/flx (E). Scale, 200um. (F) Quantitative Representation of Positive Pixel Count (PPC) of CD3+ staining of skin 

from C, D, and E. (G) Median fluorescence intensity (MFI) of the expression of CCR4 in CD3+CD8+ T cells in the peripheral 

blood of CD4CreERT2Satb1flx/flxRosa26N1-ICD mice treated with tamoxifen versus corn oil.  
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Figure 11. Sézary cells, but not other malignant lymphocytes, consistently exhibit SATB1 down-regulation. 

(A) Expression of SATB1 in the indicated populations of malignant cells in the bone marrow of patients with T-LGL (n=7) or T-

PLL (n=6), compared to SATB1 expression in CD8+ (T-LGL) or CD4+ (T-PLL) T cells activated with CD3/CD28 beads for 48 

hrs. Gated in live CD45+CD3+ CD4+ or CD8+T cells. FMO refers to “fluorescence minus one” (B) SATB1 down-regulation in 

bone marrow Sézary cells (n=3). (C) SATB1 down-regulation in non-activated peripheral blood Sézary cells (n=11) compared to 

normal donor CD4+ T cells. (D) Log transformed fold change values of SATB1 MFI levels of malignant cells over normal CD4+ 

or CD8+ PBMCs for T-LGL CD4+ BM (n=5), T-PLL CD4+ BM (n=7), T-PLL CD8+ BM (n=6), Sézary CD4+ BM (n=3), and 

Sézary CD4+ PBMC (n=11). Two-tailed Student’s t-tests; *p<0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001.   
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Figure 12. Peaks adjacent to SATB1 promoter in HuT78, Jurkat, K562 cell lines for ChIP pulled down for H3K27ac, 

H3K27me3, and H3K9me3 antibodies. 

Peak calling was generated using MACS2 with minimal cut off at nq<0.05 for narrow peaks and nq<0.05, bq<0.01 for broad peaks 

near the TSS of SATB1 gene. Primers for ChIP-PCR analysis represented by their genomic coordinates on chromosome 3.  
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Figure 13. H3K27me3 and H3K9me3 occlude the SATB1 promoter in a Sézary cell line 

(A) Schematic depiction of primer sites for the regulatory and control regions for ChIP-PCR analysis in B and C. (B) Chromatin 

Immunoprecipitation quantified by Real-Time Q-PCR with anti-H3K27me3 (clone#C36B11) (left) or anti-H3K9me3 (ab8898) 

(right) versus the control region (~14kb from promoter) and control IgGs pull downs from HuT78 Sézary cells calculated against 

2.5% input values.  Regions amplified at predicted occupied region ~4.8kb for H3K27me3 and ~5.6kb for H3K9me3 from SATB1 

promoter. Representative of 2 independent experiments. (C) Chromatin Immunoprecipitation quantified by Real-Time Q-PCR 

with anti-H3K9me3 (ab8898) and control IgGs pull downs from HuT78, Jurkat, and RAJI cells lines calculated against 2.5% 

input values.  Regions amplified based on ChIP-seq data for H3K9me3 occupied regions near the SATB1 promoter. (D-G) HuT78 

cells were treated with vehicle or growing concentrations of the EZH2 inhibitor GSK126 for 48 hrs in duplicate for MTT assay 

(D) or SUV39H1 inhibitors Chaetocin (E) and F5446 (F), or the HDAC inhibitor romidepsin (G) in duplicate, and MTT assays 

were used after 72 hrs. Representative of 2 independent experiments. Two-tailed Student’s t-tests (b and c); *p<0.05; **p≤0.01; 

****p≤0.0001.   
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Figure 14. H3K27me3 and H3K9me3 occlude the SATB1 promoter in a Sézary cell line 

(A, B, C) ChIP-PCR experiments on HuT78 cells treated with IC50 values of GSK126 (A), Chaetocin (B), and romidepsin (C) 

pulled down with anti-H3K27me3 (clone#C36B11), anti-H3K9me3 (ab8898), or anti-H3K27ac (Abcam; rabbit clone# ab4729), 

respectively. Representative of 2 independent experiments. (D) RNA was extracted from HuT78 cells identically treated for 

48hrs was reversed-transcribed, and SATB1 mRNA expression was quantified by Q-PCR normalized by human GAPDH mRNA. 

Data pooled from 4 independent experiments are shown. (E) Q-PCR quantification of SATB1 mRNA expression normalized to 

TATA Binding Protein (TBP) mRNA at 72 hrs after treatment with the indicated doses of Chaetocin, F5446, or romidepsin. 

Pooled from 4 independent experiments. (F) Histogram staining for Annexin V staining on HuT78 cells treated with the IC50 

value of Chaetocin, F5446, or romidepsin. Two-tailed Student’s t-tests (a,b,c,d,e); *p<0.05; **p≤0.01; ****p≤0.0001.   
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Figure 15. Categorized Pre-ranked GSEA on HuT78 cell line treated with F5446 and Chaetocin. 

Gene sets with FDR ≥0.05 were grouped into subcategories based on CD4+ T cell function, interferon response, proliferation and 

cellular senescence, methyltransferase activity, histone modification, RNA processing, DNA replication, and nucleosome. 
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Figure 16. Screening epigenetic inhibitors in primary Sézary cells 

(A) CD4+CD26- isolated T cells from peripheral blood apheresis of Sézary patients (n=4) were cultured in R10 media with 

100U/ml of human recombinant IL-2 and treated with increasing doses of SUV39H1/2 inhibitors Chaetocin and F5446 (72hrs) as 

well as romidepsin (72hrs) and GSK126 (48hrs) versus the vehicle control (DMSO) prior to MTT analysis. IC50 values (nM) 

were calculated for each patient sample for the respective treatments 
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Figure 17. H3K9me3 repression of SATB1 in malignant Sézary patient cells. 

(A)  Summary of IC50 values for Chaetocin, F5446, romidepsin, and GSK126 for each malignant sample (n=4). One-way 

ANOVA using multiple comparisons Tukey’s test; *p<0.05; **p≤0.01. (B) RNA was extracted from primary CD4+CD26- cells 

Sézary patient cells were treated with Chaetocin, F5446, romidepsin or vehicle control (DMSO) for 24-36hrs, and SATB1 mRNA 

expression was quantified by Q-PCR normalized by human TBP mRNA. Data pooled from 3 patient samples with 2 independent 

experiments shown (n=6). Two-tailed Student’s t-tests; ****p≤0.0001. (C) Chromatin Immunoprecipitation quantified by Real-

Time Q-PCR with anti-H3K27me3 (clone#C36B11) or control IgG isotype immunoprecipitation from isolated CD4+ T cells from 

peripheral blood of Sézary patients (n=2) calculated against 2.5% input values. Regions amplified at predicted occupied region 

(~4.8kb) SATB1 promoter. Representative of 2 independent experiments. Two-tailed Student’s t-tests; *p<0.05; **p≤0.01; 

***p≤0.001. (D) Similar to (C) except with anti-H3K9me3 (ab8898) at ~5.6kb region versus the control region (n=2). 

Representative of 2 independent experiments. Two-tailed Student’s t-tests; *p<0.05; **p≤0.01; ***p≤0.001. (E) Primary Sézary 

CD4+CD26- cells (n=2) were transduced with retrovirus containing human SATB1 and sorted for GFP+ and GFP- cells. Western 

blot was blotted against human pSTAT5 and STAT5 protein in endogenously SATB1 expressing cells versus ectopically SATB1 

expressing cells (n=2). (F) Primary Sézary cells were labeled with Cell Trace Violet and were serum starved for 24 hours prior to 

stimulation with anti-CD3/CD28 beads and cultured in complete medium with 100U/mL of rhIL-2 for 5 days. Proliferation was 

assessed by Cell Trace Violet Dilution using FACS for cells ectopically (n=2) or endogenously (n=2) expressing SATB1. 

Experiment was performed on 2 replicates per patient (n=4). Two-tailed Student’s t-tests; **p≤0.01.  
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Figure 18. H3K9me3 repression of SATB1 in CD4+ T cells of Sézary patients. 

 (A) CD4+ only isolated T cells from peripheral blood apheresis of 4 Sézary patients were cultured in R10 media with 100U/ml of 

human recombinant IL-2 and treated with increasing doses of SUV39H1/2 inhibitors Chaetocin and F5446 (72hrs) as well as 

GSK126 (48hrs) and romidepsin (72hrs) versus vehicle control (DMSO) prior to MTT analysis. IC50 values (nM) were 

calculated for each patient sample for the respective treatments. (B) Chromatin Immunoprecipitation quantified by Real-Time Q-

PCR with anti-H3K27me3 (clone#C36B11) or control IgGs pull downs from isolated CD4+ T cells from peripheral blood of 

Sézary patients calculated against 2.5% input values. Regions amplified at predicted occupied region (~4.8kb) SATB1 promoter 

(C) Similar to (B) except with anti-H3K9me3 (ab8898) at ~5.6kb region versus the control region. 
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Figure 19. Summary of epigenetic mechanism silencing SATB1 expression in Sézary cells 

The region upstream of SATB1 is populated by regulatory regions which host sites which are deacetylated by HDACs or 

trimethylated EZH2 or SUV39H1/2 which are inhibited by romidepsin, GSK126, chaeoticn, or F5446, respectfully. The 

inhibition of these histone modifications results in the change in chromatin conformation and allows for the restoration of SATB1 

expression in malignant cells.  
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CHAPTER THREE: PATHOGENIC MECHANISMS DRIVING CUTANEOUS T CELL 

LYMPHOMA 

 

Introduction 

Peripheral T cell lymphomas (PTCL) account for about 12% of lymphoid tumors 

worldwide (111). Among them, Cutaneous T cell Lymphoma (CTCL) CTCL represents a 

heterogeneous group of diseases characterized by a cutaneous infiltration of malignant T cells. 

There are no curative therapies available for these diseases, due in part to limited understanding 

of the origin and pathogenesis of the disease.  

