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Abstract 

 

Title of Dissertation: Investigating the Role of Common Gamma Chain Signaling in           

Peripheral T-Cell Lymphoma 

 

Haley M. Simpson, Doctor of Philosophy, 2017 

 

Dissertation Directed by: Arnob Banerjee, MD, PhD 

Assistant Professor 

Department of Medicine 

University of Maryland School of Medicine 

 

 

Peripheral T-cell lymphoma (PTCL) is a rare aggressive Non-Hodgkin’s lymphoma with 

extremely poor prognosis and inadequate response to current therapies. The molecular 

mechanisms driving PTCL oncogenesis are incompletely understood. Identification of cancer 

driver mutations is therefore needed to facilitate the development of improved targeted 

therapeutic approaches. Recent sequencing studies have reported mutations in genes involved in 

many signaling pathways in PTCL including DNA repair, epigenetic regulation, and T-cell 

receptor signal transduction. Notably, activating mutations in the common gamma chain 

(c)/JAK/STAT signaling pathway are especially prevalent in PTCL. In this study, we identify 

oncogenic driver mutations and assess the JAK/STAT signaling pathway as a therapeutic target 

in PTCL. We report the results of a whole-exome sequencing analysis of 12 PTCL patient 

samples identifying recurrent somatic missense/nonsense mutations in ATM (Ataxia-

Telangiectasia Mutated) in four samples and the γc signaling pathway (JAK3, γc, STAT5B) in 

three samples, all of which also harbored mutations in ATM. We next aimed to determine if the 



previously uncharacterized γc mutation we identified, K315E, serves as an oncogenic driver in 

PTCL. Our results suggest that K315E mutation does not independently induce constitutive 

JAK/STAT pathway activation in PTCL. Inhibition of STAT5, a downstream transcription factor 

of the JAK/STAT pathway, is an appealing therapeutic strategy as it has been reported to be 

frequently mutated and aberrantly activated in PTCL, and is associated with worse clinical 

outcomes. Therefore, we assessed the effect of STAT5 inhibition in PTCL. We determined that 

the drug pimozide, a STAT5 inhibitor, induces cell death via the extrinsic apoptotic pathway in 

PTCL involving TRAIL/DR4 signaling. Pimozide also induces apoptosis in primary PTCL cells 

ex vivo. We further report a novel synergistic drug combination of pimozide with the PARP 

inhibitor olaparib to target ATM deficient PTCL cells, based on the frequency of concurrent 

ATM mutations and JAK/STAT pathway mutations demonstrated in PTCL. Taken together, 

these data enhance our understanding of the role of c signaling in PTCL and support targeting 

this pathway in the treatment of this aggressive malignancy. 
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Chapter 1 : Introduction 
 

1.1: Peripheral T-Cell Lymphoma  

 

Peripheral T-cell lymphoma (PTCL) is an aggressive malignancy of mature T 

lymphocytes affecting approximately 7,000 individuals per year in the United States and 

resulting in poor clinical outcomes (4, 5).   PTCL represents 10-15% of cases of non-Hodgkin’s 

lymphoma (NHL) with an incidence of < 1 case per 100,000 people in the United States per year 

(6-8).  Due to its rarity and high degree of heterogeneity, studies of PTCL have been limited in 

scope and it remains incompletely characterized. Patient mortality is high; relapse is common 

and 5-year overall survival (OS) for the majority of PTCL subtypes is 10-30% (Fig.1.1) (5, 7, 9). 

Furthermore, the majority of PTCL patients present with late-stage disease: 26% with stage III 

and 43% with stage IV, enhancing negative outcomes (10). Thus, advancements in the clinical 

management of PTCL are desperately needed but have been complicated by the limitations of 

studying this rare heterogeneous malignancy. 

As of 2016, the World Health Organization recognizes 28 subtypes, including provisional 

categories, of PTCL and each subtype is further characterized by additional heterogeneity 

including diverse oncogenic mutations and various positive and negative prognostic indicators 

(4, 8, 11). The most frequently diagnosed of the currently recognized subtypes of PTCL include: 

T-cell prolymphocytic leukemia, (T-PLL), T-cell large granular lymphocytic leukemia (T-LGL), 

NK-/T-cell lymphoma (NKTCL), Adult T-cell leukemia/lymphoma (ATLL), Enteropathy-type 

T-cell lymphoma (EATL), Hepatosplenic T-cell lymphoma (HSTL), Mycosis fungoides (MF), 

Sézary syndrome (SS), Anaplastic large-cell lymphoma  (ALCL), Peripheral T-cell lymphoma 

not otherwise specified, (PTCLnos), and Angioimmunoblastic T-cell lymphoma (AITL) (Table 
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Figure 1.1. Overall survival of PTCL patients by subtype. 

Figure modified from ref. (1). Reprinted with permission. © 2008 

American Society of Clinical Oncology.  All rights reserved. 
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1.1, Figure 1.2). PTCL subtypes have been further classified as nodal, extranodal, cutaneous, or 

leukemic, based on their clinical features (8, 12) (Table 1.1). Furthermore, expression of various 

prognostic factors has been shown to affect PTCL outcome (7). Molecules currently used as 

prognostic indicators are listed in Table 1.2. These systems of categorizing PTCLs have been 

useful in improving our ability to predict patient prognosis and have begun to inform therapeutic 

options to direct patient care (13).  

Prognosis differs by PTCL subtypes with the majority being extremely poor. The 

exception is ALK+ ALCL, which accounts for 6.6% of PTCL cases, with the most favorable 

prognosis: a 5-year OS of 70-90% (7). For the other 93.4% of PTCL cases, however, prognoses 

are significantly worse, with an average 5-year OS typically of 10-30%. Prognosis is highly 

dependent not only on subtype, but also on a multitude of risk factors summarized by the 

International Prognostic Index (IPI). Patients in the highest risk vs. the lowest risk categories 

using the IPI experience substantial decrease in 5-year OS (Fig. 1.3). As an example, patients 

diagnosed with PTCLnos with a low risk IPI score experienced a 5-year OS rate of 56%, 

whereas those with a high risk IPI score had a 5-year OS of 11% (7). The median age of 

diagnosis of PTCL is 60 years although certain subtypes, often those that are more aggressive, 

may be diagnosed in young adults (10). As such, there is an urgent need to improve PTCL 

treatment approaches to lead to better patient outcomes.  

PTCL is currently treated with cyclophosphamide, doxorubicin, vincristine, and 

prednisone (CHOP)-based chemotherapy regimens designed for aggressive NHLs, but the rate 

and duration of response for PTCL patients remain inferior to that of the more common B-cell 

lymphomas for which these treatments were designed (8, 13, 14). Relapse is common with few 

effective options for salvage therapy (7). Stem cell transplant is a consideration for qualified  
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Updated in 2016. Adapted from ref. (11)  

Subtype of PTCL Abbreviation 

T-cell prolymphocytic leukemia T-PLL 

T-cell large granular lymphocytic leukemia T-LGL 

Chronic lymphoproliferative disorder of NK cells 

 Aggressive NK-cell leukemia 

 Systemic EBV+ T-cell lymphoma of childhood* 
 

Hydroa vacciniforme–like lymphoproliferative disorder* 
 

Adult T-cell leukemia/lymphoma ATLL 

Extranodal NK-/T-cell lymphoma, nasal type NKTCL 

Enteropathy-associated T-cell lymphoma EATL 

Monomorphic epitheliotropic intestinal T-cell lymphoma* EITL 

Indolent T-cell lymphoproliferative disorder of the GI tract* 

 Hepatosplenic T-cell lymphoma HSTL 

Subcutaneous panniculitis-like T-cell lymphoma 

 Mycosis fungoides MF 

Sézary syndrome SS 

Primary cutaneous CD30+ T-cell lymphoproliferative disorders 

          Lymphomatoid papulosis 

          Primary cutaneous anaplastic large cell lymphoma 

 Primary cutaneous γδ T-cell lymphoma 

 Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T-cell 

lymphoma 

 Primary cutaneous acral CD8+ T-cell lymphoma* 

 Primary cutaneous CD4+ small/medium T-cell lymphoproliferative 

disorder* 

 Peripheral T-cell lymphoma, NOS PTCLnos 

Angioimmunoblastic T-cell lymphoma AITL 

Follicular T-cell lymphoma* 

 Nodal peripheral T-cell lymphoma with TFH phenotype* 

 Anaplastic large-cell lymphoma, ALK positive ALK+ ALCL 

Anaplastic large-cell lymphoma, ALK negative* ALK– ALCL 

Breast implant–associated anaplastic large-cell lymphoma* 

 
  provisional subtypes in italics 

 * indicates changes from 2008 classification 

 

Table 1.1. Classification of PTCL subtypes by the World Health Organization (WHO). 
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Figure 1.2. Frequencies of PTCL subtypes. 

Figure modified from ref. (1)     
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Modified from ref. (7)   

Variable Function Prognostic significance 

p53  Tumor suppressor Worse 

Ki-67  Proliferation marker Worse 

BCL-2, BCL-XL  Anti-apoptosis Worse 

CD26  T-cell activation Worse 

EBV  Epstein-Barr Virus Worse 

MDR  Multidrug resistance Worse 

CCND2  Cell cycle regulator Worse 

CCR4  Chemokine receptor Worse 

NF-κB 

 Inflammation, proliferation,      

 differentiation, immunity, etc. 
Favorable 

CCR3  Chemokine receptor Favorable 

CXCR3  Chemokine: chemotaxis Variable 

PRDM1  T-cell transcription factor Worse 

ALK-1  Serine/threonine-protein kinase receptor Favorable 

TCR BF1  T-cell receptor subunit Favorable 

TCR gamma1  T-cell receptor subunit Worse 

  

Table 1.2. Molecules serving as prognostic indicators in PTCL and 

corresponding predicted outcomes.  
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Figure 1.3. Overall survival of PTCL patients by International Prognostic Index score.  

IPI score of 0/1 is low risk, 4/4 is high risk. Figure modified from ref. (1). Reprinted with 

permission. © 2008 American Society of Clinical Oncology.  All rights reserved.  
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patients, although it is not without risk. Clinical trials are recommended as first-line therapy for 

all PTCL subtypes, except ALK+ ALCL, because of their poor rate response with traditional 

chemotherapy (8).   

As such, there has been an increasing interest in identifying therapeutic targets and 

developing targeted treatment approaches to improve PTCL patient outcomes. A number of 

novel agents are currently being tested in clinical trials (Table 1.3).  However, this process is 

complicated by low numbers of PTCL patients with each subtype and randomized prospective 

phase III data is currently very limited, making it difficult to inform clinical management (7). 

Novel therapeutic approaches include histone deacetylase (HDAC) inhibitors, 

immunoconjugates, antifolates, monoclonal antibodies, immunomodulatory agents, nucleoside 

analogues, proteasome inhibitors, and kinase inhibitors, in addition to other methods discussed in 

this section and summarized in Table 1.3. 

To date, two HDAC inhibitors have been approved by the FDA for use in 

relapsed/refractory PTCL (8). HDAC inhibitors inhibit the action of histone deacetylases, 

enzymes responsible for removing acetyl groups from histone lysine residues to increase DNA-

histone wrapping. In a phase II study of the HDAC inhibitor romidepsin, 15 % of patients who 

had failed at least one prior therapy experienced complete response (CR) or unconfirmed CR, ten 

of whom had a long-term (≥ 12 months) response (15). With another HDAC inhibitor, belinostat, 

phase II studies show a CR in 10% of patients, all of whom had failed prior therapy for their 

disease (16). As a result of these promising results, ongoing phase III trials are investigating 

combination therapies including HDAC inhibition for PTCL therapy (8).  

Immunoconjugates, targeted antibodies conjugated to toxins, are another promising 

development in PTCL therapy. Brentuximab vedotin (BV) is an immunoconjugate of an 
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CTCL (cutaneous T cell lymphoma) includes MF and SS subtypes of PTCL.  

Modified from ref. (7) 

Type of agent Name Description Disease(s) Status 

Antifolates Pralatrexate 10-Deazaminopoterin PTCL, CTCL 
Approved for 

PTCL 

Conjugates 

LMB-2 
Anti-Tac) anti-CD25 fused 

to Pseudomonas toxin 

CTCL, PTCL 

(especially ATLL) 
Phase 2 

Denileukin 

diftitox 

IL-2 targeting domain fused 

with diphtheria toxin 
CTCL, PTCL 

Approved for 

CTCL 

Brentuximab 

vedotin 

CD30 antibody conjugated 

to monomethylauristan-E 

CD30
+
 T-cell 

lymphoma 
Phase 2 

HDAC inhibitors 

Belinostat PXD101 CTCL, PTCL Phase 2 

Panobinostat LBH589 CTCL, ATLL Phase 2 

Romidepsin Depsipeptide CTCL, PTCL 
Approved for 

CTCL 

Vorinostat 
Suberoylanilide hydroxamic 

acid 
CTCL 

Approved for 

CTCL 

Immunomodulatory 

agents 
Lenalidomide Derivative of thalidomide PTCL, CTCL Phase 2 

Immunosuppressive 

agents 
Cyclosporine 

Inhibitor of the NF-AT 

transcription complex 
AITL Phase 2 

Monoclonal 

antibodies 

Alemtuzumab Anti-CD52 PTCL Phase 3 

Bevacizumab Anti-VEGF 
PTCL (especially 

AITL), NK-cell 
Phase 2 

Iratumumab Anti-CD30 CD30
+
 ALCL Phase 1/2 

KW-0761 Anti-CCR4 ATLL, PTCL Phase 2 

SGN-30 Anti-CD30 CD30
+
 ALCL Phase 2 

Siplizumab Anti-CD2 PTCL, NK-cell, ATLL Phase 1 

Zanolimumab Anti-CD4 CTCL, PTCL Phase 2 

Nucleoside analogs 

Cladribine Purine nucleoside analog PTCL Phase 4 

Clofarabine Purine nucleoside analog PTCL, NK-cell Phase 1/2 

Fludarabine Purine nucleoside analog PTCL, CTCL Phase 2 

Forodesine Metabolic enzyme inhibitor PTCL, CTCL Phase 2 

Gemcitabine 
Pyrimidine nucleoside 

analog 
PTCL Phase 2 

Nelarabine Purine nucleoside analog T-ALL, T-NHL Phase 2 

Pentostatin Metabolic enzyme inhibitor PTCL Phase 2 

Proteasome 

inhibitors 
Bortezomib Proteasome inhibitor CTCL Phase 2 

Signaling inhibitors 
Enzastaurin 

Selective inhibitor of protein 

kinase C 
PTCL, CTCL Phase 2 

R788 Syk inhibitor PTCL Phase 2 

Table 1.3. Summary of novel therapeutic agents in clinical trials for use in PTCL. 
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 antitubulin agent (monomethyl auristatin) with an anti-CD30 monoclonal antibody. In a phase I 

trial of BV in combination with a CHOP based chemotherapy regimen, 88% of patients reported 

a CR (17). In a phase II study of BV in ALCL, 57% of patients experienced CR and the median 

progression free survival (PFS) was >12 months (18). Based on these results, a randomized 

phase III trial comparing BV and CHOP to CHOP alone is ongoing. A second immunoconjugate, 

denileukin diftitox (DD), a fusion protein of IL-2 receptor-binding domain with diphtheria toxin, 

was approved for the treatment of cutaneous T-cell lymphoma (CTCL) and has shown some 

efficacy in PTCL.  In three cases of advanced refractory PTCL a >4 year ongoing remission was 

achieved with DD maintenance therapy (19). Unfortunately, DD has been discontinued and is 

not currently available for clinical or research applications (20). 

Antifolates have also been studied in PTCL. The antimetabolite drug pralatrexate is toxic 

to highly proliferative cells because it enters the cell through a folate transport protein and 

inhibits dihydrofolate reductase (8).  In a phase II clinical trial of extensively pre-treated patients, 

many of which had never responded to any prior chemotherapy, pralatrexate induced an overall 

response rate of 29% and a CR of 11% in this cohort (21). Pralatrexate is now FDA approved for 

the treatment of relapsed/refractory PTCL.  

 Inspired by the success of anti-CD20 rituximab in B-cell lymphoma, several monoclonal 

antibodies are in development for the treatment of PTCL. Alemtuzumab is an anti-CD52 

monoclonal antibody used to suppress immunity and deplete CD4+ and CD8+ T-cells as well as 

B-cells. In a phase II trial of alemtuzumab, which included both newly diagnosed and relapsed 

PTCL patients, patients experienced an overall CR of 39%. For the newly diagnosed patients in 

this trial, the overall response rate was 63% and the median OS was nearly 26 months (22). A 

second agent, mogamulizumab is a monoclonal antibody which targets the chemokine receptor 
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CCR4, depleting CCR4-positive regulatory T-cells (Tregs) as well as directly targeting CCR4 

expressing PTCL cells, found in cases of MF, SS, and ATLL. In phase II trial, mogamulizumab 

demonstrated a CR of 31 %, a median PFS of 5.2 months, and a median OS of 13.7 months (23).  

Third, zanolimumab is a monoclonal antibody that targets the T-cell CD4 antigen which is 

expressed in a subset of PTCL (8).  Zanolimumab has demonstrated a 10% CR in patients with 

relapsed/refractory PTCL. Additional monoclonal antibodies are also in development and further 

studies are ongoing.  

Immunomodulatory agents, such as lenalidomide, have also been investigated in PTCL.  

Lenalidomide is an antiangiogenic drug that has demonstrated utility in several hematological 

malignancies. It inhibits the activation of T and NK cells and modulates cytokine excretion, 

inducing cell-cycle arrest and apoptosis in neoplastic cells as well as the tumor 

microenvironment (8).  Thus far, however, lenalidomide has shown limited efficacy as a single 

agent in PTCL (24-26). A combination of lenalidomide and romidepsin in currently in clinical 

trials for relapsed and newly diagnosed PTCL. 

Studies of nucleoside analogs, proteasome inhibitors, kinase inhibitors and other targeted 

therapies are also showing promise for improving PTCL therapy. An option for second-line 

therapy is bortezomib, a proteasome inhibitor, which is recommended for use in patients who are 

not planning to proceed to stem cell transplantation. Bortezomib is well tolerated and active as a 

single agent as well as in combination with other second-line therapies (5). Kinase inhibitors 

alisertib, an aurora A kinase (AAK) inhibitor, and crizotinib, an ALK inhibitor, may prove useful 

in the subset of patients with ALCL who do not respond to chemotherapy (4). The enzyme L-

asparaginase targets proliferating cells by depleting asparagine available for protein synthesis. 

Retrospective analyses have indicated that L-asparaginase may slightly prolong PFS and OS in 
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PTCL patients (8).  More targeted therapeutic approaches are also in development. The mTOR 

inhibitor everolimus and the Janus kinase (JAK) inhibitor ruxolitinib are currently in clinical 

trials for PTCL. These agents may demonstrate clinical utility alone, or in combination with 

current therapeutic options. 

In summary, PTCL is a rare, heterogeneous malignancy with very poor clinical outcomes 

due to limited efficacy of current standard and experimental therapeutic strategies. As a result, 

there is an urgent need to identify novel therapeutic targets and approaches to improve rate and 

duration of response for PTCL patients. Research in the field, including our study, is directed in 

the pursuit of this goal and has improved our understanding of this incompletely characterized 

malignancy.  
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1.2: Identifying Oncogenic Drivers of PTCL 

 

A substantial body of research has been dedicated to the identification of potential 

oncogenic mutations and novel therapeutic targets in PTCL contributing to our current 

understanding of molecular mechanisms of this disease. Recent studies have employed single 

gene, whole-exome, or genome-wide sequencing techniques in cases of PTCL (27-38). These 

studies have identified mutations of genes in a wide variety of signaling pathways including 

JAK/STAT pathway signaling, the DNA damage response, epigenetic factors, chromatin 

remodeling, T-cell receptor (TCR) signaling, and Notch signaling in different subtypes of PTCL 

(Figure 1.4). These mutations are hypothesized to be cancer drivers, also known as oncogenic 

mutations. Cancer driver mutations confer a growth advantage to tumor cells and thus may serve 

as valuable targets for novel therapies to inhibit cancer cell growth and survival (39). Due to the 

relatively low incidence of PTCL, the discovery cohorts within these studies are limited, with 

relatively small numbers of primary PTCL samples subjected to high-throughput sequencing. 