The most common forms of CTCL are Mycosis Fungoides (MF) and its leukemic variant, 

Sézary syndrome, which have an annual incidence of about 0.5 per 100,000 (150). The 

similarities and differences in the molecular alterations driving these heterogeneous diseases 

remain poorly understood. Thus, while many mutations in common oncodrivers are found in 

both MF and Sézary syndrome (151), recent studies have also identified differences in structural 

variants and deletions in tumor suppressor genes, which are much more common in the leukemic 

variant of the disease (151). For instance, recent studies have suggested a role for mutations in 

known suppressor genes, oncogenes and epigenetic modifiers in Sézary syndrome, including 

TP53, ARID1A, CDKN2A, RB1, PTEN, PLCG1, ZEB1, DNMT3A and the JAK-STAT pathway 

(114, 129, 151, 152). Some authors have speculated that Sézary syndrome could evolve from 

mycosis fungoides (153), while other studies have pointed to a different cell of origin for these 

diseases, based on differential expression of markers of antigen experience. Based on new 
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evidence on phenotypic heterogeneity among malignant cells in both variants of CTCL, the field 

has recently evolved to the prevailing view that different functional states and the magnitude of 

genetic alterations, rather than different cells of origin, determine the manifestation of CTCL in 

the form of MF vs. Sézary syndrome (154). 

T cells egress from the thymus after selection and acquisition of TCRs from migrating 

lymphoid precursors. Although age-related regression of the thymus is associated with a decline 

in T cell output, there are T cells with hallmarks of recent thymic egression in individuals in mid-

80s (155). The mechanism of initiation of CTCL also remains elusive (156), recent studies found 

significant heterogeneity in the TCR repertoire of CTCL malignant cells, suggesting that 

malignant transformation could take place during early T cell development (157). This would 

help explaining why up to 7% of Sézary syndrome patients show concomitant T cell large 

granular lymphocytic proliferation in the periphery, which is paradoxically associated with 

favorable prognosis (158). 

To gain insight into the pathogenesis of CTCL, here we aimed to define the origin of 

CTCL, as well as differences and similarities between MF and Sézary cells. Our results point to 

heavily altered hematopoiesis in CTCL patients. Malignant T cells sharing mutations in 

oncodrivers with hematopoietic stem cells (HSCs) egress from the thymus with multiple TCRs 

as premalignant lymphocytes, which complete their malignant transformation in the periphery, 

expanding into heterogeneous clonotypes and phenotypes. These results have obvious 

implications for future therapies designed to prevent CTCL recurrence after temporary 

remission, due to replenishment of peripheral malignant cells from HSCs. 
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Results 

Different stem-like/tumor-initiating cells and differentiation trajectories in Sézary syndrome 

versus Mycosis fungoides  

To identify CTCL-initiating cells, we first performed single-cell RNA sequencing, 

coupled to TCR V-D-J sequencing, after enriching CD4+ T cells followed by either CD7 or 

CD26 depletion from patient aphaeresis from Sézary syndrome (n=4) and Mycosis fungoides 

(n=3) (Figure 20A and B). Analysis revealed that multiple clusters (Sézary stem cell, MF stem 

cell, Transition, MF effector, Proliferation, Mitochondrial Activity, and Treg) emerged from 

gene expression analysis when comparing the two diseases (Figure 20C). Interestingly, we found 

phenotypically distinct stem/tumor-initiating cells for both diseases. Compared to the MF cell 

cluster with hallmarks of stemness, Sézary-initiating (stem-like) cells showed higher expression 

of AP-1 associated genes JUN, JUNB, and FOS as well as CXCR4 (Figure 20D).  In contrast, 

Mycosis fungoides patients possessed their own specific stem cell-like/tumor-initiating cluster 

with differentially expressed genes compared to the Sézary stem cell-like cluster (Figure 20D).  

Tumor-initiating cells in both diseases differentiate into transitional populations with comparable 

transcriptional profiles, characterized by decreased co-expression of stem cell-like genes TCF7, 

IL7R, CD27 and acquisition of the activation markers CD69, LAG3, and PDCD1 as well as 

CXCL13 (Figure 21A). However, only Sézary cells turn into populations sharing the same TCR 

and attributes of increased mitochondrial activity (MT-ATP6, MT-CO1, MT-CYB, MT-ND1), or 

Treg cells (FOXP3). In addition, Sézary cell clonotypes progressively acquired a distinctive 

proliferative phenotype, characterized by expression of cell cycle genes MKI67, CDK1, CCNA2, 

CDCA2; upregulation of RUNX3, ITGAL, and ITGB2; and downregulation of the stem cell 

marker TCF7 and the memory cell marker CD27 (Figure 21A). In contrast, MF cells 
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differentiated into a distinctive phenotype with features of effector activity including the 

expression of IFNG, GZMB, and PRF1 (Figure 21B). Therefore, Sézary syndrome and MF 

originate from phenotypically different cell types, which differentiate into expanded peripheral 

malignant cells with very distinct molecular attributes. 

 

Sézary syndrome and Mycosis fungoides are also different in terms of clonality and transcription 

factors driving malignant phenotypes  

Importantly, single cell ATAC-seq of the 4 Sézary syndrome patients (SS1-SS4) and one 

mycosis fungoides patient (MF3), confirmed that open or closed chromatin regions match 

expression patterns identified through single cell RNA-seq (Figure 22A). Furthermore, single 

cell ATAC-seq revealed highly increased open chromatin peaks for the ZEB1 transcription 

factor, previously associated with tumor suppressor activity in Sézary syndrome (159), 

specifically in stem/tumor-initiating cells (Figure 22B). RUNX3 and STAT1::STAT2 binding 

were high in the MF effector population and low in the differentiated SS proliferative population 

(Figure 22B). Other transcription factors and genomic organizers previously associated with the 

pathophysiology of CTCL also showed distinctive (and matching) transcriptional and chromatin 

structure profiles (Figure 22C).  

Most importantly, we observed different clonality between MF and Sézary syndrome. 

Thus, while malignant cells in both diseases showed a diverse range of clonotypes, MF cells 

exhibit much broader TCR repertoires, compared to Sézary cells, which correspondingly exhibit 

larger clones (Figure 23A). Enriched clonotypes in MF samples were contained in the MF 

effector group (Figure 23B, Figure 24A and D). In contrast, Sézary clonotypes were more 

equally distributed across stem-like/tumor-initiating populations and more differentiated 
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populations, including the distinct proliferative subset (Figure 23B, Figure 24B and 3C). The 

absence of clonal enrichment in Sézary syndrome, compared to MF, suggests that the former 

disease progresses independently of antigen stimulation, while MF could evolve through the 

expansion of specific clonotypes that recognize skin antigen. Furthermore, both diseases are 

driven by the expression of a distinctive pattern of transcription factors, further underscoring 

differences in the pathophysiology of both diseases.     

 

Heavily mutated hematopoietic progenitors share mutations in key oncodrivers with malignant 

Sézary cells in all patients analyzed, but not their normal T cell counterparts in some patients 

The presence of malignant cells with multiple TCRs in CTCL, in addition to the 

maintenance of a relatively uniform repertoire of clonotypes in Sézary syndrome, suggests that at 

least Sézary cells could arise from hematopoietic progenitors with malignant potential that 

acquire TCR expression in the thymus.  

To test this hypothesis, we conducted whole exome sequencing on CD34+ hematopoietic 

stem cells (HSC) extracted from bone marrow biopsies from 5 different patients with Sézary 

syndrome, as well as autologous (CD4+CD26-) malignant T cells, normal (CD4+CD26+) T cells, 

and CD34+ HSC cells from the aphaeresis of the same patients. To establish the baseline for 

calling true mutations without using hematopoietic cells, we cultured bone marrow fibroblasts. 

Unexpectedly, we found 200 mutations or more in HSCs derived from either the bone marrow or 

peripheral blood in 4 out of 5 patients (Figure 25A-E). Given that previous studies in patients 

with chronic myelomonocytic leukemia of similar age identified not more than 10-15 mutations 

per exome in HSCs (8, 160), these results suggest that patients with Sézary syndrome have an 

unusually heavy mutational burden in hematopoietic precursors. Most importantly, some of these 
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mutated genes have been previously identified as key oncodrivers in Sézary syndrome. For 

instance, different mutations in the coding region of TP53 (114, 161, 162) were present in 

autologous HSCs and peripheral Sézary cells in 2 patients, while a third patient showed a shared 

mutation in the non-coding region of TP53 (Table 7). In addition, another patient showed 

different mutations in the known oncodriver ARID1A (152, 161) shared between HSCs and 

peripheral malignant cells, while a shared mutation in the TNK2 tyrosine kinase gene, previously 

identified in AML and multiple other malignancies (163), was identified in a fourth patient 

(Table 7).  

Of note, we identified specific mutations present in HSCs and malignant peripheral cells 

in every patient, ranging from 2 to 183 shared mutations (Appendix A).  Interestingly, in 2 out of 

5 patients we found multiple mutations only shared between malignant cells and HSCs, which 

were absent in autologous normal (CD26+) T cells (Appendix A), suggesting that malignant and 

normal lymphocytes in these patients arose from different hematopoietic precursors. 

Additionally, the variant allele frequency (Figure 25A-E) of these mutations in the HSCs 

suggests there is a highly heterogenous population of progenitor cells in the bone marrow. 

Considering the high number of mutations shared between malignant T cells and HSCs 

(including in oncodrivers), the diversity of TCRs in malignant cells, and the absence of clonal 

enrichment as tumor-initiating cells differentiate and expand in the periphery, these results 

indicate that specific pre-thymic clones of mutated T cell precursors with malignant potential 

acquire multiple TCRs in the thymus, and mature and complete the malignant transformation 

process independently of antigen recognition post thymic selection.   
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Sézary cells show hallmarks of recent thymic egression, but not response to skin antigens 

Thymic activity greatly decreases with age, while the majority of Sézary patients are 

older. To gain insight into thymic activity in patients with Sézary syndrome, we first quantified 

signal joint T cell receptor rearrangement excision circles (sjTRECs) from CD4+ T cells from 

peripheral blood of patient samples and compared it to age-matched normal donors. We found 

that sjTREC signal is retained in Sézary cells as well as in T cells from healthy donors, but not in 

TCR- hematopoietic cells (n=5) (Figure 26A). To investigate how T cells with malignant 

potential egressing from the thymus complete their malignant transformation in the periphery, 

we investigated whether Sézary cells could react to skin antigens. For that purpose, we procured 

malignant CD26- T cells from the blood from three Sézary syndrome patients and allogenic skin 

biopsies, produced lysates, and used them to pulse autologous antigen presenting cells (APCs). 

As shown in Figure 26C, we did not observe any increase in proliferation or IL-4 cytokine 

production in Sézary cells in three independent experiments. Identical results were obtained 

when autologous APCs were pulsed with lysates from cultured keratinocytes (MHC class II 

expressing cells from skin) (Figure 26B). Together, these results support that T cells with 

malignant potential acquire TCRs in the thymus and complete their malignant transformation 

through different process in Sézary syndrome versus MF. 