Given the limited number of PTCL samples sequenced relative to many other cancers, further 

sequencing studies serve both to validate identified driver mutations and to discover novel 

mutations. Therefore, it is critical to compare and analyze mutations identified across 

independent studies to help understand the complete role of oncogenic mutations in PTCL. 

Mutations contributing to the genomic instability of PTCL have been frequently 

identified in multiple PTCL subtypes. Mutations in the DNA damage response pathway, 

including ATM, CHEK2, and p53, which are responsible for the faithful replication of DNA, are 

implicated in the oncogenesis of PTCL (Figure 1.5) (40, 41). Mutations in p53 itself (encoded by 

the gene TP53), although common in other types of cancer, are rare in PTCL, however p53  
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Vertical bars represent the percent of mutations identified in the indicated gene in various 

subtypes of PTCL. The list of genes included in incomplete. Abbreviations: HSTL = 

Hepatosplenic T Cell Lymphoma (blue); CTCL = Cutaneous T cell lymphoma, includes MF and 

SS subtypes of PTCL (dark purple); ALCL = Anaplastic Large Cell Lymphoma (magenta); 

NKTCL = Natural Killer/T Cell Lymphoma (pink); ATLL = Adult T Cell Leukemia/Lymphoma 

(red); AITL = Angioimmunoblastic T Cell Lymphoma (orange); overall frequency for PTCL 

(Peripheral T Cell Lymphoma) in yellow. Figure adapted from Cancer Discovery, © 2017, 

McKinney, et. al., The Genetic Basis of Hepatosplenic T-cell Lymphoma, with permission from 

the American Association for Cancer Research (42). 

 

  

Figure 1.4. Mutation frequencies of several genes identified in PTCL. 
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Figure 1.5. The DNA damage response pathway repairs DNA double strand breaks. 

Double strand breaks induced in the DNA trigger the DNA damage response involving 

checkpoint kinases ATM, CHK1, CHK2, and other proteins including p53, CDC25, and BRCA1. 

A complex of NBS1, MRE11, and RAD50 facilitates the DNA damage response. If the DNA 

damage response fails to repair DNA, apoptosis is induced.  Figure adapted from ref. (41).   
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tumor suppressor function is compromised by a variety of pathway abnormalities in PTCL. 

Ataxia-Telangiectasia Mutated (ATM) has been found to be mutated or inactivated in more than 

half of all cases of the T-PLL subtype of PTCL (43-45). A recent whole-exome sequencing 

analysis of primary T-PLL cases confirmed ATM mutation in 70.0% (28/40) of samples (34). 

This same study identified mutations in CHEK2, which is downstream of ATM in the DNA 

damage response pathway, in an additional 5% (2/40) of T-PLL cases studied. Inactivating 

mutations in key signaling domains of ATM were also reported in 2% (3/137) of PTCL cases of 

by whole-exome and targeted deep sequencing (33).  Copy number variants (CNVs) involving 

ATM and POT1, which maintains telomeres, have been observed in SS (46). This study also 

identified BRCA2 defects in 14% of SS cases analyzed. Using genome-wide, next-generation 

sequencing (NGS) analysis of 16 PTCL patient tissue samples and 6 PTCL cell lines, another 

study identified 13 recurrent mutations and chromosomal rearrangements involving five p53-

pathway genes (TP53, TP63, CDKN2A, WWOX, and ANKRD11) (28). Novel TP63 

rearrangements inhibiting the p53 pathway were seen in 5.8% (11/190) of PTCL cases analyzed 

in follow up analysis by FISH and were associated with a reduction in patient median survival 

from 33.4 months to 17.9 months. Mutations in TP53 have been observed in the HSTL subtype 

of PTCL by whole-exome sequencing (42).  Loss-of-function mutations were also identified in 

TP53 in 4.7% (4/85) of cases of AITL by targeted sequencing (47). The DNA damage response 

pathway is critical for the maintenance of genomic integrity and thus is often compromised in 

malignancy and PTCL is no exception, although frequency varies by subtype. 

Furthermore, genomic instability is also induced by mutations in epigenetic factors in 

PTCL. Chromatin modifying genes including SETD2, INO80, SMARCA2, TET3, and ARID1B 

were found to be mutated in 62% of HSTL cases (42). The most frequently silenced gene in 
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HSTL by this study was the tumor suppressor gene SETD2, a histone methyltransferase, mutated 

in 27% (17/68) of the cases. INO80 was mutated in 21%, TET3 in 15%, and SMARCA2 in 10% 

of the HSTL cases studied. Somatic inactivating mutations in SETD2 were also found in 93% 

(14/15) of cases of EATL by whole-exome sequencing (48). Recurrent epigenetic factor 

mutations in TET2 (involved in DNA demethylation) and DNMT3A (a DNA methyltransferase) 

were identified in PTCL by whole-exome sequencing with follow up RNA and targeted deep 

sequencing in AITL and PTCLnos subtypes (33). Another study identified recurrent mutation in 

TET2 in 76% (65/85) cases of AITL. DNMT3A mutations were also identified in 33% (28/85) of 

these samples, concurrent with the TET2 mutations (47). This study also reported loss-of-

function mutations in ETV6, a transcriptional repressor, and EP300 a histone acetyltransferase, in 

3.5% (3/85) and 5.9% (5/85) cases of AITL, respectively (47). Mutations in DNMT3A and other 

genes involving epigenetic regulation including, ASLX3 and TET1-3 have also been observed in 

SS (46).  Mutations in TET2 were identified in 17% (4/23) of cases of T-PLL by Sanger 

sequencing along with mutations in other epigenetic regulators including EZH2, a histone 

methyltransferase, in 13% (3/23) and BCOR, which interacts with histone deacetylases, in 9% 

(2/23) of the cases analyzed (49). Histone modification-related genes were also mutated in 

38.2% of primary NKTCL samples analyzed by whole-exome, targeted and RNA sequencing, 

including BCOR in 20.6% (7/34) of cases and MLL2, a histone methyltransferase, in 17.6% 

(6/34) of cases studied (50). EZH2 was also found to be mutated in 12.5% (5/40) of cases in 

another study of T-PLL by whole-genome sequencing (34). Mutations in CREBBP, which is 

involved in histone acetylation among other functions, were also observed. A recent study by this 

same group identified novel recurrent loss-of-function genomic aberrations in genes involving 

chromatin remodeling and histone modification, including ARID1A, which was inactivated in 
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40.3% of SS genomes studied by whole-genome sequencing (6 primary SS cases), whole-exome 

sequencing (66 cases), and array comparative genomic hybridization-based copy-number 

analysis (80 cases) (51). Finally, the chromatin remodeling gene SETD1A was found to contain 

mutations in MF patient samples by whole-genome and targeted ultra-deep sequencing involving 

30 cases (52). The recurrent identification of mutations in epigenetic regulators and chromatin 

remodeling genes across a wide variety of PTCL subtypes supports the role of compromised 

genomic integrity in the pathogenesis of PTCL.  

T-cell receptor (TCR) signaling is essential to the development, maturation, proliferation, 

and survival of T-cells in the immune response and thus is a target of oncogenic mutations for T-

cell malignant transformation. Mutations in TCR signaling have been identified in multiple 

subtypes of PTCL. Recurrent alterations in critical TCR signaling pathway molecules have been 

observed in NKTCL and ALCL subtypes including translocations in TCR in 2.9% (3/102) of 

cases and TCR in 1% (1/88) of cases (53). This study also identified mutations in SYK, a non-

receptor tyrosine kinase involved in TCR signaling, in PTCL (53). Recurrent mutations were 

also observed in FYN, another kinase involved in T-cell activation, in 3% (4/137) of AITL and 

PTCLnos cases in another study by whole-exome, RNA, and targeted deep sequencing (33). This 

study also reported mutations in B2M, which is associated with MHC class I, in 1% (2/137) of 

cases and CD58, which is involved in antigen presenting cell–T-cell interactions, in 4% (6/137) 

of cases also implicating impairment of immune surveillance mechanisms in PTCL. A whole-

exome sequencing study of 68 cases of HSTL identified mutations in PIK3CD, a PI3Kinase 

involved in TCR signaling, in 9% of samples (42). The gene encoding a serine/threonine kinase 

downstream of TCR signaling, PRKCQ, was found to contain chromosomal aberrations in 20% 

of SS patient samples analyzed by whole-exome sequencing, copy number analyses, and targeted 
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resequencing in a study of 101 cases (46). In this same study, mutations in PLCG1, which 

encodes the PLC1 protein responsible for mediating critical second messenger molecules 

downstream of the TCR, were observed in 11% of SS cases. Recurrent gain-of-function 

mutations were also observed in PLCG1 in 9% of SS cases analyzed by a study combining 

whole-genome, whole-exome sequencing, and copy number analysis (51). A specific PLCG1 

S345F mutation was observed in 12.9% (13/101) of PTCL patients analyzed in a study by 

Manso, et. al. (37). More specifically, this mutation was seen in 11.7% (7/60) of AITL and 

14.6% (6/41) of PTCLnos cases studied. The PTCLnos patients with mutated PLCG1 

experienced a significant reduction in OS, from >40% to <20% over 3.5 years, compared to 

PTCLnos patients with non-mutated PLCG1. Due to its essential role in maturation, activation, 

proliferation, and survival of T-cells, mutations in the TCR signaling pathway often serve as 

cancer driver mutations in T-cell malignancy. 

 Mutations in the G-protein-coupled receptor (GPCR) signaling pathway, which 

contributes to the regulation of the cytoskeleton during cell division, have also been identified in 

PTCL especially in the Rho family GTPase, RHOA. Several studies have identified a prevalent 

RHOA G17V mutation in the AITL and PTCLnos subtypes of PTCL. RHOA G17V was initially 

identified in PTCL by whole-exome sequencing of 12 matched tumor-normal primary patient 

samples followed by RNA and targeted deep sequencing and observed in 67% (22/35) of the 

AITL samples and in 18% (8/44) of the PTCLnos samples studied (33).  The RHOA G17V 

mutation was also identified in 54.4% (6/11) of AITL and 2.3% (3/13) of PTCLnos cases studied 

by whole-genome oligo microarray (35). This cohort was expanded using Sanger sequencing on 

an additional group of samples and 26.4% (32/121) of the cases were found to contain the RHOA 

G17V mutation including 34.2% (25/73) of AITL cases and 14.6% (7/48) of PTCLnos cases 
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(35). Another study identified RHOA G17V mutation in 60-70% of AITL and AITL-like 

PTCLnos cases analyzed (36). Although RHOA G17V mutation has been observed in more than 

half of AITL cases studied, how this mutation contributes to the tumorigenesis of AITL remains 

unknown (54). Other mutations in RhoA including RHOA C16R, N117K, and K118T, were also 

identified in 6% (4/66) of cases SS cases analyzed by whole-genome sequencing, whole-exome 

sequencing and copy number analysis (51).  Furthermore, the G protein GNAI2, was found to 

contain somatic mutations in 24% of EITL samples analyzed in a whole-exome sequencing study 

of four primary samples, followed by amplicon deep sequencing of 42 additional samples (55). 

Overexpression of these GNAI2 mutations in vitro increased phosphorylation of ERK1/2 

downstream of the GPCR, enhancing MEK/ERK pathway signaling and MEK/ERK pathway 

inhibitors reduced viability of primary EITL cells ex vivo.  Further understanding of how GPCR 

pathway mutations contribute to PTCL oncogenesis is yet to be elucidated. 

 Mutations in a multitude of signaling pathways have also been observed in PTCL.  

Cyclin D1, VEGF, several chemokines and cytokines, as well as growth factors and HLA 

antigens were all found to be deregulated in a study of NKTCL vs. normal NK cells (31). Notch 

and Wnt signaling pathway mutations have been reported in NKTCL, ATLL, T-PLL, and 

PTCLnos (31, 32, 34). The ubiquitin ligase, FBWX10, was found to be mutated in T-PLL and the 

cell metabolism enzyme, isocitrate dehydrogenase, IDH2 was mutated in AITL and PTCLnos 

(33, 34, 47). Taken together these studies shed light on the numerous mechanisms of 

oncogenesis involved in the pathogenesis of PTCL. 

 Interestingly, and especially of interest to this research, many prior studies have identified 

mutations in the common gamma chain (c)/JAK/STAT signaling pathway in PTCL. Together, 

these studies demonstrate the substantial frequency of oncogenic JAK/STAT pathway mutations 
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in this heterogeneous malignancy. As the role of this signaling pathway in the oncogenesis of 

PTCL is the focus of our research reported here, we discuss these c/JAK/STAT signaling 

pathway mutations in detail in subsequent sections.  
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1.3: JAK/STAT pathway signaling 

 The JAK/STAT signaling pathway plays an important role in the physiological 

activation of T-cells during the immune response, as cytokine signal transduction contributes to 

T-cell activation, differentiation, and expansion (56).  Pathway signaling is induced by cytokine-

receptor binding on the cell surface. The cytokine signaling discussed in this study is dependent 

upon the common cytokine receptor gamma chain (c) family, which consists of interleukin-2 

(IL-2), IL-4, IL-7, IL-9, IL-15 and IL-21. These cytokines bind to cytokine receptor complexes 

which include the common cytokine receptor gamma chain (c, encoded by the IL2RG gene) 

either in association with their specific cytokine receptor as a dimer or as a trimeric receptor 

signaling complex including the IL-2/IL-15 cytokine receptor  chain (Figure 1.6). As the c and 

the associated c cytokine receptors have no intrinsic enzymatic activity, signal transduction is 

dependent on the Janus Kinase (JAK) molecules, JAK1 and JAK3, which associate with the 

intracellular domains of the receptors (2). Binding of a c cytokine unites cytokine receptor 

subunits to form the receptor complex and triggers a conformational change in the receptors’ 

cytoplasmic domains causing associated JAK1 and JAK3 molecules to phosphorylate each other 

and the receptor itself. Signal transducer and activator of transcription (STAT) molecules are 

recruited to the phosphorylated receptor subunits where they are also activated by JAK 

phosphorylation. The majority of c cytokine signal transduction relies on the activation of 

STAT1, STAT3, or STAT5, including STAT5A and STAT5B. Once activated, phosphorylated 

STATs dimerize and translocate into the nucleus where they function as transcription factors 

regulating the expression of numerous genes involved in cell growth, proliferation, and survival 

(Figure 1.7). When cytokine stimulation is withdrawn at the conclusion of the immune response, 

T-cells undergo programmed cell death by apoptosis (57, 58). Constitutive activation of this 
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pathway, through mutation or overexpression, has been shown to be oncogenic, resulting in 

aberrant T-cell proliferation and survival (2, 29, 34, 59-61).  
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Figure 1.6. c family of cytokines and receptors. 

The cytokine receptors for c family cytokines: IL-2, IL-15, IL-4, IL-7, IL-9 and IL-21 are 

depicted. All c family cytokine receptors share the c chain in association with a cytokine 

specific  chain. IL-2 and IL-15 cytokine receptors form trimers including the IL-2/IL-15R  

chain. c family cytokine signaling activates JAK1 and JAK3 which is associated with the 

receptors’ cytoplasmic domains. The JAKs phosphorylate the indicated STAT molecules as 

shown. STAT5 includes both STAT5A and STAT5B isoforms. Abbreviations listed: DC = 

Dendritic Cell, NK cell = natural killer cell, NKT cell = natural killer T cell. Modified from ref. 

(2). Republication permitted. 
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Figure 1.7. c/JAK/STAT signal transduction 

The c /JAK/STAT pathway signaling begins with binding of a cytokine to its corresponding 

cytokine signaling receptor complex. IL-2 signaling is illustrated here. Cytokine binding triggers 

a conformational change in the receptor intracellular domains which causes the associated JAK 

kinases to phosphorylate each other and the receptor. Activated JAKs recruit and activate STAT 

transcription factors which subsequently enter the nucleus to regulate transcription of pathway 

effectors leading to T cell proliferation, survival, and, when inappropriately activated, potential 

malignancy.  
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1.4: Mutations of the JAK/STAT pathway in PTCL 

Mutations in the c/JAK/STAT signaling pathway leading to constitutive pathway 

activation have been observed in nearly every subtype of PTCL at various frequencies, often 

leading to worse clinical outcomes (62). Activating mutations in JAK1, JAK3, STAT3, STAT5, 

and IL2RG have been identified in T-LGL, ALCL, HSTL, EATL, NKTCL, γδ T-cell lymphoma, 

T-PLL, AITL, SS, and MF in frequencies ranging from 1% to nearly 90% of the patient samples 

analyzed by a variety of NGS techniques (Figures 1.8-1.9, Table 1.4) (34, 63). Patients with 

these mutations have been shown to experience a more aggressive clinical course and reduced 

OS (30, 64, 65). These mutations have also often been observed in other hematologic 

malignancies and have been characterized as oncogenic mutations, conferring cytokine-

independent activation of the JAK/STAT pathway via phosphorylation of STAT molecules, 

proliferation of malignant T-cell lines, and enhanced colony formation capabilities (2, 27, 29, 34, 

59-61, 66, 67). These effects can be mitigated by use of JAK/STAT pathway inhibitors 

suggesting the utility of such agents in the treatment of PTCL (42, 62, 68). The studies that have 

identified and characterized these pathway mutations in PTCL are discussed in this section, 

highlighting the frequency and prevalence of these mutations across subtypes in this rare, 

heterogeneous malignancy. 

JAK3 is the most frequently mutated JAK molecule in PTCL, although frequent JAK1 

and rare JAK2 mutations have also been identified. Numerous sequencing studies have observed 

recurrent somatic activating mutations in JAK3 and JAK1 by whole-genome, whole-exome, or 

other targeted sequencing approaches. The most frequently identified JAK3 mutations reported 

are JAK3 A572V, A573V, and M511I, in or near the autoinhibitory pseudokinase domain of 

JAK3; these mutations have also been observed in other hematologic malignancies and  
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JAK protein concentrated at JAK1 Y658F and at JAK3 A572V, A573V. Abbreviations listed: 

AITL = angioimmunoblastic T cell lymphoma; ALCL= anaplastic large cell lymphoma; ATLL = 

adult T cell leukemia/lymphoma; MF =  Mycosis fungoides; SS= Sezary syndrome; EATL= 

enteropathy-associated T cell lymphoma; γδTCL =hepatocellular γδ peripheral T cell lymphoma; 

NKTCL = extranodal natural killer T cell lymphoma; PTCLnos = peripheral T cell lymphoma 

not otherwise specified; T-LGL = T cell large granular lymphocytic leukemia; T-PLL = T cell 

prolymphocytic leukemia. Figure modified from ref. (2).  

 

 

 

 

 

Figure 1.8. JAK1 and JAK3 mutations identified in PTCL. 

The location of mutated residues within the domain structure of the noted JAK protein is color-

coded by PTCL subtype. Most mutations were identified within the pseudokinase domain of the 

JAK protein concentrated at JAK1 Y658F and at JAK3 A572V, A573V. Abbreviations listed: 

AITL = angioimmunoblastic T-cell lymphoma; ALCL = anaplastic large cell lymphoma; ATLL 

= adult T-cell leukemia/lymphoma; MF =  Mycosis fungoides; SS = Sezary syndrome; EATL = 

enteropathy-associated T-cell lymphoma; γδTCL = hepatocellular γδ peripheral T-cell 

lymphoma; NKTCL = extranodal natural killer T-cell lymphoma; PTCLnos = peripheral T-cell 

lymphoma not otherwise specified; T-LGL = T-cell large granular lymphocytic leukemia; T-

PLL = T-cell prolymphocytic leukemia.  Figure modified from ref. (2). Republication permitted. 
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Figure 1.9. STAT mutations identified in PTCL. 