 

Discussion 

We report that, although Sézary and MF tumor-initiating cells with features of stemness 

have distinct phenotypes, they differentiate into diverse lymphocytes subsets as they expand, 

supporting that plasticity and heterogeneity, rather than a fundamentally different cell of origin, 

explains phenotypic differences between both diseases. Our results support the recent 
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questioning of the principle of "cell-of-origin" distinction between Sézary syndrome and MF and 

suggest that different functional states driving phenotypic changes in malignant cells, as 

previously proposed (154, 164), drive dissimilar evolution in CTCL patients. However, we found 

that TCR repertoires are maintained in Sézary differentiated cells as they expand from tumor-

initiating cells with features of stemness, while MF cells get clonally enriched. Accordingly, MF 

cells, but not Sézary cells, reacted against skin antigens from CTCL patients, illustrating a new 

difference in the pathophysiology of these diseases. Overall, despite transcriptional differences 

between tumor-initiating cells in Sézary syndrome vs. MF, our results support that genomic 

alterations in the precursors that arrive to the thymus, along with the repertoire of TCRs that 

these cells acquire, could be the major determinants in the evolution of CTCL into MF or Sézary 

syndrome. 

A major finding of our study is that HSCs in at least Sézary syndrome patients share 

multiple mutations with malignant cells, including some in the coding region of known 

oncodrivers such as TP53 and ARID1A. These results, together with the presence of multiple 

TCRs in peripheral malignant cells, plus expression of sjTREC sequences in Sézary cells, can 

only be interpreted in terms of a mutated lymphocyte progenitor with malignant potential that 

acquires TCRs in a thymus with residual activity and has the capacity to expand in the periphery 

without enrichment of a particular clonotype. Since normal T cells in some patients (but not in 

others) share some of the mutations of HSCs and Sézary cells, these results imply that their 

malignant transformation could be completed in the periphery through expansion and 

differentiation, although this clearly does not happen in response to skin antigens in Sézary 

syndrome, unlike MF. Unexpectedly, we found >200 mutations in HSCs of most patients with 

Sézary syndrome, which is way above the less than 20 mutations per exome typically found even 
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in patients with myelodysplasia (165), suggesting major alterations in hematopoiesis in these 

patients. This could help understanding the propensity of developing other T cell disorders in 

CTCL patients, and in particular large granular lymphocytic proliferation (T-LGL) in peripheral 

blood (158, 166). Whether concurrent Sézary syndrome and T-LGL is driven by similar defects 

in HSCs differentiating into CD4+ vs. CD8+ T cells in the thymus needs to be tested in future 

studies. 

A lingering question that remains unanswered is one of the 5 patients analyzed only 

showed 2 mutations shared between HSCs and Sézary cells; both of them in non-coding areas. A 

possible explanation is that the pathogenesis of CTCL could be driven in some cases by 

epigenetic alterations that are independent of mutations (i.e., gene silencing). Future 

transcriptional and ATAC-seq studies will confirm this proposition. 

Overall, our results identify altered hematopoietic progenitors as the likely origin of Sézary 

syndrome and identify important similarities and differences between the pathophysiology of the 

different manifestations of CTCL, which has obvious implications for future therapeutic 

interventions. It is tempting to speculate, for instance, that thymectomy could prevent malignant 

lymphocytes emerging from the thymus from replenishing the periphery after treatment. Whether 

lymphocyte progenitors would show their malignant potential through alternative differentiation 

into malignant B cells, for instance, would need to be clinically addressed, but targeting the bone 

marrow emerges as a requirement for findings curative interventions for CTCL patients. 
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Materials and Methods 

Human Samples 

De-identified human peripheral blood samples and bone marrow aspirates were procured 

under a protocol approved by Moffitt’s Scientific Review Committee. Cells were thawed in 

complete RPMI (10% heat-inactivated Fetal Bovine Serum, 0.5 mM Sodium Pyruvate (Gibco, 

11360070), 2 mM L-glutamine (Sigma, G7513), 100 I.U/mL Penicillin, 100 ug/mL Streptomycin 

(Lonza, 17-602E). CD4+CD7+/CD26+ and CD4+CD7-/CD26- cells were isolated with EasySep™ 

Human CD4+ T cell Isolation Kit (STEM CELL, 17952) and EasySep™ Release Human PE 

Positive Selection Kit (STEM CELL, 17654) from peripheral blood of Sézary syndrome and 

mycosis fungoides patients. Human HSC CD34+ cells from bone marrow aspirates using Human 

CD34 MicroBead Kit UltraPure kit (Miltenyi, 130-100-453) following manufacturing 

instructions. Removal for CD45+ cells for enrichment of human fibroblast from bone marrow 

aspirates was done using EasySep™ Human CD45 Depletion Kit II (STEM CELL, 17898). 

Primary bone marrow fibroblasts were grown in Fibroblast Growth Medium 2 (PromoCell, C-

23020) according to manufacturing instructions.  Human normal primary epidermal 

keratinocytes (ATCC, PCS-200-011) were grown according to manufacturing instructions using 

Dermal Cell Basal Medium (ATCC, PCS-200-030) supplemented with the Keratinocyte Growth 

Kit (ATCC, PCS-200-040).  

 

Antibodies and Flow Cytometry 

We used the following anti-human antibodies from Biolegend; CD26 (Clone BA57), 

CD69 (Clone FN50), and CD4 (Clone OKT4). Human γ-globulin (Sigma, G4386) was used for 

Fc Receptor blockade. Staining included Zombie NIR (Biolegend, 423105) was used as viability 
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probe for all samples. For Flow Cytometry, all samples were run on a LSRII (BD) and sorted 

using a FACSAria SORP. Data were analyzed using FlowJo v10 software.  

 

Cell Trace Violet Assays 

Cell Trace Assays were performed using CellTraceTM Violet (Invitrogen, C34571) 

following manufacture’s recommendations with 5uM stock concentration resuspended in DMSO 

starting with 106cell/mL cell concentration in sterile PBS. Cells were incubated at 37℃ for 20 

minutes protected from light. Reaction was quenched using complete cell culture medium 5 

times the reaction volume and incubated for 5 minutes, spun for 5 minutes 4℃ at 1500rpm, and 

resuspended at cell concentration of 106 cells/ml in fresh warm media and cultured for 5-7 days 

prior to FACs analysis.  

 

Antigen Presentation 

Antigen presenting cells were isolated by depleting T cells from autologous PBMCs from 

aphaeresis samples using EasySep™ Release Human CD3 Positive Selection Kit (STEM CELL, 

17751). T cell-depleted PBMCs were cultured for 4 days with human 160 ng/mL IL-4 

(PeproTech, 200-04) and 80 ng/mL GM-CSF (PeproTech, 500-P33) in complete medium added 

on days 0 and 3. Malignant Sézary/MF (i.e., CD7- or CD26-) T cells were isolated from PBMCs 

as previously mentioned. Lysates were generated from skin biopsies or human normal primary 

epidermal keratinocytes (ATCC, PCS-200-011) using ten successive cycles of freezing and 

thawing with 10ul of PBS. Lysates were centrifuged at 300g for 10 min at 4°C to remove 

particulate debris. Supernatant were collected and protein concentration was measuring using 

Pierce™ BCA protein assay kit (ThermoScientific, 23225). In triplicate, plate T cell-depleted 
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PBMCs from at ~10,000-50,000/100 uL. Lysates were added to T cell-depleted aphaeresis at a 

final concentration of 12μg/100 uL. Malignant T cells were mixed with skin/control tissue-

pulsed autologous PBMCs (1:10). After approximately 20 hours, supernatant was collected, and 

ELISA were performed using ELISA MAX™ standard set kits for human IFN-y (Biolegend, 

430101) and IL-4 (Biolegend, 430301) following manufacturer’s protocol to assess cytokine 

concentration.  

 

10x RNA, VDJ, and ATAC sequencing 

Previously described isolated cells using EasySep™ kits were resuspended in 

recommended 1,000 cells per ul concentration in PBS with 0.04% w/v BSA prior to library prep. 

The target cell number for encapsulation was 6,000-10,000 cells for single cell RNA sequencing 

and VDJ sequencing. Libraries were prepared using Chromium Single Cell 5’ and V(D)J 

Enrichment Reagent Kits (v1.1 Chemistry) (10X Genomics, Inc., Pleasanton, CA) following 

manufacturer’s instructions and run on NextSeq 500 150 cycles (26bp x 90bp). Read depth was 

approximately 40,000 reads for RNA sequencing and 5,000 reads for VDJ sequencing per 

sample. Cells were prepared as previously described. Target nuclei number for encapsulation 

was 6,000 to 10,000 cells for single cell ATAC sequencing.  Libraries were prepared with 

Chromium Single Cell ATAC Reagent kit (v1.1 Chemistry) (10X Genomics, Inc., Pleasanton, 

CA) and run on NextSeq 500 150 cycles (50bp x 50bp). Read depth was approximately 25,000 

reads per sample.  
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Single-cell RNA-seq data processing, filtering, batch effect correction, and clustering 

Raw sequencing reads from scRNA-seq were processed using Cell Ranger (v6.1, 10X 

Genomics) and aligned against GRCh38 human transcriptome. Gene-barcodes matrices 

containing only barcodes with UMI counts passing threshold were imported to Seurat (167) for 

further analysis. Genes detected in less than 3 cells were excluded; cells with less than 200 genes 

detected or greater than 10% mitochondrial UMIs were filtered out. Doublets were detected 

using Scrublet (168), DoubletFinder (169), scDblFinder (170), and doubletCells implemented in 

scran (171), assuming 0.08% doublet rate for every 1000 sequenced cells. Cells identified as 

doublets by at least two algorithms were removed from further analysis. Raw UMI counts were 

log normalized and the top 5000 variable genes were identified using “vst” method implemented 

in the FindVaribleFeatures function in Seurat. T cell receptor and immunoglobulin genes were 

removed from the variable genes to prevent clustering based on V(D)J transcripts. S and G2/M 

cell cycle phase scores were assigned to cells using CellCycleScoring function.  

To further remove batch effects, individual samples were integrated using 

FindIntegrationAnchors and IntegrateData functions (172) with 8000 anchor genes and 40 

dimensions of canonical correlation analysis (CCA). Integrated data were further scaled using 

ScaleData function by regressing against total reads count, % of mitochondrial UMIs, and cell 

cycle phase scores. A shared nearest neighbor (SNN) based graph was constructed using top 40 

principal components, and clusters were identified using the Louvain algorithm using 

FindCluster function at resolution=1. UMAP projections were generated by RunUMAP function 

and used for all visualization.  
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Differential gene expression analysis, cluster annotation, and trajectory analysis 

Differential expression analysis comparing each cluster verse all others was performed 

using FindAllMarkers function in Seurat with default setting. Genes with log2(fold-

change)>0.25 and Bonferroni-corrected p-value <0.05 were considered differentially expressed. 