The location of mutated residues within the STAT molecule domain structure is color-coded 

by PTCL subtype. Most mutations were identified within the SH2 domain of the STAT 

protein concentrated at STAT3 Y640F and D661Y and in STAT5B at N642H and Y665F. 

Abbreviations listed: AITL = angioimmunoblastic T-cell lymphoma; ALCL = anaplastic 

large cell lymphoma; ATLL = adult T-cell leukemia/lymphoma; MF =  Mycosis fungoides; 

SS = Sezary syndrome; EATL = enteropathy-associated T-cell lymphoma; γδTCL = 

hepatocellular γδ peripheral T-cell lymphoma; NKTCL = extranodal natural killer T-cell 

lymphoma; PTCLnos = peripheral T-cell lymphoma not otherwise specified; T-LGL = T-cell 

large granular lymphocytic leukemia; T-PLL = T-cell prolymphocytic leukemia. Figure 

modified from ref. (2). Republication permitted. 
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                                                                                                      Modified from ref. (2) 

PTCL 

subtype 
JAK mutations identified 

STAT mutations 

identified 

Other JAK/STAT 

pathway 

mutations or 

fusions identified 

References 

NKTCL 

JAK1: Y652D  

JAK3: C565del, A572V, 

A573V, V722I 

STAT3: S614R, 

D661Y, A703T 

STAT5B: N642H, 

Y665F 

  (59, 63, 68) 

HSTL   

STAT3: Y640F, 

D661Y STAT5B: 

N642H, Y665F, 

E679K 

  (68) 

SS and 

MF 

JAK1: Y654F, L710V  

JAK3: Y123H, A573V, S989I 

STAT3: I498Y, 

Y640F  

STAT5B: N642H, 

Q706L 

  
(46, 51, 52, 

69) 

ATLL JAK3: L156P, R172Q, E183G     (67, 70) 

AITL JAK2: V617F, G511S 614, 661 IL-7 TEL-JAK2 (47) 

T-LGL 

JAK1: Y652D  

JAK3: C565del, A572V, 

A573V, V722I, L1073F 

STAT3: S614R, 

G618R, Y640F, 

N647I, D661Y/VHI  

STAT5B: N642H, 

Y665F 

  
(27, 29, 30, 

71) 

ALK– 

ALCL 

JAK1: G1097D/S/V, Y640F, 

L910P 

STAT3: S614R, 

G618R, Y640F, 

N647I, D661Y/VHI, 

lins, A662V 

NFB2-ROS1, 

NFBS-TYK2, 

PABPC4-TYK2 

(65, 72, 73) 

T-PLL 

JAK1: L653F, Y658F  

JAK3: Q503H, Q507P/H, 

M511I, A572V, A573V, R629D, 

630del, L653F, R657Q/W, 

V658F, V674F/A, V678L, 

V722I, Y824D, L857P 

STAT5B: N642H, 

R659C, Y665H, 

Q706L 

IL-2 receptor 

gamma chain: 

M270del, K315E 

(34, 61, 74) 

EATL   STAT5B: N642H   (68) 

Table 1.4. JAK STAT mutations identified in PTCL.  
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demonstrated to be activating mutations, conferring cytokine-independent growth and 

transforming potential in transduced cell lines (Figure 1.8) (59-61, 66, 67, 75). JAK mutations 

have been identified in approximately one third of cases of the T-PLL subtype of PTCL. Somatic 

mutations in JAK3 were identified in 30% (15/50) and JAK1 in 8.0% (4/50) of T-PLL cases 

studied by whole-genome, whole-exome, and targeted Sanger sequencing analysis (34). Several 

of the variants have been detected previously in other malignancies or shown to lead to 

constitutive activation of JAK/STAT signaling including JAK3 M511I, A573V, and R657W40 

and JAK1 V658F and S703I25 (34, 76). Other reports also describe recurrent mutations in JAK1 

and JAK3 in a cohort of T-PLL including half of cases studied by targeted sequencing (49%, 

22/45), 30% (13/43) of T-PLL cases analyzed by Sanger sequencing, and 34% (11/32) of T-PLL 

patients analyzed by targeted sequencing and FISH analysis, the most frequent of which was 

M511I (34, 49, 61, 74). Furthermore, T-PLL patients with JAK3 M511I mutations experienced 

significantly worse clinical outcomes: a median OS of 15.1 months was recorded for these 

patients vs. 27.1 months for all T-PLL patients on study (34). Additionally, in 21% (4/19) of 

NKTCL primary tumor samples analyzed, JAK3 was constitutively activated by A573V or 

V722I mutation, leading to NKCL cell growth and survival (63). JAK3 A572V and A573V 

somatic activating mutations were also identified in 2 out of 4 NKTCL patients in another study 

analyzed by whole-exome sequencing (59). Follow up Sanger sequencing and high-resolution 

melt analysis of an additional 61 cases revealed a total frequency of JAK3 mutations of 35.4% 

(23/65) in NKTCL. Subsequent in vitro studies determined that an NKTCL cell line expressing 

JAK3 A572V experienced constitutive JAK/STAT pathway activation and cytokine-independent 

cell proliferation (59). Culture with a JAK inhibitor, CP-690550, decreased p-STAT5, reduced 

cell viability, and increased apoptosis in cell lines overexpressing mutated and wt JAK3. Studies 
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conducted by Bouchekioua, et. al. support these results with CP-690550 demonstrating a 

significant delay of tumor growth in a human NKTCL xenograft mouse model. A third study of 

NKTCL also identified JAK3 mutations in 5.8% (2/34) of samples analyzed by whole-exome, 

targeted, and RNA sequencing (50). The EATL subtype of PTCL also contains frequent JAK3 

mutations. Whole-exome sequencing of EATL identified recurrent mutation of JAK3 in 46% 

(7/15) of samples studied including A573V, M511I, R657W, and K563-566del mutations (48). 

Frequent JAK3 mutations (35%) were observed in epitheliotropic intestinal T-cell lymphoma 

(EITL), by whole-exome and targeted deep sequencing (55). JAK/STAT pathway inhibitors 

were also shown to decrease viability of primary EITL cells ex vivo, although the specific 

mechanism(s) responsible remain to be fully described. Somewhat less common are JAK3 

mutations in cutaneous derived PTCLs. The JAK/STAT signaling pathway was found to be 

affected by direct mutation and copy number variants in 55% of 101 SS cases analyzed in  one 

study and 11% of SS cases, including mutations in JAK1, JAK3, STAT3 and STAT5B, in 

another study employing whole-genome sequencing of 6 primary SS cases, whole-exome 

sequencing of 66 cases, and copy number analysis of an additional 80 cases (46, 51). Together 

JAK3 and JAK1 were each found to be mutated in 3% (2/66) of these cases (51).  This group 

further demonstrated that JAK1 inhibition reduced cell proliferation as well as downstream 

STAT phosphorylation in two primary SS samples with JAK1 mutation. JAK3 A573V and 

A572V mutations were also observed in other studies of SS and MF (46, 52). McGirt et. al.  also 

tested the efficacy of the JAK inhibitor, tofacitinib, which is FDA approved for rheumatoid 

arthritis, in T-cell lymphoma cell lines in vitro and demonstrated significantly reduced cell 

survival. Lastly, a report of AITL identified gain-of-function mutations in JAK2 in 2.3% (2/85) 
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of cases analyzed (47). Activating JAK mutations are frequent in multiple subtypes of PTCL 

leading to worse clinical outcomes and may present a target for PTCL therapeutic intervention.  

Also prevalent in PTCL are mutations in the downstream STAT molecules, which 

constitutively activate the JAK/STAT signaling pathway. Frequent STAT3 activation, either by 

the presence of somatic gain-of-function mutations, or by other means, has been described in 

many PTCL subtypes (Figure 1.9).   STAT3 mutations have been reported in 40% (31/77) of T-

LGL samples by whole-exome and targeted sequencing analysis (27). The mutations identified 

include STAT3 Y640F in 17% (13/77), D661V in 9% (7/77), D661Y in 9% (7/77), and N647I in 

4% (3/77) all of which are located in the Src-like homology (SH2) domain responsible for STAT 

dimerization and activation and many alter phosphorylation sites. By subsequent in vitro 

analysis, this group determined that STAT3 Y640F and D661V mutations increased STAT3 

transcriptional activity. Upregulated levels of downstream target genes of the STAT3 pathway 

including IFNGR2, BCL2L1, and JAK2 were also observed in the patients with these mutations. 

In another study of T-LGL, STAT3 SH2 domain mutations were identified in 27% of 120 

primary patient cases analyzed by direct sequencing, allele-specific PCR, and microarray 

analysis (30). This study found that patients with STAT3 mutations were more likely to have 

symptomatic disease, require multiple different treatments, and display increased expression of 

STAT3 target genes. Additionally, primary T-LGL cells with mutant or overexpressed STAT3 ex 

vivo demonstrated increased sensitivity to the STAT3 inhibitor STA-21, leading to increased 

apoptosis (30). These findings support the reported STAT3 mutations as oncogenic drivers of T-

LGL. The role of STAT3 mutations as frequent cancer driver mutations has also been revealed in 

multiple other subtypes of PTCL. STAT3 was found to be constitutively phosphorylated 

(pY705) and translocated into the nucleus in 8 out of 9 patients with NKTCL (77). This study 
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further demonstrated that STAT3 inhibition limited cell growth and induced cell death in 

NKTCL cells. The JAK/STAT pathway was found to be mutated in 55.9% of the samples 

included in another study of NKTCL analyzed by whole-exome, targeted, and RNA sequencing 

(50). The most frequently mutated gene in this report was STAT3 in 26% (9/34) of samples. 

STAT3 mutations are also common in ALCL. JAK/STAT pathway mutations were identified in 

~20% of 88 ALK– ALCL cases studied by targeted sequencing (72). The STAT3 Y640F 

mutation was observed in this study and shown to constitutively activate STAT3 in transduced 

mouse embryonic fibroblast cell lines in the absence of cytokine signaling. STAT3 activation has 

also been reported in 84% (26/31) of ALK+ ALCL and 47% (23/49) of ALK– ALCL by nuclear 

immunostaining for pSTAT3 (pY705) (65). For patients for which clinical follow up data was 

available (72 cases), ALK– ALCL patients with constitutive STAT3 activation demonstrated a 

significant reduction in 5-year OS. Thus, activation of STAT3, either by mutation or 

overexpression, is frequent in PTCL and found to be associated with negative clinical outcomes 

in multiple subtypes. Additional, less common, mutations in STAT3 have been identified in 

HSTL. STAT3 mutations including D661Y and Y640F were reported in around 9% of cases of 

HSTL by two different sequencing analyses (42, 78). Rare STAT3 mutations or constitutive 

phosphorylation have also been described in ~5% of AITL and 3% of cases of SS (47, 51, 79). 

Activation of STAT3 is prevalent across subtypes and contributes to PTCL lymphomagenesis.  

STAT5 has also demonstrated a wide spread prevalence of mutation and aberrant 

activation in PTCL, associated with poorer clinical outcomes (29, 34, 64, 68, 78, 80, 81).  

Activating STAT5 mutations have been observed in multiple PTCL subtypes including high 

frequencies of 63% in EITL, 36% in T-PLL, 33% in HSTL, and more rare instances of 3% in SS 

and 2% in T-LGL (29, 34, 49, 51, 55, 78). One of the most prevalently identified activating 
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mutations in PTCL, STAT5 N642H, has been associated with a more aggressive clinical course 

in the T-LGL subtype of PTCL and a significantly reduced probability of event-free survival and 

an increased rate of relapse in T-cell acute lymphoblastic leukemia (T-ALL) (29, 64). The 

studies described demonstrate the substantial frequency of oncogenic STAT5 mutations in 

PTCL. A recent study utilizing several NGS techniques revealed that 76.0% (38/50) of T-PLL 

cases contained somatic mutations in the JAK/STAT signaling pathway (34). Mutations in 

STAT5B were observed at an especially high-frequency in T-PLL; 36% (18/50) of cases 

contained a mutation in STAT5B. The mutations identified included T628S, N642H, R659C, and 

Y665H each located in the SH2 domain (Figure 1.9). This study also demonstrated the gain-of-

function capabilities of several of the JAK/STAT pathway mutations identified, revealing 

increased STAT5 activation, cytokine-independent growth in transformed Ba/F3 cells, and/or 

increased colony formation in the Jurkat T-cell line. Analysis of two cases of primary T-PLL 

patient cells ex vivo exhibited constitutive STAT5 activation as well as a reduction in viability 

when exposed to targeted pharmacologic STAT5 inhibition. Another sequencing study of T-PLL 

also revealed a high prevalence of STAT5B mutation, 21% (8/39) of T-PLL cases analyzed by 

Sanger sequencing (49). STAT5B mutations are also common in HSTL. STAT5B N642H was 

observed in 33.3% (7/21) of HSTL cases studied in one analysis (78). Another study identified 

STAT5B mutations in 31% of 68 HSTL cases analyzed by whole-exome sequencing (42). This 

group also reported that addition of a STAT5 inhibitor reduced viability in an HSTL cell line 

with activated STAT5. In the EATL subtype of PTCL, recurrent mutations in the JAK/STAT 

pathway including mutations in STAT5B were observed in 60% (9/15) of cases (48). The 

N642H mutation, as well as a novel variant, V712E, were recorded in this analysis. Additionally, 

a high frequency, 63%, of EITL cases was found to contain STAT5B mutations by whole-exome 
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sequencing of 4 index cases, followed by amplicon deep sequencing of 42 samples (55). These 

two studies suggest that the oncogenesis of EATL and EITL rely heavily of activated STAT5 

signaling. STAT5B N642H is also particularly frequent in γδ-T-cell lymphomas 

(68).  STAT5B activation in NKTCL and γδ-T-cell lymphomas are associated with increased 

STAT phosphorylation and proliferation of transduced cells, which can be partially inhibited by 

a JAK1/2 inhibitor. Molecular modeling and surface plasmon resonance measurements reveal 

that the mutant histidine in N642H possesses increased binding affinity for the phosphorylated 

Y699 residue in STAT5B leading to increased target-site binding and persistence of p-STAT5B 

N642H vs wild-type (wt) STAT5. Less frequent, although important with regard to patient 

prognosis, are STAT5B mutations in T-LGL. Exome and transcriptome sequencing  in 2 index 

cases of T-LGL followed by targeted amplicon sequencing of an additional 211 T-LGL patients 

identified 2% (4/211) with a recurrent, somatic missense mutation in the STAT5B SH2 domain 

(29). STAT5B Y665F and N642H mutations were identified and shown to increase STAT5 

Y694 phosphorylation and transcriptional activity. Additionally, patients with STAT5B N642H 

mutation experienced a more aggressive and fatal clinical course of the disease. STAT5B N642H 

was also observed in two studies of SS, and STAT5B was reported to be mutated at frequency of 

3% (2/66) in a whole-genome, whole-exome sequencing, and copy-number analysis (46, 51). 

Activating mutations in STAT5B have thus far been reported in at least six different subtypes of 

PTCL at frequencies ranging from very common, >60%, to rare, 2%, leading to aberrantly active 

JAK/STAT pathway signaling and a more aggressive clinical course of disease, making STAT5 

an appealing therapeutic target for PTCL. 

Furthermore, novel mutations in the c cytokine signaling receptor itself have also been 

reported in the T-PLL subtype of PTCL. An indel, G268_M270del, located in the 
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transmembrane domain, was identified in a case of T-PLL and demonstrated to be a gain-of-

function mutation increasing STAT5 phosphorylation and transcriptional activity in vitro (34).  

A second mutation in the c, K315E, which is located in the intracellular region of the cytokine 

receptor, was also identified in the same sample. Its role in PTCL oncogenesis remains to be 

determined. 

Aside from direct mutations in c, JAK, and STAT molecules, aberrant activation of the 

c/JAK/STAT signaling pathway in PTCL has also been achieved by mutations in pathway 

regulatory components. The JAK/STAT pathway is subject to extensive negative regulation to 

attenuate signaling and loss-of-function mutations in these genes lead to enhanced pathway 

signaling activity.  The suppressor of cytokine signaling molecule, SOCS3, which binds to and 

inhibits JAK1 and JAK2 signaling, is silenced in some cases of NKTCL by promotor 

hypermethlyation (82). Homozygous mutations resulting in inactivation of PTPN2, a protein 

tyrosine phosphatase which attenuates JAK/STAT pathway signaling by dephosphorylating JAK 

and STAT molecules, was observed in 5% (2/39) cases of PTCLnos (38). Finally, whole-exome 

sequencing of primary EATL cases identified recurrent mutations in SH2B3, a negative regulator 

of cytokine signaling in T-cells, in 20% (3/15) of cases analyzed (48). These studies show that 

JAK/STAT pathway activation in PTCL is not only accomplished by activating mutations in 

direct pathway signaling components, but also through inactivating mutations resulting in 

reduced negative regulation. 

In summary, the c/JAK/STAT signaling pathway is frequently constitutively activated in 

a wide variety of PTCL subtypes. Activating mutations in the c, JAK3, JAK1, STAT3, and 

STAT5B are recurrently identified in PTCL, often leading to worse patient outcomes. The 
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JAK/STAT pathway, therefore, presents an appealing target for novel therapeutic approaches in 

PTCL malignancy. 
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1.5: Targeting the JAK/STAT pathway in hematologic malignancies 

Due to this prevalence of activating JAK/STAT pathway mutations and their negative 

prognostic indications, inhibition of this pathway is an appealing therapeutic approach in PTCL. 

In other hematologic malignancies driven by JAK/STAT activation, including myeloproliferative 

neoplasms with activating JAK mutations, JAK inhibitors have demonstrated significant clinical 

efficacy (83, 84). JAK2 mutations are extremely prevalent in myelofibrosis and polycythemia 

vera (PV) (85). JAK2 V617F mutation has been identified in >90 % and >50% of PV and 

myelofibrosis, respectively (83, 85). Based on the prevalence of such mutations, the JAK 

inhibitor ruxolitinib has been approved by the FDA for the treatment of PV and myelofibrosis 

(86). Because JAK/STAT mutations are also frequent in PTCL, recent research has been 

dedicated to assessing the efficacy of JAK inhibitors in this clinically challenging malignancy.   

JAK inhibition is a promising therapeutic approach in PTCL, as well, as it has already 

demonstrated potential in in vitro and in vivo models of T-cell malignancy. JAK inhibitors 

ruxolitinib, which is JAK1/2 selective, and tofacitinib, a pan-JAK inhibitor, have been shown to 

limit the proliferation of several different malignant T-cell lines as well as primary patient cells 

ex vivo (62). The specific mechanism(s) by which these inhibitors decrease malignant cell 

viability are not completely understood. Ruxolitinib also inhibited tumor growth in a murine 

model of ALK– ALCL with JAK1 and STAT3 mutation and tofacitinib delayed NKTCL tumor 

growth in a human NKTCL xenograft mouse model (63, 72). Furthermore, tofacitinib is 

approved for use in patients with rheumatoid arthritis and when studied in a cohort of nine 

refractory patients with rheumatoid arthritis and T-LGL, patients achieved a hematological 

response and displayed a preferential increase in CD8+ T-cell apoptosis in T-LGL with STAT3 
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mutation (87). These studies support a role for the development of JAK inhibitors in PTCL 

therapy. 

While the FDA approved non-specific JAK inhibitors ruxolitinib and tofacitinib are 

promising, because JAK3 functions appear to be exclusive to hematopoietic cells, JAK3 specific 

inhibition may serve as an ideal therapeutic target. JAK3 and JAK1 are commonly mutated in 

PTCL, whereas JAK2 mutations are quite rare. As JAK2 inhibition interferes with 

thrombopoietin, erythropoietin, IL-3, IL-5, and GM-CSF signaling, patients treated with non-

specific JAK inhibitors, including ruxolitinib and tofacitinib, are subject to unnecessary off target 

effects including thrombocytopenia, anemia, and neutropenia (62). Therefore, JAK1/3 selective 

inhibition would be a more ideal approach for PTCL therapy. Development of specific JAK3 

inhibitors, such as CP-690550, is in progress and preliminary reports of CP-690550 from clinical 

trials of psoriasis, rheumatoid arthritis, and kidney transplantation are promising (88). 

It is important to note, however, that the overall efficacy of JAK inhibitors in malignant 

T-cells depends on the method of JAK/STAT pathway activation. In T-cell lymphoma cell lines 

or primary patient PTCL cells ex vivo expressing activated JAK/STAT pathway mutations, JAK 

inhibitors were shown to reduce cell survival and proliferation (52, 59, 63, 77, 89).  However, in 

PTCL such as cases of ALK+ ALCL, where STAT3 is directly activated by ALK without 

involving cytokine receptors or JAK molecules, JAK inhibitors were ineffective (90, 91). 

Further, tofacitinib was ineffective in reducing the viability of the PTCL cell line HuT78 with 

constitutively activated STAT5 (34).  The JAK1/2 inhibitor AZD1480 was only partially 

effective in inhibiting the growth-promoting activity of STAT5B N642H mutation in NKTCL, as 

N642H mutation increases the affinity of STAT5B for dimerization but only in the presence of 

cytokine pathway stimulation (68). From these studies we conclude that, although JAK inhibitors 
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likely present a promising therapeutic strategy for PTCL, their efficacy is dependent on the 

mechanism of JAK/STAT pathway activation, which may limit their applications. 

In PTCL malignancy driven by constitutively active STATs, JAK inhibitors may not be 

efficacious, as STAT molecules are downstream of their site of action. To address the limitations 

of JAK inhibitors, alternative JAK/STAT pathway inhibitors must be explored (Figure 1.10). 

Thus, there is substantial interest in pursuing the development of direct STAT inhibitors for the 

treatment of PTCL. Several STAT3 inhibitors are in clinical trials for different malignancies and 

a number of drugs have been identified in screens to be repurposed as STAT inhibitors including 

lisofylline, fludarabine, sulforaphane, pyrimethamine, curcumin, and pimozide (92). Because 

STAT5 is constitutively activated in ≥1/3 of multiple PTCL subtypes, it presents a particularly 

desirable target for inhibition in PTCL therapy. A previously conducted high-throughput screen 

identified the drug pimozide as a specific STAT5 inhibitor in chronic myelogenous leukemia 

(CML) and acute myeloid leukemia (AML) driven by FLT3 mutations (33, 34). Pimozide was 

FDA approved in 1985 as a neuroleptic for the treatment of Tourette’s syndrome, although its 

mechanism of action remains unknown. Further characterization and discovery of STAT 

inhibitors, as well as potential novel combination therapies involving inhibition of the 

JAK/STAT pathway in conjunction with other pathways highlighted in the oncogenesis of 

PTCL, will be essential routes to improving the currently poor clinical outcomes.  

In conclusion, PTCL is a heterogeneous malignancy with inadequate response to current 

therapies and high patient mortality. Characterization of PTCL is underway as a number of 

recent sequencing studies have identified patterns of oncogenic mutations in a multitude of 

signaling pathways including chromatin remodeling, DNA damage response, T-cell signaling, 

and, most prominently, the c/JAK/STAT signaling pathway. Gain-of-function, cancer driver 
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mutations in JAK3, JAK1, STAT3, and STAT5B have been observed at a high frequency in a 

wide variety of PTCL subtypes leading to constitutively active pathway signaling and enhanced 

malignant cell survival and proliferation. This implicates the JAK/STAT pathway as a promising 

target for novel therapeutic approaches in PTCL. In this study, we aim to characterize cancer 

driver mutations in PTCL and investigate therapeutic approaches for treatment of this rare, yet 

lethal malignancy.  

  



42 

 

 

 

Figure 1.10.Therapeutic agents targeting the c/JAK/STAT signaling pathway under 

investigation for the treatment of PTCL. 

Figure modified from ref. (2). Republication permitted. 
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Chapter 2 : Hypothesis and Specific Aims 
 

 

 

In an effort to deepen our understanding of the pathophysiology of PTCL to ultimately 

facilitate improved clinical outcomes, we proposed the following study to identify cancer driver 

mutations and explore novel strategies for targeting this malignancy. We hypothesized that 1) 

recurrently mutated genes identified in primary PTCL cells contribute to PTCL oncogenesis 2) 

the recently identified mutation in the c, K315E, upregulates c pathway signaling as an 

oncogenic driver of PTCL and 3) STAT5, a downstream transcription factor of the c signaling 

pathway, can serve as a therapeutic target in PTCL, both independently and in combination with 

poly (ADP ribose) polymerase (PARP) inhibition targeting loss-of-ATM function.  To test these 

hypotheses, we propose the following three Specific Aims:  
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Specific Aim I: To identify oncogenic driver mutations in PTCL.  

This will be achieved through the following sub-aims:  

1.1: Identify somatic mutations in primary PTCL samples. 

Because PTCL is an incompletely characterized malignancy, we performed whole-exome 

sequencing analysis to detect somatic mutations in primary PTCL cases in order to 

identify potential cancer driver mutations and novel therapeutic targets.  

1.2: Determine which mutations are probable oncogenic drivers of PTCL. 

Our whole-exome sequencing analysis revealed >1,000 somatic missense and nonsense 

mutations in PTCL. To prioritize likely oncogenic mutations among this list, we utilized 

several computational algorithms to predict which mutations are likely to alter the protein 

function and serve as cancer drivers. 

1.3: Determine the impact of recurrent mutations in cell signaling pathways in 

PTCL.  

In our analysis, two cell signaling pathways emerged as having the greatest mutational 

burden: ATM and the c signaling pathway. We assessed the effects of the identified 

mutations on these proteins’ and pathways’ function.  
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Specific Aim II: To determine the effect of c K315E mutation on c function.  

This will be achieved through the following sub-aims:  

2.1: Express the c K315E mutation identified in PTCL in cell line models. 

Our whole-exome sequencing analysis revealed an uncharacterized mutation in the c, 

which we hypothesized serves as a cancer driver. To test this hypothesis, we expressed 

this mutation in in vitro models of T-cell malignancy.  

2.2: Determine the effect of c K315E on JAK/STAT pathway signaling.  

To assess whether c K315E is an activating mutation, we evaluated its ability to activate 

the JAK/STAT signaling pathway in the absence of cytokine stimulation. 

2.3: Determine the effect of c K315E on PTCL cell viability.   

To determine if c K315E serves as a cancer driver mutation in PTCL, we investigated its 

ability to induce cytokine-independent cell proliferation and survival in PTCL cell lines.  
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Specific Aim III: To determine the effect of STAT5 inhibition in PTCL. 

This will be achieved through the following sub-aims:  

3.1: Determine the effect of STAT5 inhibition and knockdown on the proliferation 

and survival of PTCL cells. 

Because STAT5 has been shown to be aberrantly activated in a substantial subset of 

PTCL, we investigated the effect of targeting STAT5 directly on the cell growth and 

viability of PTCL cell lines with constitutively activated STAT5. 

3.2: Determine the mechanism by which STAT5 knockdown and inhibition 

decreases PTCL cell viability. 

We determined that STAT5 inhibition leads to PTCL cell death by apoptosis. We 

therefore explored the mechanism by which the STAT5 inhibitor utilized, pimozide, 

induces this apoptotic cell death in PTCL.  

3.3: Determine the effect of STAT5 inhibition in primary patient PTCL samples. 

To preliminarily evaluate the potential utility of STAT5 inhibition in PTCL therapy, we 

assessed the efficacy of pimozide in primary PTCL patient samples ex vivo. 

3.4: Determine the effect of STAT5 inhibition in combination with PARP inhibition 

in PTCL. 

In Aim 1.3, we observed a co-occurrence of mutations in the c signaling pathway and in 

ATM in the same primary PTCL samples, suggesting a cooperativity of these two 

pathways in oncogenesis. We therefore investigated the efficacy and potential synergy of 

dual inhibitor combination therapy targeting each of these mutated pathways.  
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Chapter 3 : Materials and Methods 
 

Primary PTCL specimens 

Specimens were collected for this study from patients diagnosed with PTCL at the 

University of Maryland Greenbaum Cancer Center with the approval of the University of 

Maryland, Baltimore Institutional Review Board (UMB IRB). Written consent was obtained 

from all patients involved in the study using a consent procedure approved by the UMB IRB. 

Documentation of the consent process includes patient, patient study number (samples are de-

identified prior to use), principal investigator/designee signature, and date. Pathology samples 

used for analysis include patient blood, bone marrow, or lymph node tissue (Table 4.1). 

Peripheral blood mononuclear cells (PBMCs) were isolated from each specimen by subjecting 

single cell suspensions to Ficoll gradient centrifugation. 

 

Flow cytometry and cell sorting 

Flow cytometry was utilized in a variety of experiments in this study. In Aim I, primary 

patient cells were stained with fluorophore-labeled antibodies to cell surface molecules for 

separation of malignant PTCL and non-malignant cell populations (B cell, monocyte) by 

fluorescence-activated cell sorting (FACS). Surface antigens used to distinguish PTCL cells and 

non-malignant cells included CD2, CD3, CD4, CD5, CD7, CD8, CD14, CD19, CD30, CD45, 

and CD52 (Table 4.1). All fluorophore-labeled antibodies were purchased from eBioscience (San 

Diego, CA). Cell sorting was performed using two-laser FACSAria I or three-laser FACSAria II 

cell sorters. 
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In Aim II, flow cytometry was performed on transfected HEK293T and transduced 

CTLL2 and Kit225 cell lines. Cells were stained with APC (allophycocyanin) anti-human 

CD132 (common  chain) antibody (clone: TUGh4, BioLegend, San Diego, CA). 

In Aim III, we performed flow cytometry on PTCL cell lines, HuT102 and Kit225, as 

well as primary PTCL samples in a variety of experimental conditions. Cells were stained with 

Annexin V APC and 7-AAD (7-amino actinomycin D) viability solution (Affymetrix Inc,   San 

Diego, CA) to assay for apoptosis. Cell cycle was assayed using FITC anti-BrdU 

(Bromodeoxyuridine) (BD Biosciences, San Jose, CA) and 7-AAD. Rate of cell division was 

determined by labeling cells with carboxyfluorescein succinimidyl ester (CFSE) fluorescent cell 

staining dye (Enzo Life Sciences Inc, Farmingdale, NY) and staining with Fixable Viability Dye 

eFluor® 660 (eBioscience). Mitochondrial membrane potential was assayed by flow cytometry 

after cell staining with JC-1 mitochondrial membrane potential dye (eBioscience) and Annexin 

V. Cell surface expression of death receptors was determined by flow cytometry with separate 

stains using PE anti-human CD253 (TRAIL; clone: RIK-2), PE anti-human CD261 (DR4, 

TRAIL-R1; clone: DJR1), PE anti-human CD262 (DR5, TRAIL-R2; clone: DJR2-4), FITC anti-

human CD95 (Fas; clone: DX2) all purchased from BioLegend vs. 7-AAD. 

 

Genomic DNA extraction 

Cells were washed and resuspended in PBS. After addition of Proteinase K and RNAse A 

(Qiagen, Hilden, Germany), genomic DNA was isolated using a DNeasy kit (Qiagen) per 

manufacturers’ instructions. 
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Exome sequencing 

Sequencing library construction, exome capture, sequencing, and analyses were carried 

out by the Genomics Resource Center within the Institute for Genome Sciences at the University 

of Maryland School of Medicine. Genomic DNA libraries with 7bp molecular barcode indexes 

were constructed for sequencing on the Illumina platform using the NEBNext® DNA Sample 

Prep Master Mix Set 1 (New England Biolabs, Ipswich, MA). DNA was fragmented with the 

Covaris E210 focused ultrasonicator (Covaris Woburn, MA), targeting a size of 200bp, and 

libraries were prepared using a modified version of manufacturer’s protocol. 

Following library construction, targeted capture was performed with the Agilent 

SureSelect Human All Exon V4 kit following the manufacturer’s protocol. Libraries were pooled 

so that each received ¼ or ½ a lane of sequencing, and were sequenced with an Illumina 

HiSeq2000 sequencer 100PE run, generating an average of 86.8 million passed-filter reads per 

sample. 

Raw data from the sequencer were processed using Illumina’s RTA and CASAVA 

pipeline software and reads were truncated where the median quality score fell below Q20. 

Initial alignment to the hg19 human reference genome (GRch37) using BWA (v0.5.9) was 

followed by GATK (v1.4.5) for indel realignment and base quality score recalibration and Picard 

MarkDuplicates to remove artificially duplicated library fragments caused by PCR. The average 

on-target coverage for all samples was 94.4x and >87% of targets were covered at ≥20x with 

fewer than 4% of targeted bases lacking coverage. Somatic variants were predicted using both 

VarScan (v.2.3.7) and MuTect (v1.1.7). The resulting variant sets were annotated using 

ANNOVAR (v 2014-11-12). On average, VarScan found 208 somatic variants per sample, while 

MuTect found 264. 
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Coverage and filtering for calling algorithms 

MuTect uses a coverage cutoff of at least 14 reads in the tumor sample and at least 18 

reads in the non-malignant cell sample and pre-applies filters to eliminate false positives. Only 

the high-confidence set of calls that did not fail any of the MuTect filters were included in 

analysis. 

VarScan uses a minimum coverage of 6 reads in the tumor sample and 8 reads in the non-

malignant sample. We then applied the processSomatic tool to extract a high confidence set of 

variants. A somatic variant was considered high confidence if the variant allele frequency of at 

least 10% in tumor (default) and Fisher’s Exact Test P-value was < 0.07 (default) (93). In 

addition, a threshold was applied for maximum variant allele frequency in the non-malignant 

samples, determined by the assessed purity of these samples. A false positive filter was then 

applied to the high confidence call set to remove any false positive variant calls due to 

sequencing or alignment related artifacts (93). 

All variants called by Mutect and/or VarScan were then filtered by population frequency 

using the 1000 Genomes Project database to exclude variants with allele frequency > 0.01 in the 

population (94). Application of this filter excluded 1% of the calls by Mutect and 18% of the 

calls by VarScan. A total of 3,137 calls by Mutect and 2,054 calls by Varscan (including 

mutations identified by both calling algorithms) remained for our analysis. 
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Algorithms to predict potential cancer driver mutations and impact on protein function 

Non-synonymous mutations identified were formatted for analysis according to the 

websites’ instructions and then queried by each of the following computational algorithms: 

Polyphen2 (Polymorphism Phenotyping v2), PROVEAN (Protein Variation Effect Analyzer), 

MutationAssessor, and CHASM (Cancer-Specific High-throughput Annotation of Somatic 

Mutations), accessed at http://genetics.bwh.harvard.edu/pph2/, http://provean.jcvi.org/index.php, 

http://mutationassessor.org/, and http://www.cravat.us/, respectively. Indels were only analyzed 

by PROVEAN, as the other algorithms are equipped only for missense mutation analysis. 

 

Site Directed Mutagenesis 

IL2RG and STAT5B cDNA was obtained from the Mammalian Gene Collection (GE 

Dharmacon). The point mutation A943G was introduced in IL2RG by site directed mutagenesis 

using custom designed sense and antisense mutagenesis primers 

GCCTGGAGTGGTGTGTCTGAGGGACTGGC and 

GCCAGTCCCTCAGACACACCACTCCAGGCC, respectively. The A1924C point mutation in 

STAT5B was introduced by standard site directed mutagenesis with custom primers 

CTCAGGAAAGAATGTTTTGGCATCTGATGCCTTTTACCACC and 

GGTGGTAAAAGGCATCAGATGCCAAAACATTCTTTCCTGAG. The PCR reaction was 

performed according to the Stratagene protocol using 50ng/L of STAT5B or IL2RG template 

cDNA, 5L Buffer, 0.1 g/L each sense and antisense primers, 10mM dNTPs, and Pfu turbo 

DNA polymerase. The reaction was diluted to 50L in water and run for 18 cycles. Following 

PCR reaction, parental DNA was digested and verified by gel electrophoresis. 
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Bacterial Transformation and cDNA-plasmid Ligation  

PCR products were prepared for Sanger sequence verification of mutagenesis performed 

by the Biopolymer/Genomics Core Facility at the University of Maryland School of Medicine. 

Competent DH5 E.coli cells were transformed with DNA by heat shock transformation. 

Colonies were selected after overnight culture at 37°C for expansion and plasmid preparation 

according to Qiagen Mini or Maxiprep protocols. After sequence verification, mutated and wt 

IL2RG and STAT5B were digested with SalI and BamHI or SalI and EcoRI (New England 

BioLabs, Ipswich, MA) and the genes were then ligated into the GFP expressing lentiviral 

transduction plasmid pWCC43 with T4 Ligase (New England BioLabs) at 16°C overnight.  

Plasmids were transformed into DH5 E. coli for expansion and Maxiprep plasmid preparation.  

 

Cell Culture and Conditions 

 HEK293T cells were cultured in DMEM cell culture media with 10% FBS. Cells were 

split every 2-3 days to avoid overconfluence. Malignant human T-cell lines used in this study 

include Jurkat, Karpas299, HuT78, MoT, HuT102, and Kit225. These cell lines were cultured in 

RPMI cell culture medium with 10% FBS and maintained at a density below 1x10
6
 cells/mL. 

Kit225, an IL-2 dependent cell line, was cultured with 100U/mL of IL-2. When subject to 

cytokine depravation, Kit225 cells were washed with PBS and cultured in cytokine free media 

for at least 24 hours. Primary patient PTCL cells were cultured temporarily in RPMI media with 

10% FBS and 100U/mL of IL-2 for ex vivo experiments in culture with pimozide.  

PTCL cell lines, HuT102 and Kit225, and primary PTCL cells were treated with 

pimozide at a range of concentrations from 5-20 M for 24-48 hours as indicated in each 
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experiment. HuT102 and HuT78 cells were treated with a combination of pimozide (Sigma 

Aldrich, St. Louis, MO) and olaparib (ChemScene, Monmouth Junction, NJ) for 7 days at 

concentration ranges for each drug of 0.03-3 M and 0.3-10 M, respectively. Media and drug 

were refreshed on day 4 of the experiment.  

 

Transient Transfection 

 c and STAT5B were expressed and lentivirus for transduction was generated by transient 

transfection of HEK293T cells. HEK293T cells were plated in 6 cm diameter culture dishes and 

were transfected when they reached 80% confluency the following day. We replaced the media 

with 25 M cholorquine in DMEM and incubated the cells at 37°C for 30-45 minutes. We then 

mixed 500 l of DNA transfection mixture (containing 7.5 g of STAT5B, IL2RG, or shRNA 

plasmid and 5g of psPAX2 and 2.5 g of pMD2.G viral helper plasmids with 250mM calcium 

chloride) with 500 l of HeBS (HEPES-buffered saline solution) and added it to the culture 

plates. The media was refreshed after 5 hours and cells were incubated for 48 hours, after which 

viral supernatant was collected, filtered, and frozen in aliquots at -80°C. 

 

Lentiviral Transduction 

PTCL cell lines were stably transduced using lentivirus generated by transfection as 

described. One million cells were plated in an r-fibronectin (RetroNectin; Takara) coated 24 well 

culture plate with 1 ml of lentiviral supernatant and centrifuged at 2500rpm at 32°C for 2 hours. 

The media was refreshed and cells were cultured for 48 hours. shRNA transduced cells were then 
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selected in 2g/ml puromycin for 48 hours. c expressing Kit225 cells were sorted by FACS for 

GFP expression.  