Clusters were annotated by comparing differential genes to markers previously associated with T 

cell stemness/memory, effector activity, proliferation, and exhaustion/dysfunction. Clusters were 

further merged into major group based on annotation for further analysis. Marker genes 

expression was visualized on UMAP project or by violin plot using log-normalized UMI counts. 

Bubble plot was used to visualize z-score normalized average expression and percentage of 

expressing cells per cluster or per major group.  

 

Trajectory analysis 

Differentiation trajectory was constructed using a partition-based graph abstraction 

(PAGA) algorithm (173) implemented in R package Scanpy (174). A UMAP dimensionality 

reduction was performed on batch effects corrected CCA extracted from Seurat and a kNN-like 

graph at the major group level was constructed using the default settings. All high-connectivity 

edges with weights higher than 0.1 were drawn on the graph. 

 

Single-cell 10X VDJ analysis 

TCR reads sequenced by 10X V(D)J assay were aligned to human GRCh38 reference 

transcriptome using Cell Ranger VDJ (v6.1, 10X Genomics) to assemble the single TRC chains. 

Only the assembled chains that were highly confident, of full-length, and productive were kept. 

Cells with the same amino acid sequences of the CDR3 regions and V(D)J genes for both TRA 
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and TRB chains were considered originated from the same clone. These cells were further 

assigned to major groups based on annotation of the paired single-cell RNA assay. Trajectory of 

the top clonotypes were visualized on UMAP projected generated from paired RNA assay.  

 

Single-cell ATAC-seq data processing, filtering, batch effect correction and clustering 

Raw sequencing reads generated from 10X ATAC assay were processed by cellranger-

atac workflow in Cell Ranger (v6.1, 10X Genomics) with default settings to generate mapping 

and chromatin accessibility. The mapping and chromatin accessibility data were imported to R 

package Signac v1.3.0 (175) for downstream analysis. Low-quality cells with < 3,000 or > 

20,000 fragments in peaks, < 15% fraction of fragments in peaks, > 4 ratio of mononucleosomal 

to nucleosome-free fragments, or < 2 transcriptional start site (TSS) enrichment score were 

filtered out. A latent semantic indexing (LSI) dimension reduction was performed on the filtered 

cells. First, peak data were normalized by the frequency-inverse document frequency (TF-IDF) 

method using RunTFIDF function in Signac to correct for different sequencing depth across cells 

and the different rareness level across peaks. The variable features were selected from peaks 

present in > 20 cells using FindTopVariable function. Next, a singular value decomposition 

(SVD) dimension reduction was performed on the TF-IDF matrix using the selected peaks 

followed by Harmony batch correction method implemented in R package harmony (176). A 

shared nearest neighbor (SNN) based graph was constructed using first 40 reduced dimensions, 

and clusters were identified using the Louvain algorithm using FindCluster function in Seurat at 

resolution=0.8. UMAP projection was generated using the first 40 reduced dimensions and used 

for visualization.  
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Gene activity scores and cluster annotation 

It has been shown that gene expression is often correlated with chromatin accessibility at 

the gene body, promoter, and distal regulatory elements (177, 178).  Therefore, we quantify the 

gene activity by counting reads mapped to gene body and promoter regions (extended 2kb 

upstream from gene coordinates) using GeneActivity function in Signac, and further log-

normalized the counts using NormalizeData function in Seurat with default settings. Differential 

expression analysis was performed on the normalized gene activity scores for each cluster 

identified from variable peaks. Genes with Bonferroni-corrected p-value < 0.05 and an average 

log2(fold change) > 0.25 were considered differentially expressed and were visualized by R 

package ComplexHeatmap v2.7.8 (179). Clusters were annotated by comparing the differential 

genes to the same makers used in single-cell RNA-seq cell annotation. The clusters were further 

grouped into major groups based on their annotations.  

Identification of group-specific peaks and TF motifsene activity scores and cluster annotation 

The differential accessible peaks between major groups were identified by logistic 

regression corrected for differences in sequencing depth across peaks. Peak regions with 

Bonferroni-corrected p-value < 0.05, log2(fold change) > 0.25, and at least 5% cells accessible at 

the region were considered differentially accessible and group-specific. These differentially 

accessible regions were further annotated to their closet genes by ClosestFeature function in 

Signac.  

We next investigated the different transcription factor motifs enriched in accessible 

regions of each major group. Frist, human motif position frequency matrices were retrieved from 

JASPAR database using R packages JASPAR2020 v0.99 and BSgenome.Hsapiens.UCSC.hg38 

v1.4.3, and getMatrixSet function in R package TFBStools v1.31.2. Then a hypergeometric test 
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for motif enrichment was performed for each group using FindMotifs function in Signac by 

considering GC content in the group-specific peaks. The enrichment scores were calculated as 

−𝑙𝑜𝑔10(Benjamini– Hochberg corrected p-value) and visualized by R package ComplexHeatmap 

v2.7.8.  

Whole Exome Sequencing  

Following the collection of patients’ cells, genomic DNA was extracted using the 

QIAgen QIAamp DNA Blood Mini Kit following the manufacturer’s protocol (Qiagen, 51104), 

and the DNA’s quality was assessed using the Agilent Tapestation (Agilent Technologies, Inc., 

Santa Clara, CA). Two hundred ng of DNA was used as input to generate whole-exome 

sequencing libraries using the Agilent SureSelect XT Clinical Research Exome kit. (Agilent 

Technologies, Inc., Santa Clara, CA). Briefly, genomic DNA libraries were constructed 

according to the manufacturer’s protocol and the size and quality of the library was evaluated 

using the Agilent BioAnalyzer (Agilent Technologies, Inc., Santa Clara, CA).  Equimolar 

amounts of library DNA were used for a whole-exome enrichment using the Agilent capture 

baits, and final libraries were screened on an Agilent TapeStation (Agilent Technologies, Inc., 

Santa Clara, CA) and quantitated by qPCR with the Kapa Library Quantification Kit (Roche 

Diagnostics, U.S., Indianapolis, IN).  An average of 100 million 75-base paired-end reads per 

sample were generated using v2 chemistry on an Illumina NextSeq 500 sequencer to achieve an 

average sequencing depth of 140X.  

 

Identification of somatic mutations  

Somatic mutations were identified from whole exome sequencing of matched tumor and 

normal samples following the strategies described in TCGA’s Multi-Center Mutation Calling in 
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Multiple Cancers project (MC3 project) (180). Short reads were aligned to human reference 

genome GRCh38 using the Burrows-Wheeler Aligner (BWA (181)) and then improved by base 

quality score recalibration, sequence realignment near indels, and duplicate read removal using 

the Genome Analysis Tool Kit version 4 (GATK (182)) and Picard. SAMSTAT (183) and Picard 

were used for quality checking of the aligned BAM files. Somatic mutations were further 

detected from the recalibrated bam using a combination of Mutect2 (183), SomaticSniper (184), 

MuSe (185), FreeBayes (186), Pindel (187), and Strelka (188) with the default settings. 

Mutations with reported variant allele frequency > 0.01 in external databases including 1000 

Genomes Project (189), NHLBI Exome Sequence Project (ESP) and the Exome Aggregation 

Consortium (ExAC) (190) were considered germline inherited variations and removed from 

further analysis. Only point mutations and indels predicted by at least two algorithms were 

included for subsequent analysis. Additional annotation were added from COSMIC (191), ExAC 

(190) , dbGAP (192), and Ensembl (193) using ANNOVAR (194). The identified somatic 

mutations were further analyzed and visualized using R packages Maftools (195) and UpSetR 

(196).  

 

Molecular Cloning 

Genomic DNA isolated from CD4+ T cells from normal donor was used to amplify 

sjTREC and TRCAC sequencing using primers described in Table 8. Fragments were run on a 

1.2% agarose gel and purified using Wizard SV Gel and PCR Clean-Up System (Promega, 

A9282). Fragments were cloned using Zero Blunt™ TOPO™ PCR Cloning Kit (Invitrogen, 

K280020) into vector pCR™Blunt II-TOPO® vector. Colonies were grown in LB Broth, Lennox 

(BD, 240230) with BD Bacto™ Dehydrated Agar (BD, DF0140-15-4) with 50ug/mL 
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Kanamycin (Gibco, 11815-032) and isolated with QIAGEN Plasmid Maxi kit (QIAGEN, 

12163).  

 

Q-PCR 

Real Time PCR amplification was carried out using Sybr Green on a 7500 Fast Real-

Time PCR system (Applied Biosystem). The average of three independent analyses for gene and 

sample was calculated using the ΔΔ threshold cycle (Ct) method and TREC was normalized to 

the endogenous reference control gene TRCAC. Primers used for quantification are described in 

Table 9. Standard curves were generated from linearized pCR™Blunt II-TOPO® vector with 

restriction enzyme XhoI (New England Biolabs, R0146S) and clean up with QIAquick® PCR 

Purification Kit (QIAGEN, 28106). Serial dilutions were performed in DEPC-treated Water 

(Thermo Scientific, R0601).  