 

Anti-STAT5 shRNA Knockdown 

 Four different anti-STAT5A and four different anti-STAT5B human lentiviral shRNA 

sequences in pLKO.1 plasmids were obtained from The RNAi Consortium (GE Dharmacon; 

clone IDs TRCN0000019304-8, TRCN0000019354-8). A control scramble shRNA, not targeted 

to the human genome, also in the pLKO.1 plasmid was a gift from Dr. Tami Kingsbury at the 

University of Maryland, Baltimore. Kit225 cells were transduced with each anti-STAT5 shRNA 

plasmid to determine which were most efficient in knocking down both STAT5A and STAT5B 

expression. Clones TRCN0000019354 and TRCN0000019357, referred to as B4 and B7 in this 

study, consistently reduced all STAT5 expression by 50-80% and were selected for subsequent 

experiments.  

 

Western Blot Analysis 

 For Western blot analysis, cells were lysed with NP-40 lysis buffer and protein 

concentration was determined by Bradford protein assay. Samples were subjected to gel 

electrophoresis and transferred to PVDF membrane by dry transfer (iBlot; Invitrogen). 

Membranes were blocked with 5% BSA for at least 1 hour. Primary antibodies for p-STAT5 

(Y694, Cell Signaling Technology), STAT5 (sc-835, Santa Cruz Biotechnology), GAPDH 

(14C10, Cell Signaling Technology), ATM (A1106, Sigma Aldrich), p-ATM (sc-47739, Santa 

Cruz Biotechnology), BCL-xL (Cell Signaling Technology), BCL-2 (D55G8, Cell Signaling 
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Technology), MCL-1 (D5V5L, Cell Signaling Technology), IL2R (sc-365910, Santa Cruz 

Biotechnology), and cleaved caspase 3 (D175, Cell Signaling Technology)  were used in this 

study. All antibodies were diluted 1:1000 and incubated overnight at 4°C. Secondary antibodies 

anti-rabbit IgG HRP (Cell Signaling Technology) and anti-mouse IgG HRP (sc-2005, Santa 

Cruz) used at a dilution of 1:2000 for 1 hour at room temperature. Blots were developed using 

ECL Prime Western Blotting Detection Reagent (GE Healthcare) and imaged using BioRad 

imaging software.  

 

Cell Viability Assays 

 PTCL cell viability was determined by two different methods in this study. Cells were 

stained with trypan blue viability dye and the number of viable cells was quantified by 

automated cell counter (Countess, Invitrogen). Viability was also assessed by resazurin dye assay 

(AlamarBlue, Invitrogen). Treated and cultured cells were diluted 1:3 with RPMI media, plated 

in triplicate in a flat-bottom 96 well plate with 10l of AlamarBlue reagent, and incubated at 

37°C for 3 hours. Plates were then imaged by spectrophotometer (Perkin Elmer Victor X3 

workstation).   

 

Cell Proliferation Assays 

 CFSE staining 

 For CFSE staining, cells were washed 3x with 37°C PBS and resuspended in 5 M CFSE 

in PBS. Cells were agitated in the dark for 9 minutes, vortexing every 2-3 minutes. Cells were 
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diluted 1:1 in 37°C FBS to terminate staining and washed 2x in RPMI culture media. Stained 

cells were plated at a density of 2x10
5
 cells/mL and assayed by flow cytometry daily. 

 

BrdU staining 

Cells were plated at a density of 5x10
5
 cells/mL and incubated with 10M BrdU (BD 

Biosciences) for 1 hour at 37°C. Cells were then fixed and permeablized for staining with FITC 

anti-BrdU antibody and 7-AAD for analysis by flow cytometry as per the manufacturer’s 

protocol (BD Biosciences). 

 

Apoptosis Assays 

 General Apoptosis Assays  

Percent of PTCL cell line cells or primary PTCL cells undergoing apoptosis in various 

conditions described in this study was assessed by flow cytometry with cells stained for 20 

minutes at 4°C in the dark with Annexin V, which binds to phosphatidylserine exposed on the 

cell surface during apoptosis, diluted 1:100 followed by 5 minutes with undiluted 7-AAD 

viability dye. Apoptosis was also determined by Western blot for cleaved caspase 3 cleavage in 

cell lysates as described. 

Intrinsic Apoptotic Pathway 

We assayed for changes in mitochondrial membrane potential using JC-1 mitochondrial 

membrane potential dye to investigate the involvement of the mitochondrial/intrinsic pathway of 

apoptosis. Cells were stained with JC-1 dye and Annexin V before flow cytometry. 
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Extrinsic Apoptotic Pathway 

We assessed involvement of the extrinsic/death receptor pathway of apoptosis using a 

caspase inhibitor assay. Cells were pretreated with a caspase 8 inhibitor, Z-IETD-FMK, or a pan-

caspase inhibitor, Z-VAD-FMK, for 30 minutes and then cultured with 5, 10, or 20 M of 

pimozide for 24 hours or DMSO vehicle control. Percent of apoptotic cells was determined by 

flow cytometry with Annexin V vs. 7-AAD staining. 

 

RNA isolation and quantitative real-time PCR assays 

 RNA was isolated from cultured PTCL cells after shRNA transduction knocking down 

STAT5 using the RNAqueous kit according to the manufacturer’s protocol (Life Technologies). 

Reverse transcription was performed according to the First-Strand cDNA Synthesis protocol 

(Thermo Fischer Scientific, Halethorpe, MD). Real-time quantitative PCR (qPCR) was 

performed using Taqman probes for human TRAF1, TP53BP2, Casp8, BCL-2, BCL-xL, and 

MCL-1 (Thermo Fischer Scientific) using the QuantStudio 6 Flex (Applied Biosystems Life 

Technologies) according to the manufacturer’s protocol. 

 

Statistics 

All experiments were performed in triplicate. Results were expressed as mean  standard 

error of the mean. Two-tailed student T-test was used to determine significance. P-values less 

than 0.05 were considered significant.  
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Chapter 4 : Specific Aim I 

Identify oncogenic driver mutations in PTCL 

 

 

4.1: Identify somatic mutations in primary PTCL samples 

 

Primary PTCL samples are subject to whole-exome sequencing 

To identify potential oncogenic mutations in PTCL, we performed whole-exome 

sequencing of matched tumor and non-malignant DNA samples from 12 untreated patients with 

PTCL. Eight different PTCL subtypes were represented in our patient cohort, including one 

patient each with HSTL, T-LGL, LETL, ALK+ ALCL, ATLL, and SS, and three patients each 

with T-PLL and PTCLnos. Patient blood, lymph node biopsy tissue, or bone marrow cells were 

subject to FACS to separate malignant from non-malignant cells in the same patient sample 

(Table 4.1). DNA was then extracted and subject to Illumina platform sequencing. 

 

Whole-exome sequencing identifies SNVs and indels in PTCL  

Using two different calling algorithms, Mutect and VarScan, we detected a total of 1,245 

unique, high-confidence, non-synonymous SNVs and 59 indels that passed our filters, across the 

12 PTCL cases with an average of 93 non-synonymous somatic mutations per PTCL sample 

(range 15–340). More non-synonymous mutations were independently identified by Mutect 

(1,110) than VarScan (499); 333 mutations were identified by both calling algorithms. The most 

common transition/transversion resulting in non-synonymous exonic mutation was G>T+C>A  
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Patient 

ID 

Number 

Sex 
Age at 

diagnosis 

PTCL 

Subtype 

Pathological Sample 

from which DNA 

extracted 

Surface markers used for 

PTCL cell FACS separation 

4 M 51 
ALK+ 

ALCL 
Blood CD30+, CD4+, CD7+, CD8- 

6 M 34 HSTL Blood CD2+, CD7+, CD4-, CD14- 

7 M 67 SS Blood CD4+, CD7-, CD8- 

10 M 73 T-PLL Blood CD4+, CD7+ 

11 F 56 T-PLL Blood CD4+,  CD7+, CD8- 

12 F 50 PTCLnos Lymph node biopsy CD8+, CD4-, CD15-, CD7-/lo 

13 F 48 TLGL Bone marrow 
CD2+, CD7+, CD8+, CD16+, 

CD57+ 

14 M 55 T-PLL Blood CD4+, CD45-, CD14- 

17 M 48 LETL Lymph node biopsy CD2+, CD4+, CD7-/lo, CD8- 

19 M 19 ATLL Blood CD2+, CD4+, CD7-, CD8- 

21 M 35 PTCLnos Bone marrow CD2+, CD3+ (dim), CD7- 

26 F 45 PTCLnos Blood 
CD4+, CD57+ (dim), CD7+, 

CD8- 

Table 4.1. Descriptions of PTCL patient pathological samples. 
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(Fig. 4.1A). The significance of this mutational pattern is not fully understood and other 

sequencing studies suggest that this transition/transversion is less than half as common as 

G>A+C>T in a wide variety of cancers (95, 96).  

Of the mutations identified by our calling algorithms, approximately 61% were missense 

and nonsense mutations, 25% were silent mutations, 1% were splice site mutations, and 13% 

were mutations in non-translated RNA (Fig. 4.1B).  It has been shown that even silent mutations 

may affect transcription, translation, mRNA transport, or splicing and if the variant results in the 

need for a rare tRNA, it may delay translation enough to cause the variations in protein folding 

(97). We identified 20 genes containing silent, synonymous mutations in at least 2 patients in our 

cohort (Table 4.2). In our subsequent analysis, however, we chose to focus on the missense and 

nonsense mutations in protein coding regions due to their increased likelihood to directly result 

in functional protein changes. 
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Figure 4.1. Characterization of somatic mutations in PTCL. 

A) Bar graph shows percent of specified transitions and transversions resulting in non-

synonymous somatic mutations identified by Mutect and VarScan in PTCL samples. B) Bar 

graph shows percentage of each type of somatic mutation identified in PTCL samples. 
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Subtype 
Patient 

ID 
Gene Ref seq ID 

DNA Base 

Change 

Amino 

Acid 

Change 

SNP137 ID 

HSTL 6 MUC4 NM_018406 C8892T T2964T   

LETL 17 TOM1 NM_001135730 A1341G L447L   

SS 7 ADAMTS20 NM_025003 C2787T I929I   

SS 7 FMN2 NM_020066 C4539T G1513G   

SS 7 ITPR2 NM_002223 C7377A P2459P   

TLGL 13 FMN2 NM_020066 A3306T L1102L rs201253596 

TLGL 13 KRT8 NM_002273 C1398T I466I rs77961911 

TLGL 13 KRT8 NM_002273 T1425C S475S rs76938494 

TLGL 13 MAST1 NM_014975 C1992A P664P   

T-PLL 14 ABCA13 NM_152701 C12031A R4011R   

T-PLL 11 ADAMTS20 NM_025003 C315A T105T   

T-PLL 11 AHNAK2 NM_138420 C3057T A1019A   

T-PLL 11 AHNAK2 NM_138420 T8730C D2910D   

T-PLL 14 FAT4 NM_001291285 G1053T P351P   

T-PLL 14 FAT4 NM_001291285 G13377T T4459T   

T-PLL 10 FLT4 NM_002020 C1935A P645P   

T-PLL 10 FLT4 NM_002020 C3198A P1066P   

T-PLL 10 HECTD1 NM_015382 C268A R90R   

T-PLL 14 HECTD1 NM_015382 C486A T162T   

T-PLL 14 ITPR2 NM_002223 C3538A R1180R   

T-PLL 10 MAST1 NM_014975 C1618A R540R   

T-PLL 10 MUC4 NM_018406 C8229G S2743S   

T-PLL 10 PDE4D NM_001197222 C1371A P457P   

T-PLL 10 PDE4D NM_001197218 C156A P52P   

T-PLL 10 POLR1A NM_015425 C4557A T1519T   

T-PLL 11 POLR1A NM_015425 G2700T S900S   

T-PLL 14 PTPRZ1 NM_002851 C3216A P1072P   

T-PLL 14 SPTBN1 NM_178313 C2904A T968T   

T-PLL 14 SPTBN1 NM_003128 C6744A P2248P   

T-PLL 10 TOM1 NM_001135729 C297A P99P   

T-PLL 10 TRPM1 NM_001252020 C936A P312P   

T-PLL 14 TRPM1 NM_001252020 C2358A P786P   

T-PLL 10 UBAP2L NM_014847 G3171T T1057T   

T-PLL 14 UBAP2L NM_001127320 G15T V5V   

Table 4.2. Recurrent synonymous mutations identified in primary PTCL cases by subtype. 
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T-PLL 11 UPF1 NM_001297549 G1530T T510T   

T-PLL 14 UPF1 NM_001297549 C2845A R949R   

PTCLnos 26 ABCA13 NM_152701 G13692A S4564S   

PTCLnos 12 PTPRZ1 NM_001206839 G3402A L1134L   

PTCLnos 21 TCEAL3 NM_001006933 A450G Q150Q   

PTCLnos 26 TCEAL3 NM_001006933 G573A Q191Q rs74490974 

PTCLnos 26 TCEAL3 NM_001006933 G576A R192R rs75427253 

  

Table 4.2 Continued 
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4.2: Determine which mutations are probable oncogenic drivers of PTCL 

 

Algorithms predict functionally important variants in PTCL  

To identify the non-synonymous SNVs from our samples most likely to influence protein 

function, we utilized three independent structure/homology-based algorithms: Polyphen2 

PROVEAN, MutationAssessor, as well as a fourth algorithm, CHASM, designed to prioritize 

somatic missense mutations based on their representation in large-scale cancer sequencing 

studies (98-102). CHASM uses COSMIC (Catalogue of Somatic Mutations in Cancer) as a 

training set to predict whether a somatic missense mutation will contribute to the tumorigenicity 

of the malignant cell from which it was sequenced (101). Of the 1,245 missense SNVs and 59 

indels called, 154 (12%) were selected by CHASM as likely to be cancer driver mutations. 

PolyPhen2 predicts the functional impact of a missense mutation by comparison of 1) 

biochemical changes in protein structure between the wild-type and mutant allele based on 

predicted protein domains and 2) sequence homology based on evolutionary conservation of the 

wild-type allele between species (98). Of the non-synonymous mutations identified, 52% were 

predicted to be “Probably Damaging” and 16% to be “Possibly Damaging” to protein function by 

PolyPhen2 (Fig. 4.2A). MutationAssessor prioritizes relative mammalian evolutionary 

conservation over conservation between all species, to predict the probability of the mutation 

significantly impacting mammalian protein function (102). This more conservative method 

predicted 8% of the mutations will have a “High” and 35% will have a “Medium” chance of 

significantly affecting protein functions (Fig. 4.2A). PROVEAN compares homologous 

sequences, including the region surrounding substituted, added, or deleted amino acids, so that it 

may assess the potential for deleterious impact of SNVs and indels on protein function (99). Of  
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Figure 4.2. Functional algorithms, MutationAssessor, PolyPhen2, and PROVEAN, predict 

the majority of somatic mutations identified to significantly impact protein function. 

A) Bar graph shows percent of non-synonymous somatic mutations and their probability to 

impact protein function, as predicted by MutationAssessor, PolyPhen2, and PROVEAN. B) 

Venn diagram shows number of non-synonymous somatic mutations predicted to significantly 

impact protein function by each algorithm or combination of algorithms: MutationAssessor, 

PolyPhen2, and PROVEAN. Mutations were considered significant if selected as “high” or 

“medium”, “probably damaging” or “possibly damaging,” and “deleterious,” respectively.  
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the SNVs and indels analyzed, 58% were predicted to be “Deleterious” using this algorithm (Fig. 

4.2A). Of the 1,245 SNVs, 433 were predicted by all three general algorithms, Polyphen2, 

PROVEAN, and MutationAssessor, to encode functionally relevant amino acid changes (Fig. 

4.2B). Of these, 104 were also selected by CHASM as likely to be cancer drivers (Table 4.3). 

 

 Seventy genes are recurrently mutated in PTCL  

We identified 70 genes containing missense or nonsense somatic mutations in more than one 

PTCL sample. For each of these genes, we determined whether the SNVs identified were 

predicted to have functional consequences by the Polyphen2, PROVEAN, MutationAssessor, or 

CHASM algorithms (Fig. 4.3A). The most frequently mutated gene in our sample cohort was 

ATM, found to contain non-synonymous somatic mutations in 5 out of the 12 samples (42%). 

ATM has previously been shown to harbor somatic mutations in over 50% of sequenced tumor 

samples from patients with the T-PLL subtype of PTCL (34, 43, 44, 103, 104). Out of the 5 

samples with ATM mutations in our data, three were from cases of T-PLL and the two others 

were from HSTL and T-LGL cases. ATM mutations in conserved residues were verified by 

Sanger sequencing (Fig. 4.4). Mutations in RUNX1T1 (encoding cyclin-D-related protein, a 

transcriptional regulator) and WDR17 (WD repeat-containing protein 17) were identified in 3 

patient samples in the cohort and predicted to be likely cancer driver mutations impacting protein 

function by all 4 algorithms (Fig. 4.3A). Mutations in TTN (titin, involved in chromosome 

segregation) were also identified in 3 samples and predicted to have a significant probability of 

impacting protein function by Polyphen2, PROVEAN, and MutationAssessor. Mutations in 

MUC16 (mucin) were also observed in 3 samples and predicted to be significant by Polyphen2 
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and PROVEAN. Mutations in CACNA2D (a voltage-dependent calcium channel), INTS8 (a 

component of small nuclear RNA transcription complex), KCNH8 (a potassium voltage-gated 

channel), NTRK3 (tyrosine-protein kinase receptor), TP53 (p53), and TRMT12 (a guanosine 

modifying transferase) were identified in 2 samples and predicted to be cancer driver mutations 

impacting protein function by all 4 algorithms (Fig. 4.3A). Twenty of the 70 mutations identified 

were selected as a representative subset for Sanger sequencing validation, all of which were 

verified. 

Our data contains three samples from patients with T-PLL, all with a mutation in ATM 

and two out of the three with mutations in CASP8AP2 (CASP8-associated protein 2, TNFα 

signaling), CCR8 (chemokine receptor), DNAH7 (dynein heavy chain), FEZF1 (fez family zinc 

finger protein), INTS8, LRP1B (receptor-mediated endocytosis), MTMR8 (phosphatase), 

MUC16, NOP2 (methyltransferase, cell cycle regulation), RASAL2 (Ras GTPase-activating 

protein), RUNX1T1, SDK2 (cell adhesion), SLC13A5 (sodium/citrate cotransporter), SLC16A14 

(monocarboxylate transporter), SRRM2 (pre-mRNA splicing), TNFRSF19 (tumor necrosis factor 

receptor superfamily member), TTN, UNC79 (sodium channel complex component), and WDR17 

(Fig. 4.3B). Two of the 3 samples from patients with PTCLnos harbored mutations in 

PCDHGA11 (a potential calcium-dependent cell-adhesion protein), but we did not identify any 

other recurrent mutations in this subtype. 