 

Study approval 

Study conformed to approvals granted by Moffitt’s research regulatory committees, 

including IRB approvals MCC 50312, MCC 20403, MCC 19672 and MCC 20032. MCC 50312, 

MCC 20403, and MCC 20032 for Sézary syndrome and mycosis fungoides peripheral blood 

samples were acquired with informed written consent protocol MCC 14690.  MCC 19672 for 

peripheral blood and skin biopsies were acquired with informed written consent protocol MCC 

14690. 
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Table 7. Summary of repeated overlapping mutations across SS patients 

Hugo 

Symbol 

Patient 1 Patient 3 Patient 4 Patient 5 

MAP6 
  

c.C1739T p.P580L c.C408A p.S136R 
  

PKD2 
  

c.C2384T p.S795F c.C2395T p.P799S 
  

UNC80* 
  

c.C5415T p.S1805S 
  

c.T7519A p.C2507S 

TP53* 
  

+ 
 

c.G42A p.W14X c.262delT p.Y88fs 

GLI2 
  

+ 
   

c.C1506T p.P502P 

SCN2A 
  

+ 
   

c.G1492A p.E498K 

TNK2* + 
     

+ 
 

FBN1 
  

+ 
   

+ 
 

CATSPERE 
  

+ 
 

+ 
   

JPH3 
  

+ 
 

+ 
   

WDFY4 
  

+ 
 

+ 
   

RP1 
    

+ 
 

+ 
 

LAMA1 
    

+ 
 

+ 
 

CADPS 
    

+ 
 

+ 
 

ARID1A*   c.C6382T p.Q2128X     

ARID1A*   c.C6381T p.I2127I     

ARID1B*     c.C2722T p.P908S   
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Table 8. Primers for cloning of Human sjTREC and TCRAC sequences 

Primer ID Sequence 

TREC F 5’-AAAGAGGGCAGCCCTCTCCAAGGC-3’ 

TREC R 5’-GGCTGATCTTGTCTGACATTTGC-3’ 

TCRAC- Spel F 5’-GACTAGTATGAGACCGTGACTTGCCAG-3’ 

TCRAC- Spel R 5’-GACTAGTGCTGTTGTTGAAGGCGTTTGC-3’ 
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Table 9. RT-qPCR primers for amplification of sjTRAC and TRCAC sequences 

Primer ID  Sequence 

TREC qPCR F 5’-CACATCCCTTTCAACCATGCT-3’ 

TREC qPCR R 5’-TGCAGGTGCCTATGCATCA-3’ 

TCRAC qPCR F 5’-TGGCCTAACCCTGATCCTCTT-3’ 

TCRAC qPCR R 5’-GGATTTAGAGTCTCTCAGCTGGTACAC-3’ 
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Figure 20: Gene expression patterns in Sézary syndrome and Mycosis fungoides 

(A) UMAP of combined analysis of single cell RNA-seq from CD4+CD26- isolated T cells from peripheral blood of Sézary 

syndrome patients SS1-SS4 (n=4) and mycosis fungoides patients MF1-MF3 (n=3) by cluster (n=20) (above) and by group (n=7) 

(below). (B) UMAP plots of each individual sample and occupation of cells in each cluster (C) Connection analysis to estimate 

the relationship between groups with direct connects linked by solid lines. (D) Heat map of most significantly differentially 

expressed genes in the MF stem cell cluster and the SS stem cell cluster.  
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Figure 21. Gene expression and open chromatin patterns in Sézary syndrome and Mycosis fungoides 

Bubble plot of single cell ATAC-seq open chromatin regions and single cell RNA-seq gene expression patterns across 

phenotypes (Stem-like, Effector, Exhaustion, Proliferation, Mitochondria, Cell Cycle, and Treg) in Sézary syndrome (A) and 

Mycosis fungoides (B).  
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Figure 22: Chromatin conformation patterns in Sézary syndrome and Mycosis fungoides 

(A) UMAP plot of single cell ATAC-seq from CD4+CD26- isolated T cells from peripheral blood of Sézary syndrome patients 

SS1-SS4 (n=4) and mycosis fungoides patients MF3 (n=1) by group (n=6). (B) Heat map of predicted transcription factor binding 

sites based on open chromatin regions from SS1-SS4 and MF3. (C) Violin plots of notable CTCL genes in RNA-seq (above) and 

ATAC-seq (below) datasets by group.  
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Figure 23: TCR clonality patterns in Sézary syndrome and Mycosis fungoides  

(A) Quantification of clones, cells, and clone size in each sample for MF (MF1-MF3) and SS (SS1-SS4) from single cell RNA-

seq and VDJ-seq. (B) Pie charts for the percentage of cells in each group representing their clone size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

85 

 
Figure 24. Clonality distributed across distinct SS and MF groups 

UMAP representing the top clone for each sample and the distribution of the clone in each group in MF samples (A) and Sézary 

samples (B). Bubble plot of top clones in each sample measuring the abundance of each clonotype per group by adjusting for 

number of cells per group in MF (C) and SS (D). 
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Figure 25. Somatic mutations overlapping in hematopoietic stem cells and other cell compartments in Sézary syndrome 

Upset plot of overlapping mutations across bone marrow HSCs, blood HSCs, Malignant cells, and Normal T cells with 

corresponding box and whisker plots of VAFs of mutations overlapping between BM HSCs, Blood HSCs, and malignant T cells 

in patient 1 (A), patient 2 (B), patient 3 (C), patient 4 (D), and patient 5 (E).  
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Figure 26. Thymic egression of Sézary syndrome and Antigen presentation capacity in Sézary syndrome and Mycosis 

fungoides 

(A) Quantification of TREC via RT qPCR from peripheral blood of either normal donor T cells (n=4) or CD4+CD26-/CD7- 

malignant T cells (n=4) compared to sample matched TCR negative cells (n=4) using total DNA. (B) Cell Trace Violet 

quantification at day 7 post antigen pulsing of APCs with autologous Sézary peripheral blood CD4+CD26-/CD7- cells (n=3) 

against no antigen, keratinocyte lysate (12ug), or allogenic Sézary skin biopsy lysate (12ug). Positive control for proliferation 

was CD3/CD28 stimulated T cells. Representative of three independent experiments. (C) ELISA of supernatant from antigen 

presented cells for human IL-4 with a 1:1 dilution. Experiment was done in triplicate.  
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CHAPTER FOUR: CONCLUSIONS AND FUTURE PERSPECTIVES 

 

Rare cancers often are uncurable with poor outcomes as well as disproportionately impact 

minority groups. The treatment of these rare and deadly cancers can be challenging; however, as 

the etiology of these disease are lacking. It is imperative to focus research efforts on the 

underlying mechanism of these rare cancers, accounting for approximately 20% of total cancer 

cases (197), to improve outcomes. In the case of CTCL, it is composed of many subgroups with 

biology which remains largely unknown. This body of work contributes to further understanding 

the unique biological signatures of two CTCL subtypes, mycosis fungoides and Sézary 

syndrome.  

The initial aim focused on understanding the epigenetic underpinning of Sézary 

syndrome. It has been previously demonstrated that decreased expression of the molecule SATB1 

is associated with poor prognosis in CTCL, however, it had not been shown to functionally play 

a role in initiating the disease. The mouse models we developed are unique in CTCL by using 

conditional transgenic models which knocks out a critical chromatin modifier for T cell 

development and maturation. This approach is often utilized in other forms of leukemia such as 

AML, where the mutational drivers are well defined for the disease. However, this is not the case 

with CTCL where genetic drivers are still being characterized partly due to its heterogenous and 

rare nature.  

The model that was developed simultaneously knocks out Satb1 as well as activates 

another important leukemic gene, Notch1. The presence of both transgenes was critical to 
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develop the phenotype which partially recapitulates the clinical presentation of CTCL. Notch1 

activation alone impacted the overall survival of mice but did not exhibit the hallmarks of CTCL 

such at pSTAT5 increase and CCR4 expression. Considering the effects of Notch1, it would be 

useful to address whether the order of Satb1 knock out and Notch1 activation impacts the 

progression of the phenotype. Future studies which develop murine models that allow for 

different permutations of Satb1 knock out and Notch1 activation is required. It is vital that 

potential CTCL driver genes continue to be studied though murine models.    

After modeling that SATB1 plays a pivotal role in CTCL initiation, the next aim was to 

understand the mechanism behind its downregulation. Considering SATB1 is not reported to be 

deleted in previous genomic studies, the next steps were to characterize the repressive epigenetic 

landscape near the SATB1 promoter which has not been previously examined. It is possible other 

forms of gene repression, such as DNA methylation, also play a role in silencing important 

tumor suppressor; however, the focus of the study was on histone modification. CTCL has been 

successfully treated with iHDACs in a clinical setting; however, there are still patients who are 

unresponsive to these class of inhibitors warranting alternative therapeutic options. Here, 

alternative mechanisms of epigenetic regulation by histone methyltransferases were explored.  

Prior to this work, the role of repressive histone methylation was not well examined in 

the context of Sézary syndrome. The trimethylation of H3K9 showed to play a critical role in the 

suppression of SATB1 expression rather than H3K27. This methylation was reversible using a 

specific SUV39H1/2 inhibitor, F5446. However, F5446 had only been recent developed at the 

time of the study, which highlights the need for screening additional inhibitors of specific histone 

modifiers. Restoration of SATB1 through these class of inhibitors abrogated cell proliferation and 

phosphorylation of STAT5 showing a potential targetable mechanism against CTCL. Future 



 

90 

studies can address how these histone methyltransferases become more active in Sézary cells and 

whether this is the result of gain of function mutations or another mechanism controlling 

chromatin modification. Additionally, more robust drug screening using histone 

methyltransferase inhibitors in other CTCL and PTCL subtypes might be beneficial in 

conjunction with iHDACs and other standard therapies.  

It is a continually debated topic whether Sézary syndrome and mycosis fungoides are 

diseases derived from a separate origin. Mycosis fungoides is typically regarded as the earlier 

stage to Sézary syndrome; however, there are cases of Sézary being de novo without prior history 

of mycosis fungoides. Additionally, mycosis fungoides is characterized as an effector phenotype 

compared to Sézary syndrome with a central memory phenotype. It was necessary to further 

investigate the different origins of Sézary syndrome and mycosis fungoides.  

The next aim sought to understand the hierarchy of cells by which CTCL develops 

though single cell analysis of Sézary and mycosis fungoides patients. Previous single cell studies 

have been conducted in SS and MF but have not explicitly compared the trajectory of 

differentiation between the two diseases within a single study. It was found that each disease 

processed its own pattern of differentiation and clonality. Sézary syndrome starts as a stem-like 

progenitor population which transitions into a proliferative phenotype, whereas mycosis 

fungoides shares a stem like population with Sézary as well as a process its own unique stem 

population which transitioned into effector T cells. In terms of TCR patterns, Sézary syndrome 

demonstrated few dominant clones while mycosis fungoides was very polyclonal. Additionally, 

the dominant clones in Sézary where present throughout differentiation while mycosis fungoides 

clones increase in the effector T cell phenotype. This evidence suggests that the origin of Sézary 

comes from mutated pre-thymic progenitors while mycosis fungoides was derives from antigen 



 

91 

recognition. This study was conducted on cells isolated from only peripheral blood which might 

exhibit different clonality patterns and TCR repertoire than cells residing in the skin. It has been 

previously reported that mycosis fungoides cells from skin samples show a more mono or oligo-

clonal population that possibility react against skin antigens.  