Among the 70 genes found to contain somatic mutations in multiple samples, two genes 

contained identical somatic mutations in two different PTCL samples: TCF12 R300L 

transcriptional regulator) and TMEM51 E169del (transmembrane protein) (Fig. 4.3A, in blue; 

Fig. 4.3B in gold). TCF12 R300L and TMEM51 E169del were predicted to significantly alter 

function of the protein by PROVEAN. These SNVs have not previously been identified.   
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Subtype Mutation   Subtype Mutation 

ALCL ABCB1 Q475H   T-PLL MYO3A P380H 

ALCL EIF3M G112W   T-PLL NEK8 G86C 

ALCL RAB13 R79S   T-PLL NMS R69M 

ALCL SLC22A4 G161W   T-PLL NT5C1B-RDH14 G353W 

ALCL SUSD1 G67W   T-PLL OSBP P497Q 

ALCL VRK1 W261L   T-PLL PCDHB3 R92L 

ALCL ZFHX4 R2659L   T-PLL PFN2 R56L 

ATLL ADSL G54C   T-PLL PIM3 P213Q 

ATLL ALDOA R60C   T-PLL POPDC2 R216L 

ATLL DMBX1 R122C   T-PLL PRC1 P151T 

ATLL KCNH4 R353L   T-PLL PRDM16 R173H 

ATLL MRPS33 R89S   T-PLL PREP W150L 

ATLL NFATC3 W644C   T-PLL PREX2 W234L 

ATLL PRKCB D427N   T-PLL PTPRD G904V 

HSTL C4orf27 G130W   T-PLL RAB6B G25W 

HSTL FKBP4 R359L   T-PLL RAE1 W156L 

LETL EGR2 H416D   T-PLL RBL2 W205L 

LETL NTRK3 P331L   T-PLL RPN1 G325W 

SS ESRRG L67H   T-PLL RUNX1T1 R349L 

SS PCDHGA5 E253K   T-PLL RUNX1T1 R229L 

TLGL CSNK2A1 R80H   T-PLL RXRB R52L 

TLGL PGD R112L   T-PLL SLC35C1 P73T 

TLGL RTF1 M199K   T-PLL SLC44A4 G525W 

TLGL SCN2A W386L   T-PLL SPTLC3 R533L 

TLGL SERPINA12 P76H   T-PLL STRADB P223Q 

T-PLL ATG13 W50L   T-PLL TAF8 G73W 

T-PLL ATM C2930F  T-PLL TBC1D16 R76L 

T-PLL ATM R3008H
*
  T-PLL TBC1D22B P303H 

T-PLL CA12 W62C  T-PLL TESK2 G136W 

T-PLL CAMKMT G255W  T-PLL TNIK K41N 

T-PLL CAPN6 R454S  T-PLL TNRC6C W1487C 

T-PLL CNPY3 R95L  T-PLL TRIM2 P37H 

T-PLL CNTNAP2 R157S  T-PLL TSTD2 P284Q 

T-PLL CREBBP R1185S  T-PLL UBP1 P142Q 

T-PLL CUX1 R1259L  T-PLL USP24 P124H 

T-PLL DHX30 R918L  T-PLL USP4 P798Q 

T-PLL DIAPH2 W643L  T-PLL UTRN R3348S 

Table 4.3. 104 somatic mutations predicted to be cancer drivers that significantly alter 

protein function by all four algorithms. 
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T-PLL DOCK7 G1343W  T-PLL WDR17 W1265L 

T-PLL ERLIN2 R169L  T-PLL ZBTB39 H556N 

T-PLL FAM169A G156W  PTCLnos CACNA2D1 A248P 

T-PLL FAM219A R35L  PTCLnos CLPX G296V 

T-PLL FBXL2 W42L  PTCLnos FBXW7 S464L 

T-PLL FILIP1 D394G  PTCLnos FYN G407R 

T-PLL HECW1 R1263L  PTCLnos HIF1A R53L 

T-PLL HTR3A R245C  PTCLnos INHBA M418T 

T-PLL ICA1 W242L  PTCLnos KCNH8 Y671C 

T-PLL INTS8 W548L  PTCLnos MAN1C1 P302S 

T-PLL KCNJ6 R214L  PTCLnos MMP24 Y170C 

T-PLL KIT W582L  PTCLnos PAPPA2 Q822K 

T-PLL LIMK2 G520W  PTCLnos TBC1D22A G306W 

T-PLL LZTS2 M26I  PTCLnos TP53 V41M
+
 

T-PLL MYO1B R716L  PTCLnos TRMT12 P60L 

 

*  Identified in ref. (105-109)  

+  Identified in ref. (110) 

  

Table 4.3 Continued 
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Figure 4.3. 70 genes contain somatic mutations in more 

than one PTCL sample. 

A) Venn diagram shows which algorithms predicted the 

mutations in genes somatically mutated in multiple PTCL 

cases to significantly alter protein function. Genes listed 

in red contain significant potential cancer driver 

mutations by CHASM (p≤0.05). Genes listed in blue 

contain identical SNVs in both samples. Genes were 

found to contain mutations in two cases, unless indicated 

otherwise with a number in parentheses. B) Grid shows 

which PTCL subtypes (columns) contain the somatic 

mutations identified in genes mutated in more than one 

sample (rows) via gray shaded boxes. Gold shading 

indicates identical repeated SNVs identified in multiple 

cases/subtypes. Numbers in boxes indicate the number of 

samples of the indicated subtype containing a mutation in 

the indicated gene, if greater than one. 
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Chromatograms show sequencing reads of DNA purified from malignant cells from primary 

PTCL samples with ATM mutations (bottom) vs. from patient matched non-malignant PBMCs 

(top).   

 Figure 4.4. Sanger sequencing chromatograms of ATM verify SNVs identified by whole-

exome sequencing. 



72 

 

channel), NTRK3 (tyrosine-protein kinase receptor), TP53 (p53), and TRMT12 (a guanosine 

modifying transferase) were identified in 2 samples and predicted to be cancer driver mutations 

impacting protein function by all 4 algorithms (Fig. 4.3A). Twenty of the 70 mutations identified 

were selected as a representative subset for Sanger sequencing validation, all of which were 

verified. 

Our data contains three samples from patients with T-PLL, all with a mutation in ATM 

and two out of the three with mutations in CASP8AP2 (CASP8-associated protein 2, TNFα 

signaling), CCR8 (chemokine receptor), DNAH7 (dynein heavy chain), FEZF1 (fez family zinc 

finger protein), INTS8, LRP1B (receptor-mediated endocytosis), MTMR8 (phosphatase), 

MUC16, NOP2 (methyltransferase, cell cycle regulation), RASAL2 (Ras GTPase-activating 

protein), RUNX1T1, SDK2 (cell adhesion), SLC13A5 (sodium/citrate cotransporter), SLC16A14 

(monocarboxylate transporter), SRRM2 (pre-mRNA splicing), TNFRSF19 (tumor necrosis factor 

receptor superfamily member), TTN, UNC79 (sodium channel complex component), and WDR17 

(Fig. 4.3B). Two of the 3 samples from patients with PTCLnos harbored mutations in 

PCDHGA11 (a potential calcium-dependent cell-adhesion protein), but we did not identify any 

other recurrent mutations in this subtype. 

Among the 70 genes found to contain somatic mutations in multiple samples, two genes 

contained identical somatic mutations in two different PTCL samples: TCF12 R300L 

transcriptional regulator) and TMEM51 E169del (transmembrane protein) (Fig. 4.3A, in blue; 

Fig. 4.3B in gold). TCF12 R300L and TMEM51 E169del were predicted to significantly alter 

function of the protein by PROVEAN. These SNVs have not previously been identified.    
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4.3: Determine the impact of recurrent mutations in cell signaling pathways in PTCL 

 

ATM mutations in PTCL are inactivating mutations  

ATM has been found to be mutated or deleted in the majority of cases of T-PLL, with 

most of the identified mutations clustering near the ATM PI3Kinase domain (34, 104). Out of 

the five samples with ATM point mutations in our study, three were from patients with T-PLL, 

while the final two were from patients with HSTL and T-LGL. Three of the somatic mutations 

identified, two from T-PLL samples and one from the HSTL sample, were in or near the highly 

conserved kinase domain required for ATM protein function (Fig. 4.5). The third T-PLL sample 

contained mutations in the FAT (FRAP-ATM-TRRAP) domain adjacent to the kinase domain 

also critical to ATM activity. The T-LGL case contained a mutation upstream of the FAT 

domain, outside of the highly conserved region of the protein. Of the mutations, the R3008H 

mutation has been previously observed in multiple cancers, including pancreatic cancer, chronic 

lymphocytic leukemia, mantle cell lymphoma, and diffuse large B-cell lymphoma and has been 

shown to decrease expression of ATM in mantle cell lymphoma, supporting its association with 

ATM loss-of-function (105-109). Furthermore, the R3008 residue has been previously found to 

be mutated in cases of T-PLL, including a T-PLL case included in our analysis (45). SNVs and 

indels within 10 bases of two SNVs we identified, N2435I and K2431N, have been associated 

with T-PLL as well as B-cell chronic lymphocytic leukemia (103, 111, 112). In our data, loss-of-

ATM-function is further supported by the observation of homozygous mutation (loss of 

heterozygosity) at the ATM locus in the three T-PLL samples and all SNVs were predicted to 

significantly impact ATM protein function by at least one of the algorithms utilized. 
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Figure 4.5. Somatic mutations in ATM, identified in PTCL patients, involve highly 

conserved residues. 

A) Schematic representation of ATM protein domains showing location of somatic mutations in 

ATM from 5 different PTCL samples. B) Multiple sequence alignment across species around the 

6 mutations in ATM found in 5 samples from patients with PTCL. Conserved mutated residue 

highlighted in black, other conserved residues highlighted in gray. 
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As recurrent mutations in ATM and p53 related molecules have been identified in other 

studies of PTCL, we scanned our data for mutations in this pathway and identified mutations in 

several related genes: TP53, BRAT1, CREBBP, MAPK9, MAPK14, NFKBIA, and TLK1. p53 

contained mutations in one case of PTCLnos and one of ATLL, encoding amino acid changes 

V41M and D10Y, respectively. p53 V41M was predicted to be a cancer driver mutation by 

CHASM and selected by all three general algorithms as likely to impact protein function. 

 

The common gamma chain (γc) signaling pathway contains activating mutations in PTCL 

JAK/STAT signaling pathway molecules (STAT3, STAT5B, JAK1, and JAK3) have 

previously been shown to be recurrently mutated in various subtypes of PTCL (27, 29-31, 34). In 

our analysis, we observed mutations in three genes important in JAK/STAT signal transduction 

via the γc in our sample set: IL2RG, JAK3, and STAT5B (Fig. 4.6). Each of these mutations were 

verified by Sanger sequencing (Fig. 4.7). 

In one of our T-PLL samples, we observed a somatic mutation in a conserved region of 

JAK3 adjacent to the pseudokinase domain, M511I (Fig. 4.6A-B). JAK3 M511I has been 

previously described in T-PLL, SS, AML, and T-ALL, and has been characterized as an 

activating mutation, conferring cytokine-independent growth to Ba/F3 cells and demonstrating 

transforming potential in murine hematopoietic progenitor cells (59-61, 66, 67, 75). CHASM 

predicted JAK3 M511I to be a cancer driver mutation (Table 4.4). 

In the HSTL sample in our analysis, we identified a somatic mutation in a highly 

conserved residue in the SH2 domain of STAT5B encoding a N642H mutation, a prolific 

oncogenic mutation found in many hematologic malignancies (Fig. 4.6 C-D). STAT5 N642H  
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A) Schematic representation of JAK3 protein domains showing somatic mutation in identified in 

PTCL sample. B) Sequence alignment of JAK3 M511 across 7 species. Conserved mutated 

residue highlighted in black, other conserved residues in gray. C) Schematic representation of 

STAT5B protein domains showing somatic mutation identified in PTCL sample. D) Sequence 

alignment of STAT5B N642 across 6 species. Conserved mutated residue highlighted in black, 

other conserved residues in gray.E) Schematic representation of γc protein domains showing 

somatic mutation identified in PTCL sample. F) Sequence alignment of γc K315 across 6 species. 

Conserved mutated residue highlighted in black, other conserved residues in gray. 

Figure 4.6. γc cytokine signal transducers contain mutations in highly conserved amino acid 

residues. 
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Figure 4.7. Sanger sequencing chromatograms of γc signaling pathway transducers verify 

SNVs identified by whole-exome sequencing. 

Chromatograms show sequencing reads of DNA purified from malignant cells from primary 

PTCL samples with c signaling pathway mutations (bottom) vs. from patient matched non-

malignant PBMCs (top). 
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Gene 
Accession 

Number 

Amino 

Acid 

Change 

Subtype 
CHASM 

Score 
p value 

Reference                     

(if 

previously 

identified) 

STRADB NM_001206864 P223Q T-PLL 0.206 0.0006   

PIM3 NM_001001852 P213Q T-PLL 0.216 0.0008   

NEK8 NM_178170 G86C T-PLL 0.226 0.0012   

TNIK NM_001161560 K41N T-PLL 0.232 0.0014   

MAPK14 NM_001315 M109I T-PLL 0.246 0.0016   

TP53 NM_001126115 V41M PTCLnos 0.250 0.0016 

Achatz, et. 

al. 2007 

(110) 

MMP24 NM_006690 Y170C PTCLnos 0.254 0.0018   

RAE1 NM_001015885 W156L T-PLL 0.254 0.0018   

ATM NM_000051 C2930F T-PLL 0.260 0.0018   

PRKCB NM_002738 D427N ATLL 0.262 0.0018   

FIG4 NM_014845 P407L T-PLL 0.272 0.0018   

VRK1 NM_003384 W261L ALCL 0.272 0.0018   

FBXW7 NM_001013415 S464L PTCLnos 0.276 0.0020   

EPHB3 NM_004443 L719M T-PLL 0.278 0.0020   

CUX1 NM_001202543 R1259L T-PLL 0.280 0.0020   

MTMR11 NM_181873 R507L T-PLL 0.280 0.0020   

LIMK2 NM_001031801 G520W T-PLL 0.296 0.0030   

FYN NM_153047 G407R PTCLnos 0.298 0.0030   

DMBX1 NM_147192 R122C ATLL 0.306 0.0036   

PRDX4 NM_006406 W88L T-PLL 0.308 0.0036   

PREX2 NM_024870 W234L T-PLL 0.308 0.0036   

PCDHGA5 NM_018918 E253K SS 0.310 0.0040   

KIT NM_000222 W582L T-PLL 0.312 0.0042   

MYO1B NM_001130158 R716L T-PLL 0.312 0.0042   

HIF1A NM_001243084 R53L PTCLnos 0.316 0.0050   

METAP1 NM_015143 R268L ALCL 0.322 0.0062   

RUNX1T1 NM_175636 R349L T-PLL 0.326 0.0066   

C2orf69 NM_153689 W148L ALCL 0.332 0.0072   

CAPN6 NM_014289 R454S T-PLL 0.332 0.0072   

WDR17 NM_181265 W1265L T-PLL 0.336 0.0078   

POPDC2 NM_022135 R216L T-PLL 0.338 0.0080   

DOCK7 NM_001272000 G1343W T-PLL 0.340 0.0083   

RPS6KA2 NM_021135 L98I T-PLL 0.342 0.0083   

PTPRG NM_002841 E854D ATLL 0.344 0.0085   

TRIM2 NM_001130067 P37H T-PLL 0.344 0.0085   

TTLL7 NM_024686 R315Q SS 0.346 0.0089   

Table 4.4. Somatic mutations identified in primary PTCL cases predicted to be oncogenic 

driver mutations by CHASM. 
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CLPX NM_006660 G296V PTCLnos 0.348 0.0093   

SCN2A NM_001040143 W386L T-LGL 0.348 0.0093   

FRS2 NM_001278357 W359L ALCL 0.350 0.0095   

ELANE NM_001972 G125W T-PLL 0.352 0.0103   

HLA-DRB1 NM_002124 T135A ALCL 0.352 0.0103   

KIAA1211L NM_207362 W943L ALCL 0.354 0.0103   

PTPRF NM_130440 M1735I T-PLL 0.354 0.0103   

CACNA2D1 NM_000722 A248P PTCLnos 0.358 0.0107   

KCNJ6 NM_002240 R214L T-PLL 0.358 0.0107   

BIRC6 NM_016252 R3286L T-PLL 0.362 0.0113   

HIPK2 NM_001113239 N523S LETL 0.362 0.0113   

KCNH8 NM_144633 Y671C PTCLnos 0.362 0.0113   

RBL2 NM_005611 W205L T-PLL 0.362 0.0113   

TRMT12 NM_017956 P60L PTCLnos 0.362 0.0113   

TSTD2 NM_139246 P284Q T-PLL 0.362 0.0113   

CBX3 NM_007276 T60I SS 0.364 0.0119   

WHSC1 NM_001042424 E1099K PTCLnos 0.364 0.0119 
Jaffe, et. al. 

2013 (113) 

DIAPH2 NM_006729 W643L T-PLL 0.366 0.0119   

FLT3 NM_004119 H821N T-PLL 0.366 0.0119   

LZTS2 NM_032429 M26I T-PLL 0.366 0.0119   

PRSS23 NM_001293179 F340L ATLL 0.366 0.0119   

RAB6B NM_016577 G25W T-PLL 0.366 0.0119   

ERLIN2 NM_007175 R169L T-PLL 0.368 0.0119   

SLC35E3 NM_018656 W172L T-PLL 0.368 0.0119   

NOVA1 NM_006489 Q185K T-PLL 0.370 0.0121   

DHX30 NM_138615 R918L T-PLL 0.372 0.0127   

NTRK3 NM_001243101 L816R ATLL 0.372 0.0127   

RAB13 NM_002870 R79S ALCL 0.372 0.0127   

PDIA5 NM_006810 R505L T-PLL 0.374 0.0135   

IGSF3 NM_001007237 R600L T-PLL 0.376 0.0145   

FILIP1 NM_001300866 D394G T-PLL 0.378 0.0147   

PTPRD NM_002839 G904V T-PLL 0.378 0.0147   

ZBTB39 NM_014830 H556N T-PLL 0.378 0.0147   

ALDOA NM_001127617 R60C ATLL 0.380 0.0149   

PAPPA2 NM_020318 Q822K PTCLnos 0.380 0.0149   

SLC44A4 NM_001178044 G525W T-PLL 0.380 0.0149   

UBP1 NM_001128160 P142Q T-PLL 0.382 0.0151   

MYO3A NM_017433 P380H T-PLL 0.384 0.0155   

NFATC3 NM_004555 W644C ATLL 0.390 0.0177   

NTRK3 NM_001007156 P331L LETL 0.390 0.0177   

Table 4.4 Continued 
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FAM169A NM_015566 G156W T-PLL 0.392 0.0183   

MAP1LC3B NM_022818 Y113C LETL 0.394 0.0187   

CNTNAP2 NM_014141 R157S T-PLL 0.396 0.0201   

SERPINA12 NM_173850 P76H T-LGL 0.396 0.0201   

CA12 NM_001293642 W62C T-PLL 0.400 0.0219   

FKBP4 NM_002014 R359L HSTL 0.402 0.0235   

MAN1C1 NM_001289010 P302S PTCLnos 0.404 0.0241   

TESK2 NM_007170 G136W T-PLL 0.404 0.0241   

ATM NM_000051 R3008H T-PLL 0.406 0.0241   

CELA1 NM_001971 Y5H ALCL 0.406 0.0241   

EXT2 NM_000401 P239H T-PLL 0.406 0.0241   

FBXL2 NM_001171713 W42L T-PLL 0.406 0.0241   

PFN2 NM_002628 R56L T-PLL 0.406 0.0241   

SRRM1 NM_005839 P394S PTCLnos 0.406 0.0241   

TNRC6C NM_018996 W1487C T-PLL 0.406 0.0241   

SPTLC3 NM_018327 R533L T-PLL 0.408 0.0248   

ZFHX4 NM_024721 R2659L ALCL 0.408 0.0248   

RTF1 NM_015138 M199K T-LGL 0.410 0.0256   

TBC1D22B NM_017772 P303H T-PLL 0.414 0.0278   

C4orf36 NM_144645 P70H T-PLL 0.416 0.0284   

CREBBP NM_001079846 R1185S T-PLL 0.416 0.0284   

FAM219A NM_001184940 R35L T-PLL 0.416 0.0284   

FAM78A NM_033387 R35L ALCL 0.416 0.0284   

RXRB NM_001291989 R52L T-PLL 0.416 0.0284   

BCLAF1 NM_001077440 R748L LETL 0.418 0.0296   

COL14A1 NM_021110 Q1776K ATLL 0.418 0.0296   

HECW1 NM_001287059 R1263L T-PLL 0.418 0.0296   

INHBA NM_002192 M418T PTCLnos 0.418 0.0296   

NLGN1 NM_014932 R755L T-PLL 0.418 0.0296   

SLC22A4 NM_003059 G161W ALCL 0.418 0.0296   

USP24 NM_015306 P124H T-PLL 0.418 0.0296   

NMS NM_001011717 R69M T-PLL 0.424 0.0326   

OSBP NM_002556 P497Q T-PLL 0.424 0.0326   

HIPK1 NM_181358 M314I SS 0.426 0.0336   

ATM NM_000051 N2435I T-PLL 0.428 0.0350   

PGD NM_002631 R112L T-LGL 0.428 0.0350   

TAF8 NM_138572 G73W T-PLL 0.428 0.0350   

USP4 NM_199443 P798Q T-PLL 0.428 0.0350   

ABCB1 NM_000927 Q475H ALCL 0.430 0.0368   

MICU3 NM_181723 R145L T-PLL 0.430 0.0368   

NWD2 NM_001144990 R1261L T-PLL 0.430 0.0368   

Table 4.4 Continued 
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PRDM16 NM_022114 R173H T-PLL 0.430 0.0368   

SUSD1 NM_001282640 G67W ALCL 0.430 0.0368   

CNPY3 NM_006586 R95L T-PLL 0.432 0.0388   

PRC1 NM_001267580 P151T T-PLL 0.432 0.0388   

VWA8 NM_001009814 L489I SS 0.432 0.0388   

DEDD NM_001039711 P185S PTCLnos 0.434 0.0396   

HTR3A NM_000869 R245C T-PLL 0.434 0.0396   

PCDHB3 NM_018937 R92L T-PLL 0.434 0.0396   

PDE2A NM_001143839 R755L T-PLL 0.434 0.0396   

BEND5 NM_001302082 R11L T-PLL 0.436 0.0407   

C4orf27 NM_017867 G130W HSTL 0.436 0.0407   

ICA1 NM_001136020 W242L T-PLL 0.436 0.0407   

RPN1 NM_002950 G325W T-PLL 0.436 0.0407   

SLC35C1 NM_018389 P73T T-PLL 0.436 0.0407   

CDC27 NM_001293091 S170P T-PLL 0.438 0.0419   

DMKN NM_001126057 S276N ATLL 0.438 0.0419   

EIF3M NM_006360 G112W ALCL 0.438 0.0419   

MAB21L1 NM_005584 P353S T-PLL 0.438 0.0419   

PREP NM_002726 W150L T-PLL 0.438 0.0419   

UTRN NM_007124 R3348S T-PLL 0.438 0.0419   

CAMKMT NM_024766 G255W T-PLL 0.440 0.0427   

RUNX1T1 NM_175636 R229L T-PLL 0.440 0.0427   

TBC1D16 NM_001271844 R76L T-PLL 0.440 0.0427   

VAV3 NM_001079874 Q110K ATLL 0.440 0.0427   

ATG13 NM_001205119 W50L T-PLL 0.442 0.0435   

H3F3A NM_002107 K28R T-PLL 0.442 0.0435   

INTS8 NM_017864 W548L T-PLL 0.442 0.0435   

KCNH4 NM_012285 R353L ATLL 0.442 0.0435   

EGR2 NM_000399 H416D LETL 0.444 0.0455   

NT5C1B-

RDH14 
NM_001199103 G353W T-PLL 0.444 0.0455   

ADSL NM_000026 G54C ATLL 0.448 0.0489   

CSNK2A1 NM_001895 R80H T-LGL 0.448 0.0489   

ESRRG NM_001243505 L67H SS 0.448 0.0489   

MRPS33 NM_016071 R89S ATLL 0.448 0.0489   

PTPRF NM_130440 S1110F SS 0.448 0.0489   

TBC1D22A NM_001284303 G306W PTCLnos 0.448 0.0489   

 

 

Table 4.4 Continued 
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mutation was first identified as an activating mutation in an in vitro screen, then demonstrated to 

increase the transcriptional activity of STAT5A, which shares extensive sequence homology 

with STAT5B, and shown to induce cytokine-independent growth of Ba/F3 cells (81). STAT5B 

N642H has been identified in multiple subtypes of PTCL including T-LGL, HSTL, and T-PLL, 

as well as demonstrating increased colony-forming capacity in Jurkat cells, a T-cell leukemia cell 

line (29, 34, 78). STAT5B N642H has also been found in 6.3% of cases of pediatric T-ALL, 

correlating with increased risk of relapse and decreased probability of event free survival (64). 

Alternative studies report variation in the rate of STAT5B N642H in pediatric T-ALL ranging 

from 1.5% (1/64) to 25% (1/4) (114, 115). This mutation has also been identified in γδ-T-cell 

lymphomas where the mutant histidine increases binding affinity for the activating 

phosphotyrosine, Y699, in the STAT5B molecule leading to persistence of mutant 

phosphorylated STAT5B and increased binding to targets (68). STAT5B N642H mutation has 

also been observed in acquired aplastic anemia (116). PolyPhen2 and PROVEAN predicted this 

mutation to have a “Probably Damaging” and “Deleterious” impact on the protein, respectively. 

The γc K315E mutation we observed in a T-PLL case is located in a highly conserved 

residue in the intracellular region of the γc protein C-terminal to the box1 motif, which is 

required for JAK binding and activation (Fig. 4.6 E-F). This mutation was recently noted in one 

other case of T-PLL, but its effects on protein function were not yet established (34). PolyPhen2 

predicted γc K315E to be “Probably Damaging” and MutationAssessor indicated it has a 

“Medium” probability of having a significant impact on the protein’s function. The effect of γc 

K315E mutation on γc protein function is discussed in the following chapter. Of note, all three of 
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these γc signaling pathway mutations in IL2RG, JAK3, and STAT5B were found in patients who 

also had mutations in ATM. Possible significance of this finding is discussed in chapter 6.   
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Chapter 5 : Specific Aim II 

Determine the effect of c K315E mutation on c function  

 

 

5.1: Express the c K315E mutation identified in PTCL in cell line models 

 

Previously uncharacterized c K315E mutation identified in PTCL  

 In our whole-exome sequencing analysis discussed in Aim I, we identified an A943G 

missense mutation in IL2RG, the gene encoding c, resulting in an amino acid change in the c 

protein substituting glutamic acid for lysine at position 315 (K315E). This c K315E mutation 

has been previously described in one other case of T-PLL, the same subtype in which it was 

observed in our analysis, but its influence on PTCL oncogenesis has not yet been elucidated (34).  

 We aimed to determine if c K315E acts as an oncogenic driver mutation in PTCL. From 

our analysis of potential cancer driver mutations in Aim I, c K315E was identified by the 

algorithms as likely to affect c protein function. PolyPhen2 categorized c K315E as “probably 

damaging,” Provean predicted that it would be “Deleterious,” and MutationAssessor predicted a 

“medium” likelihood of impacting protein function. c K315E received a CHASM driver score of 

0.602, which is not considered significant to register as a cancer driver. This, however, could be 

impacted by the fact that only one other activating mutation in the c has previously been 

identified, c G268_M270del in T-PLL (34). Identification of three instances of c mutations in 

this rare malignancy suggests a potential role for this receptor in PTCL carcinogenesis.  
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 Furthermore, c K315E mutation is located in a highly conserved lysine residue in the 

cytoplasmic tail of the c protein, C-terminal to the box1 motif required for JAK binding and 

activation (34). In the intracellular domain of the c, lysines serve as ubiquitination targets 

leading to negative regulation of c signal transduction (117). Absence of this key lysine residue 

has the potential to reduce down-regulation of the receptor on the cell surface and enhance 

activation of JAK/STAT signaling through the c. Also, substitution of the amino acid lysine 

with an acidic glutamic acid residue has the potential to mimic the effect of receptor 

phosphorylation due the presence of glutamic acid’s negative charge (118).  Based on these 

observations, we proceeded to assess the impact of c K315E mutation on downstream 

JAK/STAT signaling as well as PTCL cell growth and survival. 

 

SNVs generated by site directed mutagenesis 

In order to assess the functional effects of c K315E in vitro, we generated lentiviral 

transfection vectors expressing c K315E, wt c, as well as wt STAT5B and STAT5B N642H. 

STAT5B N642H was selected as a positive control as this mutation has been previously 

identified in PTCL, including our whole-exome sequencing analysis, and has been demonstrated 

to induce cytokine-independent cell growth (64, 81). First, we performed site-directed 

mutagenesis of wt IL2RG and STAT5B using mutagenesis primers designed to introduce an 

A943G missense mutation in IL2RG and an A1924C missense mutation in STAT5B. After PCR, 

Sanger sequencing was conducted to verify introduction of the desired mutations as well as 

fidelity of the PCR amplification.   We successfully introduced both IL2RG A943G and STAT5B 
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A1924C mutations (Fig. 5.1 A-B).  This result provided us with comparable wt and mutant c 

and STAT5B encoding plasmids. 

Following site directed mutagenesis, we transferred IL2RG and STAT5 cDNA from the 

mutagenesis plasmid to the GFP expressing pWCC43 lentiviral transduction plasmid for ultimate 

expression in various cell lines (Fig. 5.1 C). Restriction digest with SalI and BamHI or SalI and 

EcoRI was used to excise IL2RG and STAT5B cDNA, respectively, and the wt and mutated  

IL2RG and STAT5B genes were then ligated into pWCC43 and transformed into DH5 E. coli 

for expansion and plasmid preparation.  

 

c K315E and STAT5B N542H are expressed in cell line models 

We transiently transfected HEK293T cells with purified plasmids containing wt and 

mutated IL2RG to express wt c vs. c K315E. HEK293T cells are a human embryonic kidney 

cell line which is easily transfected to express a wide range of proteins. Our data showed 

successful expression of equivalent levels of wt c and c K315E in HEK293T cells (Fig. 5.2A). 

We also successfully stably expressed wt c and c K315E in the IL-2 dependent human PTCL 

cell line Kit225 by lentiviral transduction (119) (Fig. 5.2B). Cells expressing the mutated and wt 

c also may be visualized as GFP-positive cells by flow cytometry because pWCC43 is a GFP 

expressing vector. Kit225 cells were sorted for GFP expression to enrich for those that were 

successfully transduced with wt c and c K315E (Fig. 5.2C). STAT5B wt and N642H mutated 

genes were also expressed in HEK293T cells as a positive control (Fig. 5.3).   These data show 

that we are able to transiently transfect and stably transduce model cell lines with c pathway 

mutations identified in primary PTCL samples.  
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Figure 5.1. Missense mutations resulting in the c K315E and STAT5B N642H 

mutations identified in PTCL patients are generated. 

Sanger sequencing chromatogram verifies successful generation by site directed mutagenesis 

of A) IL2R and B) STAT5B SNVs, highlighted in yellow. C) Map of pWCC43, GFP 

expressing lentiviral transfection plasmid. 
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Immunoblots show successful overexpression of c  A) by transfection in HEK293T cells and B) 

by transduction in Kit225 cells. C) FACS plots show GFP expression of Kit225 cells transduced 

with pWCC43 empty vector, c wt, and c K315E (left to right). 

  

Figure 5.2. c K315E mutation is expressed in HEK293T and Kit225 cells. 
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Figure 5.3. STAT5B N642H induces cytokine-independent STAT5 activation.   

Western blot shows levels of phospho-STAT5 expression in HEK293T cells transfected to 

express STAT5B N642H vs. wt STAT5 (only, on left) plus other components of the c signaling 

pathway (IL2R, JAK3, c; on right) with or without 20 min stimulation with 50 IU/mL of IL-2. 

Blots are representative of 3 independent experiments. 
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5.2: Determine the effect of c K315E on JAK/STAT pathway signaling  

 

c K315E does not lead to IL-2 independent STAT5 activation 

 To determine if the c K315E mutation activates the c signaling pathway in a cytokine-

independent manner, we first established that a transfected HEK293T model could be used to 

assess JAK/STAT signaling pathway activation. We transfected HEK293T cells to express wt 

STAT5B vs. STAT5B N642H, a known activating mutation. The cells were co-transfected with 

other members of the c signaling pathway, the IL-2R  chain, JAK3, and c, to complete the 

signal transduction pathway because HEK293T cells do not endogenously express all of these 

components.  Immunoblots for levels of phosphorylated STAT5 indicate that cells expressing 

STAT5B N642H express p-STAT5 even in the absence of cytokine stimulation with IL-2, 

whereas cells transfected with wt STAT5 require IL-2 stimulation for STAT5 activation (Fig. 

5.3). These data support previous publications showing that STAT5B N642H constitutively 

activates JAK/STAT signaling in a cytokine-independent manner and thus support the use of our 

model to study the effect of c K315E on this signaling pathway (29, 34, 64, 68, 81, 115). 

Next, we transfected HEK293T cells with wt c vs. c K315E to determine if, like 

STAT5B N642H, c K315E is also an activating mutation. Cells were co-transfected with the IL-

2R  chain, JAK3, and STAT5B to complete the c signaling pathway. Following transfection, 

cells were cultured for 48 hours in the absence of IL-2 then received 20 minute stimulation with 

50 IU/mL of IL-2 or 0.01% DMSO control immediately before lysis. Western blots revealed that 

IL-2 stimulation increased STAT5 phosphorylation in cells expressing wt c and c K315E, 

however, in the absence of cytokine stimulation, c K315E expressing cells did not express 

higher levels of p-STAT5 than wt c expressing cells (Fig. 5.4). Stimulation with various doses  
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Figure 5.4. c K315E does not induce cytokine-independent STAT5 phosphorylation. 

Western blot shows levels of phospho-STAT5 expression in HEK293T transfected to express c 

K315E or wt c with or without 20 minute stimulation with 50 IU/mL of IL-2. Blot is 

representative of 3 independent experiments. 
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of IL-2 ranging from 0.1 IU/mL to 100 IU/mL or various stimulus durations from 15 minutes to 

2 hours failed to reveal any change in p-STAT5 expression in cells expressing c K315E as 

compared to wt c (data not shown). Therefore, our results support that overexpression of the c 

signaling pathway in general increases cytokine-independent STAT5 phosphorylation and that 

IL-2 activates the JAK/STAT pathway in our HEK293T model system, however the c K315E 

mutation does not enhance these effects over those of the wt c suggesting that c K315E does not 

independently lead to cytokine-independent JAK/STAT pathway activation. 

 

c K315E does not increase c cell surface expression in T-cells 

 To explore another potential effect of c K315E on c function and pathway signaling, we 

assessed variations in c cell surface expression between wt c and c K315E. Even if c K315E 

does not directly activate JAK/STAT signaling, if it upregulates c expression or increases c 

stability on the cell surface, it may result in increased cytokine-receptor binding interactions and 

potentiate signaling. We stained wt c and c K315E transfected HEK293T cells with anti-CD132 

(human c) antibody for visualization by flow cytometry. We controlled for variations in 

transfection efficiency by normalization to GFP expression. Our data showed a >2 fold increase 

in cell surface expression of c K315E as compared to wt c in transfected HEK293T cells not 

subject to cytokine stimulation (Fig. 5.5). This result suggests that c K315E mutation is capable 

of increasing c expression on the cell surface of HEK293T cells. 

 Next, we aimed to establish if this increased c K315E cell surface expression was also 

observed in more physiologically relevant T-cell lines. HEK293T cells do not endogenously 

express c and thus lack the regulation mechanisms present in T-cells, which rely on IL-2  
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Figure 5.5. K315E mutation increases c cell surface expression in HEK293T cells. 

Graph shows fold change in mean fluorescent intensity (MFI) of human c (CD123) on the 

surface of HEK293T cells transiently transfected with c K315E compared to wt c and empty 

vector control. MFI is normalized to GFP expression to control for variations in transduction 

efficiency between experiments (p< 0.05). Bars represent an average of 3 independent 

experiments.  
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signaling for many phases of their maturation, activation, and physiological functions (56). We 

stably transduced the IL-2 dependent human T-PLL cell line Kit225 to express wt c and c 

K315E. Cells were IL-2 starved for 24 hours and stained for cell surface expression of human c 

(CD132). The antibody utilized recognizes all human c, including that which is endogenously 

expressed in Kit225 cells. Due to the high level of endogenous c in this cell line resulting in 

substantial background c expression, observation of significant variations in wt c and c K315E 

surface expressions were obscured (Fig. 5.6A).  To address this limitation, we transduced the IL-

2 dependent mouse T-cell line, CTLL2, with wt c and c K315E. As mammalian T-cells, CTLL2 

cells express all components of c signaling and pathway regulation but since the anti-CD132 

antibody utilized in this study is human-specific, endogenous c surface expression will not be 

detected by flow cytometry and thus only transduced wt c vs. c K315E expressed on the cell 

surface will be analyzed in our results. Using this model, our data revealed no significant 

difference between wt c and c K315E expression on the surface of CTLL2 cells (Fig. 5.6B).   

Stimulation with IL-2 upregulates both wt c and c K315E expression on the cell surface, but our 

data do not support a role of c K315E mutation in independently influencing the cell surface 

expression of the c in T-cell malignancy.  
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Figure 5.6. K315E mutation does not increase c cell surface expression in T-cells. 

A) Graph shows fold change in mean fluorescent intensity (MFI) of human c (CD123) on the 

surface of human Kit225 cells stably transduced with c K315E compared to wt c  and empty 

vector control. Cells were cytokine starved for 24 hours and then stimulated with 100 IU/mL of 

IL-2 for 15 minutes or left unstimulated before analysis by flow cytometry. B) Graph shows fold 

change in MFI of human c (CD123) on the surface of mouse CTLL2 cells stably transduced 

with c K315E compared to wt c and empty vector control. CTLL2 cells were cytokine starved 

for 24 hours and then stimulated with 100 IU/mL of IL-2 for 15 minutes or left unstimulated 

before analysis by flow cytometry. MFI is normalized to GFP expression to control for variations 

in transfection efficiency between experiments (p> 0.05). Bars represent an average of 3 

independent experiments.  
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5.3: Determine the effect of c K315E on PTCL cell viability   

  

c K315E does not lead to cytokine-independent cell proliferation in PTCL 

 Finally, we aimed to investigate any functional impacts of c K315E on PTCL cell 

growth or survival. To determine if c K315E mutation results in alteration in cell proliferation or 

viability, we counted the number of viable wt c vs. c K315E expressing Kit225 cells in the 

presence or absence of IL-2 stimulation over the course of two weeks in culture. Viable cells 

were counted by automated cell counter and trypan blue viability dye. Our data show that when 

cultured in 50 IU/mL of IL-2, overexpression of c K315E or wt c offered no advantage to rate 

of cell proliferation vs. that of Kit225 cells transduced with empty pWCC43 vector (Fig. 5.7A). 

In culture in cytokine-deprived conditions, Kit225 cells slowly decreased in viability after day 2 

over the course of the experiment (Fig. 5.7B). c K315E does not  induce cytokine-independent 

cell growth or survival in this PTCL cell line. The slight increase in proliferation from day 0 to 

day 2 observed in c K315E expressing Kit225 cells was not statistically significant and did not 

repeat. Despite its identification in several cases of T-PLL, these results do not support an 

independent role for the c K315E mutation as a cancer driver mutation in PTCL, but do not 

definitively exclude the possibility of K315E contributing to oncogenesis in the complete context 

of PTCL biology. 
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Figure 5.7. c K315E mutation does not alter the rate of Kit225 cell proliferation. 