Mutations in pre-thymic progenitor cells from Sézary syndrome have not been previous 

characterized. CTCL unlike other leukemia or lymphomas does not have well defined genetic 

drivers apart from what has been described in other leukemia and lymphoma such as TP53, 

DNMT3A, and TET2. However, it is possible that there are unique genetic drivers which 

contribute to its heterogenicity which has not been reported. It is important to characterize these 

pre-thymic mutations to understand the how these cells initiate and subsequently acquire 

mutations post-thymic selection. This is often done for modeling other leukemia such as AML. 

Often, the literature claims Sézary and MF as diseases of mature T cells. While it is accurate that 

these cells display TCRαβ on the cell surface, this does not exclude the possibility that specific 

mutated hematopoietic clones drive the disease. It is clear in our study that Sézary maintains 

stem-like abilities, a common feature in many cancers. Likely, the high mutational burden in the 

bone marrow of these patients is the consequence of DNA damaging. Future direction would be 

to perform functional studies in vitro and in vivo on mutations which are unique to Sézary 

syndrome which are shared by malignant peripheral lymphocytes and bone marrow progenitors. 

As previously stated, modeling the order in which mutations are acquired and their impact on 

disease progression, prognosis, and sensitivity to treatment will be crucial.  
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APPENDIX A: 

TABLE OF MUTATIONS IN CTCL PATIENTS 

 

Table A1. Summary of overlapping mutations in samples of SS patients 

 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

Patient 1 (200 mutations in BM HSCs and 46 mutations in Blood HSCs) 

SHOX2 c.G145C p.D49H + - + - 

PCDH7 c.A1166C p.D389A + - + - 

GATA4 c.G65C p.G22A + - + - 

ADAMDEC1 c.T668C p.I223T + - + - 

CA12 c.T150G p.C50W + - + - 

CMTM1 c.T525G p.V175V + - + - 

CC2D1A 
  

+ - + - 

NCAPH 
  

+ - + - 

APOC4 
  

+ - + - 

DCAF8L2 c.424_435del p.142_145del - + + - 

GRIN2C 
  

- + + - 

LINC02324 
  

- + + - 

CELSR1 
  

- + + - 

GRIN3B 
  

+ + + + 

WDFY1 
  

+ - + + 

TNK2 
  

+ - + + 
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Table A1 (Continued) 

 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

LOC101927859 
  

+ - + + 

SGK2 
  

+ - + + 

RNF40 c.C36G p.D12E + - + + 

TYMSOS c.A58G p.S20G + - + + 

PCDH10 c.A663G p.G221G + - + + 

Patient 4 (15 mutations in BM HSCs and 206 mutations in Blood HSCs) 

MEF2C-AS1 
  

+ - + - 

OR6B2 
  

+ + + - 

RHCE c.G133C p.V45L - + + - 

ARHGEF11 c.C3320T p.P1107L - + + - 

LRRC52 c.C419T p.S140L - + + - 

TATDN3 c.A480C p.E160D - + + - 

ANO3 c.G760A p.G254R - + + - 

FIBIN c.T215C p.V72A - + + - 

ATG2A c.C2140T p.P714S - + + - 

PIK3C2G c.G2914A p.D972N - + + - 

ARID1B c.C2722T p.P908S - + + - 

GPR37 c.G1219A p.D407N - + + - 

RPUSD2 c.G508A p.D170N - + + - 

TPTE c.G97A p.E33K - + + - 

MYO7B c.G3862A p.E1288K - + + - 

ZKSCAN7 c.G508A p.E170K - + + - 

CACNA1D c.G6367A p.D2123N - + + - 

ATP13A4 c.T2536C p.C846R - + + - 

INTU c.C2296T p.P766S - + + - 

CLGN c.G1086A p.M362I - + + - 
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Table A1 (Continued) 

 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

NIPBL c.C2206T p.P736S - + + - 

APBA1 c.G307A p.G103S - + + - 

MTMR6 c.C559T p.P187S - + + - 

HEATR5A c.C1093T p.L365F - + + - 

MGAT2 c.1233_1240del p.L411fs - + + - 

HHIPL1 c.G2296A p.E766K - + + - 

SHC2 c.G474A p.M158I - + + - 

PLVAP c.G985A p.A329T - + + - 

PHLDB3 c.G29A p.G10E - + + - 

KLHL4 c.C198A p.N66K - + + - 

COL4A6 c.C3910T p.L1304F - + + - 

DNASE1L1 c.A722G p.H241R - + + - 

TNN c.G3204A p.S1068S - + + - 

CDH3 c.C2226T p.S742S - + + - 

GSDMB c.C843T p.S281S - + + - 

HLF c.G534A p.E178E - + + - 

NOTCH4 c.G3636A p.K1212K - + + - 

SRSF3 c.T147G p.A49A - + + - 

RBP3 c.G1920A p.V640V - + + - 

KNSTRN c.C12T p.P4P - + + - 

FER c.C276T p.H92H - + + - 

SEC14L6 c.G843A p.T281T - + + - 

H6PD 
  

- + + - 

MYSM1 
  

- + + - 

NMNAT2 
  

- + + - 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

HMCN1   - + + - 

REXO2   - + + - 

KIRREL3 
  

- + + - 

ERN2 
  

- + + - 

CMIP 
  

- + + - 

LOC339059 
  

- + + - 

CPNE7 
  

- + + - 

MYO15A 
  

- + + - 

SCRN2 
  

- + + - 

SPATA20 
  

- + + - 

LAMA1 
  

- + + - 

ADGRF2 
  

- + + - 

DDX31 c.C255T p.V85V - + + - 

ARHGAP22 
  

- + + - 

WDFY4 
  

- + + - 

COL13A1 
  

- + + - 

RYR3 
  

- + + - 

MIR3156-3 
  

- + + - 

CADPS 
  

- + + - 

MYLK 
  

- + + - 

EPHA5 
  

- + + - 

PRSS12 
  

- + + - 

PRDM9 
  

- + + - 

ARL14EPL 
  

- + + - 

TEX26 
  

- + + - 

PIN1 
  

- + + - 

SHANK3 
  

- + + - 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

DMD 
  

- + + - 

MAP6 c.C1739T p.P580L - + + + 

C1QTNF12 c.C817T p.Q273X - + + + 

DOCK7 c.C3869T p.S1290L - + + + 

LRRIQ3 c.G1196A p.R399Q - + + + 

S1PR1 c.C1073T p.S358F - + + + 

HRNR c.G1574A p.R525H - + + + 

IQGAP3 c.G194A p.G65E - + + + 

CATSPERE c.C1591T p.R531X - + + + 

ZNF215 c.G611A p.R204H - + + + 

ABCC8 c.286delG p.D96fs - + + + 

GPR83 c.T871A p.F291I - + + + 

CBL c.C2573T p.S858F - + + + 

MYLK3 c.G640A p.E214K - + + + 

DRC7 c.G1642A p.E548K - + + + 

JPH3 c.G313A p.A105T - + + + 

USP43 c.G1219A p.G407R - + + + 

GAS7 c.C143T p.P48L - + + + 

DSEL c.G657T p.E219D - + + + 

CFB c.G760A p.G254R - + + + 

DGKI c.T1971A p.H657Q - + + + 

MGAM c.G3949A p.D1317N - + + + 

ADARB2 c.G1623A p.W541X - + + + 

BEND7 c.G521A p.R174Q - + + + 

FRMPD2 c.C2362T p.P788S - + + + 

FAM170B c.C805T p.R269W - + + + 

CAMKMT c.T494C p.V165A - + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

LRP1B c.G1069A p.D357N - + + + 

FAM47E c.G685C p.D229H - + + + 

PKD2 c.C2384T p.S795F - + + + 

ADGRV1 c.G15262A p.E5088K - + + + 

APBB3 c.G1210A p.G404R - + + + 

PCDHB8 c.G29A p.R10K - + + + 

SLITRK1 c.G595A p.E199K - + + + 

SLC7A10 c.G577A p.G193R - + + + 

PRX c.C1747T p.P583S - + + + 

VRK3 c.T842C p.F281S - + + + 

NR0B1 c.T529A p.F177I - + + + 

CHST7 c.C913A p.R305S - + + + 

PRICKLE3 c.G1247A p.G416E - + + + 

PJA1 c.G1510T p.A504S - + + + 

GPR101 c.G1120A p.E374K - + + + 

MYLK3 
  

- + + + 

TP53 
  

- + + + 

UBE4B c.C1039T p.L347L - + + + 

HSPG2 c.G10365A p.Q3455Q - + + + 

PSRC1 c.G585A p.S195S - + + + 

ADAM2 c.T1788C p.D596D - + + + 

OR4A16 c.G858A p.S286S - + + + 

RBM14 c.C1752T p.P584P - + + + 

ADCY7 c.C672T p.I224I - + + + 

SLC12A4 c.C285T p.T95T - + + + 

PTCHD4 c.G2037A p.V679V - + + + 

SPATA8 c.G99A p.S33S - + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

KCNJ15 c.C504T p.I168I - + + + 

RANBP2 c.C4155T p.L1385L - + + + 

SH3D19 c.C609T p.I203I - + + + 

GABRB2 c.C942T p.V314V - + + + 

SLITRK1 c.G594A p.L198L - + + + 

ZNF568 c.G1254A p.R418R - + + + 

TTC28 c.G603A p.V201V - + + + 

WDR13 c.C393T p.F131F - + + + 

GNB1 
  

- + + + 

DEPDC1-AS1 
  

- + + + 

LAMC1 
  

- + + + 

CHRM3 
  

- + + + 

RP1 
  

- + + + 

PRMT8 
  

- + + + 

RBM19 
  

- + + + 

CDH13 
  

- + + + 

KLHDC4 
  

- + + + 

P2RX1 
  

- + + + 

ABCA9 
  

- + + + 

CASKIN2 
  

- + + + 

TUBB2A 
  

- + + + 

SNRNP48 
  

- + + + 

ELOVL2 
  

- + + + 

DCDC2 
  

- + + + 

MUC21 
  

- + + + 

LAMA2 
  

- + + + 

EGFR 
  

- + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

ABCB1 
  

- + + + 

ABCB8 
  

- + + + 

ABRAXAS2 
  

- + + + 

ERMN 
  

- + + + 

KCNH7 
  

- + + + 

PTPRN 
  

- + + + 

PLCD1 
  

- + + + 

OR5H14 
  

- + + + 

KALRN 
  

- + + + 

PCOLCE2 
  

- + + + 

ZBBX 
  

- + + + 

MECOM 
  

- + + + 

UBE2K 
  

- + + + 

UBE2K 
  

- + + + 

ASIC5 
  

- + + + 

SLC45A2 
  

- + + + 

SLC45A2 
  

- + + + 

ANKRD55 
  

- + + + 

NKX2-5 
  

- + + + 

SLC24A2 
  

- + + + 

TEK 
  

- + + + 

SUPT16H 
  

- + + + 

TTLL5 
  

- + + + 

C3P1 
  

- + + + 

MYO9B 
  

- + + + 

NCCRP1 
  

- + + + 

POLR3H 
  

- + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

POLR3H 
  

- + + + 

TBC1D22A 
  

- + + + 

CXorf56 
  

- + + + 

Patient 3 (170 mutations in BM HSCs and 210 mutations in Blood HSCs) 

ATP13A2 c.G2425A p.V809M + + + + 

VWA5B1 c.G2963A p.R988H + + + + 

ARID1A c.C6382T p.Q2128X + + + + 

SLC1A7 c.G263A p.R88H + + + + 

ARMC1 c.G184T p.A62S + + + + 

PKHD1L1 c.G4307A p.G1436E + + + + 

CSMD3 c.G3161A p.R1054H + + + + 

COL22A1 c.G145A p.V49M + + + + 

OR5P3 c.G260A p.R87K + + + + 

ACCSL c.G256A p.A86T + + + + 

C2CD3 c.C2296T p.P766S + + + + 

MAP6 c.C408A p.S136R + + + + 

ADAMTS20 c.3862delA p.T1288fs + + + + 

ACTR6 c.C1012T p.R338X + + + + 

ACACB c.G3923A p.S1308N + + + + 

SSTR5 c.G112A p.A38T + + + + 

VWA3A c.T398C p.I133T + + + + 

CHP2 c.G505A p.D169N + + + + 

TAOK2 c.C2254T p.P752S + + + + 

SRCAP c.A1235G p.D412G + + + + 

TP53 c.G42A p.W14X + + + + 

KRTAP16-1 c.G1349A p.R450H + + + + 

DSC3 c.G163A p.E55K + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

GCLC c.C415T p.Q139X + + + + 

PLEKHG1 c.C640T p.L214F + + + + 

SCIN c.C374T p.P125L + + + + 

TSPAN13 c.T134G p.V45G + + + + 

MUC17 c.G5642T p.S1881I + + + + 

PLXNA4 c.G1109A p.R370Q + + + + 

TACC2 c.C1822T p.P608S + + + + 

ITGA11 c.G1189A p.E397K + + + + 

SIM2 c.C1158A p.Y386X + + + + 

HECW2 c.G1027A p.E343K + + + + 

IQCA1 c.C2198T p.T733M + + + + 

SLC6A11 c.G731A p.W244X + + + + 

TMEM40 c.G170A p.R57Q + + + + 

PRR23A c.G451A p.A151T + + + + 

SI c.C1643A p.A548D + + + + 

TBCCD1 c.T1025G p.V342G + + + + 

UGT2B4 c.G687A p.M229I + + + + 

PKD2 c.C2395T p.P799S + + + + 

CLCN3 c.A2362G p.I788V + + + + 

ZNF608 c.A2170G p.K724E + + + + 

HTR4 c.G124A p.V42M + + + + 

FLT4 c.G1960A p.E654K + + + + 

CA9 c.G838A p.E280K + + + + 

C9orf84 c.A199G p.T67A + + + + 

OR1N2 c.C701T p.S234F + + + + 

AKAP6 c.C1520T p.P507L + + + + 

TRIM9 c.T1400A p.L467Q + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

COL5A3 c.G3959A p.R1320Q + + + + 

ACTN4 c.C776T p.T259I + + + + 

RINL c.G262A p.G88R + + + + 

ZNF579 c.C1559T p.S520F + + + + 

TNRC6B c.C766A p.L256I + + + + 

CHKB c.C902G p.T301R + + + + 

SHROOM4 c.C2563T p.P855S + + + + 

ELN 
  

+ + + + 

CAD 
  

+ + + + 

NSD3 c.C2598T p.F866F + + + + 

MTSS1L c.C1059T p.S353S + + + + 

ARID1A c.C6381T p.I2127I + + + + 

DIO1 
  

+ + + + 

NOTCH2 c.A5358T p.R1786R + + + + 

IVL c.G1383A p.K461K + + + + 

SLAMF1 c.C66T p.S22S + + + + 

C4BPB c.C336T p.I112I + + + + 

LOXL2 c.C2211T p.D737D + + + + 

DGKZ c.C261T p.I87I + + + + 

CAND1 c.C1242T p.D414D + + + + 

MAP1LC3B2 c.C345T p.S115S + + + + 

PDK2 c.C438T p.L146L + + + + 

KIF13A c.C1089T p.N363N + + + + 

LAMA4 c.G1116A p.K372K + + + + 

PRDM15 c.C1623T p.D541D + + + + 

CNTNAP5 c.G1227T p.L409L + + + + 

UNC80 c.C5415T p.S1805S + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

UBA7 c.C2565T p.T855T + + + + 

ALAS1 c.G633A p.K211K + + + + 

FAM160A1 c.C201T p.Y67Y + + + + 

GRIA2 c.C2367T p.Y789Y + + + + 

LVRN c.A2056C p.R686R + + + + 

NRG2 c.A1779G p.G593G + + + - 

HAVCR1 c.C876T p.T292T + + + + 

PTPN21 c.C2169T p.S723S + + + + 

FSD1 c.C1116T p.G372G + + + + 

ACTN4 c.C777T p.T259T + + + + 

LILRB4 c.G996A p.G332G + + + + 

ZNF579 c.C1560T p.S520S + + + + 

TXNRD2 
  

+ + + + 

SELENOO 
  

+ + + + 

PHEX c.C609T p.F203F + + + + 

CPXCR1 c.G900A p.G300G + + + + 

CACNA1C 
  

+ + + + 

COL21A1 
  

+ + + + 

ST6GALNAC3 
  

+ + + + 

DPYD 
  

+ + + + 

PKP1 
  

+ + + + 

PPFIA4 
  

+ + + + 

LBR 
  

+ + + + 

LBR 
  

+ + + + 

DCTN6 
  

+ + + + 

NRBP2 
  

+ + + + 

NRBP2 
  

+ + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

PLCZ1 
  

+ + + + 

ITPR2 
  

+ + + + 

LRRK2 
  

+ + + + 

TNS2 
  

+ + + + 

LOC100506869 
  

+ + + + 

TTC41P 
  

+ + + + 

HYDIN 
  

+ + + + 

CHST5 
  

+ + + + 

JPH3 
  

+ + + + 

MLX 
  

+ + + + 

LINC00470 
  

+ + + + 

ARHGAP28 
  

+ + + + 

LDLRAD4 
  

+ + + + 

GABRR1 
  

+ + + + 

AFG1L 
  

+ + + + 

PTPRK 
  

+ + + + 

ADGB 
  

+ + + + 

SYNE1 
  

+ + + + 

AKR1C8P 
  

+ + + + 

C10orf67 
  

+ + + + 

LINC00999 
  

+ + + + 

WDFY4 
  

+ + + + 

KNL1 
  

+ + + + 

FBN1 
  

+ + + + 

TRIM54 
  

+ + + + 

TRIM54 
  

+ + + + 

DYSF 
  

+ + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

GLI2 
  

+ + + + 

DAPL1 
  

+ + + + 

ROBO1 
  

+ + + + 

ROBO1 
  

+ + + + 

CFAP44-AS1 
  

+ + + + 

PLOD2 
  

+ + + + 

AADACL2 
  

+ + + + 

KDR 
  

+ + + + 

UGT2B15 
  

+ + + + 

LNCPRESS2 
  

+ + + + 

GYPE 
  

+ + + + 

GPM6A 
  

+ + + + 

PANK3 
  

+ + + + 

FNBP1 
  

+ + + + 

COL5A1 
  

+ + + + 

LCN9 
  

+ + + + 

IFT88 
  

+ + + + 

FRY 
  

+ + + + 

OR4E1 
  

+ + + + 

MIR5195 
  

+ + + + 

THOP1 
  

+ + + + 

LINC00661 
  

+ + + + 

LINC00661 
  

+ + + + 

NCAN 
  

+ + + + 

ATP13A1 
  

+ + + + 

ATP13A1 
  

+ + + + 

STX16-NPEPL1 
  

+ + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

MID1 
  

+ + + + 

KMT5B c.G323T p.R108M + - + + 

HCN1 c.G1679A p.R560H + - + + 

DNAH14 
  

+ - + + 

FLOT1 
  

+ - + + 

LOC105373394 
  

+ - + + 

ABCA10 
  

+ - - + 

YWHAB 
  

+ - - + 

PANK3 
  

+ + - - 

CACYBP 
  

- + + + 

CATSPERE 
  

- + + + 

CCKBR 
  

- + + + 

LTBP3 
  

- + + - 

C16orf70 
  

- + + + 

CCL23 
  

- + + + 

COL19A1 
  

- + + + 

SCN2A 
  

- + + + 

PTH1R 
  

- + + + 

SLC34A2 
  

- + + + 

FBN2 
  

- + + + 

MIR4537 
  

- + + + 

CBARP 
  

- + + + 

COL1A2 
  

- + + + 

Patient 5 (232 mutations in BM HSCs and 259 mutations in Blood HSCs) 

LOC100133091 
  

+ - + - 

SERINC2 c.G296A p.R99H + + + + 

NFIA c.C1118T p.S373L + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

ERICH3 c.C1220T p.P407L + + + + 

CLCA2 c.G73A p.E25K + + + + 

CDC7 c.G1294A p.G432R + + + + 

AMPD1 c.C563T p.P188L + + + + 

MAN1A2 c.G853A p.E285K + + + + 

INSRR c.C322T p.R108C + + + + 

OLFML2B c.G571A p.E191K + + + + 

BRINP2 c.C1352T p.S451F + + + + 

KCNH1 c.G2030A p.R677K + + + + 

USH2A c.G7999A p.E2667K + + + + 

PCM1 c.T3181A p.C1061S + + + + 

UNC5D c.C1952G p.S651C + + + + 

COLEC10 c.G194A p.G65D + + + + 

SLC1A2 c.A679C p.K227Q + + + + 

OR5B17 c.T401C p.M134T + + + + 

NRXN2 c.G3058A p.D1020N + + + + 

MMP3 c.G139A p.D47N + + + + 

DYNC2H1 c.G10550A p.R3517H + + + + 

PDZRN4 c.A2192G p.E731G + + + + 

KRT83 c.G310A p.A104T + + + + 

KIF5A c.A842G p.D281G + + + + 

PHLDA1 c.G783C p.E261D + + + + 

TMEM132D c.C2273T p.A758V + + + + 

C16orf89 c.C920T p.S307L + + + + 

DNAH3 c.G5365A p.A1789T + + + + 

LAT c.C193G p.P65A + + + + 

TUBB3 c.C853T p.P285S + + + + 



 

121 

Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

TUBB3 c.C854T p.P285L + + + + 

TP53 c.262delT p.Y88fs + + + + 

ACACA c.G5191A p.E1731K + + + + 

C17orf64 c.G191A p.R64Q + + + + 

GPRC5C c.C1184T p.S395F + + + + 

SEC14L1 c.C44T p.P15L + + + + 

ASXL3 c.T107A p.V36D + + + + 

F13A1 c.G1504A p.G502R + + + + 

RREB1 c.C478T p.P160S + + + + 

DST c.G109A p.G37S + + + + 

SNAP91 c.A92C p.K31T + + + + 

NT5E c.C1220T p.T407I + + + + 

AFDN c.C1150A p.L384M + + + + 

PHF14 c.C1627T p.Q543X + + + + 

PCLO c.C2644T p.R882X + + + + 

SEMA3E c.C689T p.A230V + + + + 

RUNDC3B c.G305A p.R102Q + + + + 

TRRAP c.C2165T p.S722F + + + + 

FLNC c.T5930C p.V1977A + + + + 

PDZD8 c.G949A p.A317T + + + + 

SPESP1 c.G775A p.D259N + + + + 

EPC2 c.C1196T p.A399V + + + + 

NEB c.G7407T p.K2469N + + + + 

SCN3A c.G5788A p.E1930K + + + + 

SCN2A c.G1492A p.E498K + + + + 

SCN1A c.C5656T p.R1886X + + + + 

PDE1A c.A210T p.K70N + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

DNAH7 c.T5055G p.D1685E + + + + 

KLF7 c.C753A p.C251X + + + + 

UNC80 c.T7519A p.C2507S + + + + 

SPEG c.G7625A p.R2542Q + + + + 

ARL4C c.G583A p.D195N + + + + 

ESPNL c.C1387T p.R463C + + + + 

DNAH12 c.T10333A p.F3445I + + + + 

PDZRN3 c.C515T p.A172V + + + + 

CRYBG3 c.C2722T p.Q908X + + + + 

IGSF10 c.C149T p.S50F + + + + 

DGKG c.C1088T p.A363V + + + + 

PROM1 c.G691A p.G231R + + + + 

PPARGC1A c.G995A p.R332Q + + + + 

ERVMER34-1 c.C1297T p.R433X + + + + 

ADAD1 c.G253A p.E85K + + + + 

TLR3 c.G1780C p.G594R + + + + 

FAT2 c.G8738A p.G2913E + + + + 

SH3PXD2B c.G1601A p.G534E + + + + 

GOLGA2 c.C1376G p.S459C + + + + 

SETX c.C7330T p.P2444S + + + + 

SERTM1 c.G121A p.V41I + + + + 

FOXO1 c.A925C p.N309H + + + + 

CCDC168 c.G9837T p.Q3279H + + + + 

JPH4 c.C249A p.Y83X + + + + 

CERS4 c.G890A p.G297D + + + + 

OR7E24 c.G419A p.R140Q + + + + 

JUNB c.C845T p.A282V + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

KIAA1683 c.A1702C p.K568Q + + + + 

KLK5 c.G752T p.C251F + + + + 

KLK12 c.T274A p.S92T + + + + 

CYP24A1 c.T914C p.I305T + + + + 

MTMR3 c.G3103T p.E1035X + + + + 

MAP7D2 c.G1993A p.D665N + + + + 

TAZ c.T334A p.F112I + + + + 

DNAH12 
  

+ + + + 

MYH15 
  

+ + + + 

COL16A1 c.G348A p.T116T + + + + 

HFE2 c.T183C p.I61I + + + + 

ADAM7 c.C408T p.N136N + + + + 

ZNF16 c.C762T p.N254N + + + + 

ARHGEF12 c.C1962G p.A654A + + + + 

KCNA5 c.G942A p.P314P + + + + 

R3HDM2 c.C2178T p.D726D + + + + 

SVOP c.C204T p.F68F + + + + 

RANBP10 c.C543T p.I181I + + + + 

ABR c.C174T p.N58N + + + + 

GPRC5C c.C1185T p.S395S + + + + 

DCC c.C2589T p.S863S + + + + 

NT5E c.C1221T p.T407T + + + + 

TRDN c.G441A p.K147K + + + + 

TRRAP c.C2166T p.S722S + + + + 

FBXO24 c.C909T p.Y303Y + + + + 

TAS2R38 c.C198T p.F66F + + + + 

SSPO c.C7989T p.L2663L + + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

GLI2 c.C1506T p.P502P + + + + 

KLHL41 c.C1311T p.V437V + + + + 

FSIP2 c.C9222T p.F3074F + + + + 

LRRN1 c.G1761A p.Q587Q + + + + 

CAND2 c.C654T p.D218D + + + + 

SCN5A c.C3855T p.L1285L + + + + 

SLC6A20 c.G366A p.P122P + + + + 

SLC38A3 c.C1407T p.I469I + + + + 

CRYBG3 c.C2721T p.C907C + + + + 

CLSTN2 c.C1317T p.P439P + + + + 

MASP1 c.G1692A p.L564L + + + + 

KCNIP4 c.C33T p.T11T + + + + 

ATP10D c.C4012T p.L1338L + + + + 

DCHS2 c.C3576T p.D1192D + + + + 

HAPLN1 c.C267G p.L89L + + + + 

GOLGA2 c.C1377T p.S459S + + + + 

PCDH9 c.G3471A p.K1157K + + + + 

PTPRS c.C2583T p.F861F + + + + 

TNPO2 c.G2064A p.L688L + + + + 

JUNB c.C846T p.A282A + + + + 

KIAA1683 c.G1701A p.V567V + + + + 

CEACAM20 c.C447T p.S149S + + + + 

TMEM150B c.C480T p.S160S + + + + 

HSPG2 
  

+ + + + 

CSF3R 
  

+ + + + 

FHL3 
  

+ + + + 

CSMD1 
  

+ + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

BMP1 
  

+ + + + 

RP1 
  

+ + + + 

RALYL 
  

+ + + + 

C11orf96 
  

+ + + + 

CASP4 
  

+ + + + 

NCAM1 
  

+ + + + 

TMEM218 
  

+ + + + 

GOLT1B 
  

+ + + + 

NXPH4 
  

+ + + + 

PPFIA2 
  

+ + + + 

TBX5 
  

+ + + + 

LUC7L 
  

+ + + + 

TPSG1 
  

+ + + + 

SMIM22 
  

+ + + + 

EEF2KMT 
  

+ + + + 

RMI2 
  

+ + + + 

SERPINF1 
  

+ + + + 

KANSL1 
  

+ + + + 

TTLL6 
  

+ + + + 

SMCHD1 
  

+ + + + 

LAMA1 
  

+ + + + 

LOXHD1 
  

+ + + + 

MDGA1 
  

+ + + + 

POLH 
  

+ + + + 

HACE1 
  

+ + + + 

ROS1 
  

+ + + + 

EZR 
  

+ + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

CHST12 
  

+ + + + 

TSC22D4 
  

+ + + + 

CTTNBP2 
  

+ + + + 

FLNC 
  

+ + + + 

FLNC 
  

+ + + + 

ZNF212 
  

+ + + + 

BLACE 
  

+ + + + 

BLACE 
  

+ + + + 

USP6NL 
  

+ + + + 

SEC61A2 
  

+ + + + 

PLEKHS1 
  

+ + + + 

PDCD6IPP2 
  

+ + + + 

TMCO5A 
  

+ + + + 

PLA2G4D 
  

+ + + + 

FBN1 
  

+ + + + 

CSNK1G1 
  

+ + + + 

SH3GL3 
  

+ + + + 

EML6 
  

+ + + + 

TTN 
  

+ + + + 

CPS1 
  

+ + + + 

CAV3 
  

+ + + + 

METTL6 
  

+ + + + 

GADL1 
  

+ + + + 

CCDC36 
  

+ + + + 

CADPS 
  

+ + + + 

ABI3BP 
  

+ + + + 

TM4SF1 
  

+ + + + 
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Table A1 (Continued) 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

TNK2 
  

+ + + + 

TBC1D1 
  

+ + + + 

TBC1D1 
  

+ + + + 

PDCL2 
  

+ + + + 

TECRL 
  

+ + + + 

FRAS1 
  

+ + + + 

PCDH18 
  

+ + + + 

PCDH18 
  

+ + + + 

FAT1 
  

+ + + + 

FAT1 
  

+ + + + 

LECT2 
  

+ + + + 

DCTN4 
  

+ + + + 

MYH6 
  

+ + + + 

MYH6 
  

+ + + + 

NRXN3 
  

+ + + + 

SBNO2 
  

+ + + + 

FAM129C 
  

+ + + + 

THEG5 
  

+ + + + 

IZUMO2 
  

+ + + + 

EPB41L1 
  

+ + + + 

KCNQ2 
  

+ + + + 

SGSM1 
  

+ + + + 

LINC01640 
  

+ + + + 

PLXNB2 
  

+ + + + 

MAP3K15 
  

+ + + + 

CLCN5 
  

+ + + + 

L1CAM 
  

+ + + + 
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Table A1 (Continued) 

 

 

Hugo Symbol txChange aaChange HSC 

BM 

HSC PB Malignant T cell Normal T cell 

PIK3C2A 
  

- + + + 

ZFHX3 
  

- + + + 

FAM84A 
  

- + + + 

PNMA8A 
  

- + + + 

FOXL1 
  

- + + + 

HOOK1 
  

- + + + 

HYDIN2 
  

- + + + 

TUSC3 
  

- + + + 

KAT6A 
  

- + + + 

MSC-AS1 
  

- + + + 

PUF60 
  

- + + + 

MTNR1B 
  

- + + + 

LGALS9C 
  

- + + + 

CCT6B 
  

- + + + 

SMURF1 
  

- + + + 

ARPP21 
  

- + + + 

KY 
  

- + + + 

MAP3K13 
  

- + + + 

OLFM1 
  

- + + + 

GOLGA2P9 
  

- + + + 

BCR 
  

- + + + 

DRICH1 
  

- + + + 

SLC5A4 
  

- + + + 

Patient 2 (9 mutations in BM HSCs and 26 mutations in Blood HSCs) 

NOS3 
  

- + + + 

RFX1 
  

- + + + 
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IRB APPROVAL 
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