A) Graph shows change in number of viable Kit225 cells stably transduced with c K315E vs. 

wt c  and empty vector control transduced cells over time in culture with 50 IU/mL of IL-2. B) 

Graph shows change in number of viable Kit225 cells stably transduced with c K315E vs. wt 

c and empty vector control transduced cells over time in culture in the absence of IL-2. Lines 

represent an average of 2 independent experiments.  
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Chapter 6 : Specific Aim III 

Determine the effect of STAT5 inhibition in PTCL 

 

 

6.1: Determine the effect of STAT5 inhibition and knockdown on the proliferation and 

survival of PTCL cells 

 

STAT5 is constitutively active in PTCL 

STAT5 has been demonstrated to be overexpressed, mutated, and aberrantly activated in 

PTCL, and these conditions are associated with poorer clinical outcomes (29, 34, 64, 68, 78, 80, 

81).  Due to these observations, targeting STAT5 may prove useful in PTCL therapy. JAK 

inhibitors have demonstrated clinical success in other hematologic malignancies driven by 

JAK/STAT pathway activation (83, 84). However, in malignancies driven by constitutively 

active STAT5, inhibition of upstream JAK molecules may not be efficacious. Thus, there is 

value in pursuing the development of direct STAT5 inhibitors for PTCL.   

Because primary patient cells rarely grow long-term in culture, in order to study the 

inhibition of STAT5 in PTCL, we first identified appropriate cell line models. Immunoblots for 

the level of phosphorylated STAT5 expression in six different T-cell lymphoma cell lines 

cultured in the absence of cytokine stimulation revealed three lines with high levels of 

constitutive STAT5 activation, HuT102, HuT78, and Kit225 cells (Fig. 6.1). HuT102 and HuT78 

are immortalized cell lines derived from Sezary syndrome (SS) patients and are cytokine-

independent, whereas Kit225 is an IL-2 dependent line derived from a patient with T-PLL (119). 

Each of these lines was utilized in the described experiments where appropriate for their unique 

characteristics. All experiments were carried out using at least two of these lines.  
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Figure 6.1. STAT5 is constitutively active in multiple PTCL cell lines. 

STAT5 and phospho-STAT5 expression in 6 T cell malignancy derived cell lines 

cultured in absence of cytokine stimulation. 
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Pimozide is a STAT5 inhibitor in PTCL 

Since STAT5 has been found to be constitutively active in multiple hematologic 

malignancies as well as other diseases, there has been interest in the field in identifying STAT5 

inhibitors for use in novel therapeutic approaches. In a previously conducted high-throughput 

screen, the drug pimozide was identified as a specific STAT5 inhibitor in CML and AML driven 

by FLT3 mutations (120, 121). Pimozide was FDA approved in 1985 as a neuroleptic for the 

treatment of Tourette’s Syndrome although its mechanism of action remains unknown. Based on 

this prior discovery, we assessed the efficacy of pimozide as a STAT5 inhibitor in PTCL.  

To determine the ability of pimozide to inhibit STAT5 activation in PTCL, we cultured 

model cell lines HuT102 and Kit225 in a range of concentrations of pimozide for 48 hours. 

Immunoblots for p-STAT5 protein expression reveal a concentration-dependent decrease in 

STAT5 phosphorylation (Fig. 6.2A). Furthermore, we quantified the number of viable PTCL 

cells after culture with increasing concentrations of pimozide by resazurin dye assay 

(AlamarBlue) demonstrating that the decrease in STAT5 activation corresponds to a 

concentration dependent decrease in PTCL cell viability (Fig. 6.2B). Using this data, we 

calculated an IC50 for pimozide of 15 M in Kit225 cells and 11 M in HuT102 cells. 

To explore whether this reduction in viable PTCL cell number is due to pimozide’s 

function as a STAT5 inhibitor, we also assessed the effect of STAT5 knockdown on PTCL cell 

viability. We used a puromycin selective lentiviral transfection vector (pLKO.1) to stably 

transduce HuT102 and Kit225 cell lines with anti-STAT5 shRNA. Cells were centrifuged with 

viral supernatant, cultured for 48 hours, and then selected with puromycin for 48 hours before 

analysis. Two shRNA constructs were employed to confirm mechanism of action, referred to as 

B4 and B7. Both anti-STAT5 shRNA B4 and anti-STAT5 shRNA B7 successfully knocked  
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A) Western blots show protein expression of phospho-STAT5 (Y694), STAT5, and GAPDH in 

two PTCL cell lines, Kit225 and Hut102. Blots are representative of at least 3 separate 

experiments. B) Resazurin dye assay (AlamarBlue) quantifies change in viable cell number of 

two PTCL cell lines after culture with pimozide for 48 hours. Graphs are representative of three 

independent experiments. IC50 is 15M and 11M in Kit225 and HuT102 cell lines, respectively.  

Figure 6.2. Pimozide inhibits STAT5 phosphorylation and reduces viability of PTCL cell 

lines in a concentration dependent manner. 



102 

 

down total STAT5 molecule protein expression in both cell lines by >50% in all experiments 

shown (Fig. 6.3A). Both PTCL cell lines demonstrated approximately a two-thirds reduction in 

viable cell number after STAT5 knockdown as compared to control cells transduced with 

scramble shRNA not targeted to the human genome (Fig. 6.3B). These experiments show that 

reduction of STAT5 expression reduces PTCL cell viability.  

 

Pimozide induces apoptosis in PTCL cells 

We have demonstrated that pimozide inhibits STAT5 in PTCL and reduces PTCL cell 

viability, a phenomenon shared by cells with reduced STAT5 expression. Next, to determine the 

mechanism by which pimozide reduces viable PTCL cell number, we assessed changes in PTCL 

cell death by apoptosis over a range of pimozide concentrations by flow cytometry. PTCL cells 

were cultured with pimozide for 48 hours and apoptotic cells were visualized by staining with 

Annexin V, which binds to phosphatidylserine on apoptotic cells, and viability indicator 7-AAD, 

which binds exposed DNA after membrane degradation. We defined apoptosis as early apoptotic 

cells with positive staining for Annexin V and negative staining for 7-AAD. Cells staining 

positive for both Annexin V and 7-AAD are defined as dead, either undergoing late-stage 

apoptosis or another cell death mechanism (122). Our results demonstrated a concentration 

dependent increase in proportion of apoptotic PTCL cells in culture with pimozide (Fig. 6.4A). 

In Kit225 cells, apoptotic cells increased from 2.5% to >30% of cells after culture with 20 M of 

pimozide as compared to vehicle control. In Hut102 cells, apoptosis increased approximately 4 

fold from <5% to >25% of cells. We confirmed this cell death occurred by means of apoptosis 

by immunoblot for cleaved caspase 3 (Fig. 6.4B).  
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A) Western blots show that STAT5 expression is significantly reduced by transduction with anti-

STAT5 targeted shRNA (B4 and B7) in two different PTCL cell lines compared to non-targeted 

scramble (scr) control. Percentage of STAT5 knockdown (KD) is shown below blots. Blots are 

representative of at least 3 separate experiments. B) Number of viable PTCL cells is reduced 

after STAT5 knockdown, measured by resazurin dye assay (AlamarBlue) as compared to cells 

treated with non-targeted scramble shRNA (scr). Graphs are representative of three independent 

experiments.  

Figure 6.3. STAT5 knock down with shRNA reduces PTCL cell viability. 
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Figure 6.4. Culture of PTCL cell lines with pimozide results in a concentration dependent 

increase in apoptosis. 

A) Apoptotic cells (labeled “A”), visible in the lower right quadrant, were assessed by flow 

cytometry following APC-Annexin V/ 7-AAD staining. Viable cells (“V”) are located in the 

lower left quadrant and Necrotic or late apoptotic cells (“N”) in the upper right quadrant. At 

least 40,000 events were collected and results are representative of 3 separate experiments. D) 

Western blots show protein expression of cleaved caspase 3 vs GAPDH loading control in 

PTCL cell lines. Bands represent two cleavage products of caspase 3 at 19 kDa and 17 kDa. 

Blots are representative of 3 independent experiments. 
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We also looked for changes in proliferation of PTCL cells after culture with pimozide as 

rate of cell division also has the ability to influence cell viability. We assessed cell cycle 

progression by BrdU incorporation assay to determine changes in the proportion of cells in each 

phase of the cell cycle. Our data demonstrated a decrease in the number of dividing cells in the S 

phase of the cell cycle after culture with pimozide (Fig. 6.5A). The cell cycle of HuT102 cells 

was more sensitive to pimozide resulting in a decrease from 18% of vehicle cultured cells in S 

phase to 5% when cultured with 5 M of pimozide for 48 hours. Kit225 cells displayed a 

decrease of cells in S phase from 30% to 3% after culture with 20 M of pimozide. Our data is 

suggestive of G1 arrest which may occur prior to apoptotic cell death. We also assessed rate of 

cell division by the division dye CFSE, which accumulates inside cell membranes and is reduced 

by half with each cell division. We are thus able to observe the number of cell divisions that have 

occurred daily during a 48 hour culture in pimozide of varying concentrations. Our data 

demonstrated no significant change in rate of cell division in Kit225 cells and a slight decrease in 

Hut102 cells (Fig. 6.5B). This suggests a limited role of pimozide on rate of PTCL cell 

proliferation.  

To support that this observed increase in cell death by apoptosis is due to pimozide’s 

function as a STAT5 inhibitor, we also assessed changes in PTCL cell proliferation and 

apoptosis after STAT5 knockdown. In Kit225 cells expressing less than 30% of endogenous 

levels of STAT5, the percentage of cells undergoing apoptosis increased from 10% to 23% 

compared to control (Fig. 6.6A). HuT102 cells experienced an increase in percentage of 

apoptotic cells after STAT5 knockdown from 16% to 26-71% verses control depending on the 

anti-STAT5 shRNA utilized. Apoptosis was confirmed as the mechanism of cell death in Kit225 

cells and HuT102 cells with STAT5 knockdown with anti-STAT5 shRNA B7 using immunoblot   
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Figure 6.5. Cell proliferation is not significantly reduced in PTCL cell lines cultured with 

pimozide. 

A) Flow cytometry plots show phase of cell cycle measured by BrdU incorporation vs. 7-

AAD DNA binding viability dye over 48 hours in culture with different concentrations of 

pimozide.  At least 20,000 viable cells were collected. B) Histograms show rate of cell 

division in two PTCL cell lines by loss of CFSE expression daily for 48 hours in culture with 

indicated concentrations of pimozide. At least 20,000 viable cells are represented.  
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A) Apoptotic cells (labeled “A”), visible in the lower right quadrant, were assessed by flow 

cytometry following APC-Annexin V/ 7-AAD staining. Viable cells (“V”) are located in the 

lower left quadrant and Necrotic or late apoptotic cells (“N”) in the upper right quadrant. At least 

40,000 events were collected and results are representative of 3 separate experiments. D) 

Western blots show protein expression of cleaved caspase 3 vs. GAPDH loading control in 

PTCL cell lines. Blots are representative of 3 independent experiments.  

  

Figure 6.6. STAT5 knock down induces apoptosis in PTCL cells. 
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for cleaved caspase 3 (Fig. 6.6B). Due to the high level of cell death in HuT102 cells transduced 

with anti-STAT5 shRNA B4, the cells may have progressed beyond the time in which cleaved 

caspase 3 may be observed by Western blotting. No significant change in rate of cell cycle or 

rate of division was observed by BrdU or CFSE in PTCL cell lines following STAT5 

knockdown, differing from the effect on cell cycle we observed with pimozide (Fig. 6.7).  

Because our research explores the STAT5 based mechanism by which pimozide induces 

apoptosis in PTCL, we elected to focus on the apoptotic mechanism of pimozide in the 

remainder of this Aim. 
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Figure 6.7. Cell proliferation is not reduced after STAT5 knock down in PTCL cell lines. 

A) Flow cytometry plots show phase of cell cycle measured by BrdU incorporation vs. 7-

AAD DNA binding viability dye one week after STAT5 knockdown.  At least 20,000 viable 

cells were collected. B) Histograms show rate of cell division in PTCL cell lines with 

STAT5 knocked down using two different anti-STAT5 shRNA constructs vs scramble 

control by loss of CFSE expression daily over three consecutive days. 
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6.2: Determine the mechanism by which STAT5 knockdown and inhibition decreases 

PTCL cell viability 

 

STAT5 knockdown does not decrease BCL-2 family member expression in PTCL cell lines 

Since we demonstrated that STAT5 knockdown and inhibition with pimozide induce cell 

death in PTCL cells by apoptosis, we next sought to determine the mechanism by which this 

apoptotic cell death occurs. Published studies have indicated that STAT5 transcriptional activity 

regulates apoptosis in hematologic malignancies by controlling the transcription of multiple 

apoptotic regulators (123-127). To generate a list of candidate molecules we utilized a published 

chromatin immunoprecipitation analysis which identified genes regulated by STAT5 in human 

CD4+ T-cells (127). We cross-checked this list of genes regulated by STAT5 with a complete 

list of apoptotic regulators to identify molecules that regulate apoptosis which also are subject to 

transcriptional regulation by STAT5 in human T-cells (128). Based off this information, we 

initially obtained a list of six molecules: TRAF1, TP53BP2, MCL-1, BCL-2, BCL-xL, and 

Caspase 8. Next, we assessed the change in mRNA expression of these six candidates in our 

model PTCL cell lines after STAT5 knockdown. After repeated analysis by real-time qPCR, 

including STAT5 knockdown with both anti-STAT5 shRNA B4 and B7 constructs, we were 

unable to observe any significant change in expression of these apoptotic regulators in either 

Kit225 or Hut102 cell lines (Fig. 6.8A).  Because published studies suggest that STAT5 

regulates apoptosis via transcriptional downregulation of anti-apoptotic BCL-2 family members, 

specifically BCL-2, BCL-xL, and MCL-1, we further assessed the expression of anti-apoptotic 

molecules BCL-2, BCL-xL, and MCL-1 by immunoblot after STAT5 knockdown in PTCL cell 

lines (125, 127, 129-131). No significant change in BCL-xl, BCL-2, or MCL-1 protein  
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A) Graphs show fold change in mRNA expression of 6 apoptotic mediators which are 

transcriptionally regulated by STAT5 relative to GAPDH housekeeping control by real-time 

qPCR in PTCL cell lines after STAT5 knockdown. Each bar represents an average of 2-5 

independent qPCR experiments. B) Western blots show protein expression of three anti-

apoptotic BCL-2 family members in two different PTCL cell lines after STAT5 knockdown vs. 

scramble control; representative of 3 independent experiments. 

Figure 6.8. No significant change in expression of anti-apoptotic BCL-2 family members 

regulated by STAT5 after transduction with anti-STAT5 shRNA. 
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expression was observed in PTCL cells after STAT5 knockdown as compared to control (Fig. 

6.8B).  

We also assessed BCL-2, BCL-xL, and MCL-1 protein expression in HuT102 and Kit225 

cells after culture with pimozide. Our data demonstrated no significant change in expression of 

these pro-apoptotic family members by immunoblot when cultured with 5-10M of pimozide for 

48 hours (Fig. 6.9). After culture with 20M of pimozide, BCL-2, BCL-xL, and MCL-1 protein 

expression are slightly increased in both cell lines. Our results suggest that anti-apoptotic BCL-2 

family members are not responsible for the increase in apoptosis resulting from STAT5 

inhibition we observe in PTCL cell lines.  

 

Pimozide induces apoptosis via the extrinsic apoptotic pathway 

Given these negative results, we next aimed to determine if the apoptosis we observed 

induced by STAT5 inhibition occurs via the intrinsic/mitochondrial pathway or extrinsic/death 

receptor pathway of apoptosis in PTCL (Fig. 6.10). First, we assessed changes in mitochondrial 

membrane potential in apoptotic PTCL cells by JC-1 mitochondrial membrane potential dye. JC-

1 forms aggregates inside intact inner mitochondrial membranes which, when analyzed by flow 

cytometry and exposed to laser excitation, has an emission spectrum similar to the commonly 

used fluorophore, PE. When the membranes are compromised, initiating the caspase cascade by 

the intrinsic apoptotic pathway, JC-1 exits the mitochondria and exists as monomers in the 

cytoplasm, with an emission spectrum similar to a different commonly used fluorophore, FITC. 

Our results indicated no significant change in mitochondrial membrane potential in PTCL cells 

cultured with a range of concentrations of pimozide vs. vehicle control (Fig. 6.11). Only when a  
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Western blots show protein expression of MCL-1, BCL-2, BCL-xL, and GAPDH loading control 

in two PTCL cell lines after 48 hours culture in indicated concentration of pimozide. Blots are 

representative of three independent experiments. 

  

Figure 6.9. No decrease in expression of anti-apoptotic BCL-2 family members regulated by 

STAT5 after culture with increasing concentrations of pimozide. 
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Figure 6.10. Extrinsic and intrinsic pathways of apoptosis. 

Death receptor-mediated apoptosis represents the extrinsic apoptotic pathway, while 

mitochondrial signaling-controlled programed cell death is referred to as the intrinsic apoptotic 

pathway. Caspases 8 and 10 are extrinsic pathway specific, while caspase 9 is unique to the 

intrinsic pathway. Intrinsic and extrinsic pathways converge to activate executioner caspases 3 

and 7, which complete apoptotic cell death. Figure adapted from ref. (3). 
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FACS plots show proportion of viable, intact mitochondria (JC-1 PE hi, JC-1 dye aggregates) vs. 

mitochondria with compromised membrane integrity (JC-1 PE low, JC-1 dye monomers) in 

PTCL cells after 48 hours in culture with indicated concentration of pimozide. Plots are 

representative of 3 independent experiments. 

Figure 6.11. Pimozide does not induce a significant change in PTCL cell mitochondrial 

membrane potential. 
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large percentage of the cells were in the late apoptotic/necrotic phase did the mitochondrial 

membrane potential slightly decrease, which may have resulted from an increased number of 

cells in late stages of cell death with compromised organelle integrity. These results do not 

support the intrinsic pathway of apoptosis as a mechanism of cell death in PTCL cells treated 

with pimozide.  

We next investigated the extrinsic pathway of apoptosis as a potential mechanism of cell 

death induced by pimozide. The extrinsic apoptotic pathway occurs by cell death receptor 

signaling activating caspase 8, which, in turn, activates the caspase cascade leading to apoptosis, 

bypassing the mitochondria (Fig. 6.10) (132-134). Caspase 8 activation is exclusive to the 

extrinsic pathway. Based on this phenomenon, we utilized a caspase 8 inhibitor, Z-IETD-FMK, 

to assess the involvement of the extrinsic pathway of apoptosis in pimozide-induced cell death in 

PTCL cell lines. HuT102 and Kit225 cells were pretreated for 30 minutes with the caspase 8 

inhibitor or with a pan-caspase inhibitor, Z-VAD-FMK, which prevents apoptosis via both 

extrinsic and intrinsic apoptotic pathways as a positive control. Cells were then cultured with 

pimozide or DMSO vehicle control for 24 hours. Our results demonstrated that significantly 

fewer PTCL cells cultured in pimozide after pretreatment with caspase 8 inhibitor had undergone 

apoptosis, as shown by the reduced percentage of Annexin V positive, 7-AAD negative cells by 

flow cytometry, compared to cells cultured only with pimozide (Fig. 6.12). The percentage of 

viable cells remaining after culture with pimozide increased from 20 to 50% in the presence of 

caspase inhibitors. Cells pretreated with caspase 8 selective inhibitor, Z-IETD, behaved similarly 

to those pretreated with Z-VAD pan-caspase inhibitor, both preventing apoptotic cell death. 

Caspase 8, therefore is shown to be necessary for apoptosis. Thus, our data suggest that pimozide 

induces cell death in PTCL cells primarily by means of the extrinsic pathway of apoptosis.  
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Figure 6.12. Pimozide induces apoptosis in PTCL cells in a caspase 8 dependent manner. 

A) Flow cytometry shows proportion of PTCL cells undergoing apoptosis after 24 hours in 

culture in the presence or absence of 20M pimozide, with or without pretreatment with 

caspase 8 inhibitor, Z-IETD, or pan-caspase inhibitor, Z-VAD. DMSO is used as a vehicle 

control. Gate “A” contains early apoptotic cells. Gate “V” indicates viable cells. Gate “D” 

contains late apoptotic or dead cells. B) Bar graph quantifies percentage of PTCL cells in early 

apoptosis after culture with 20M pimozide for 24 hours, +/- caspase inhibitors as indicated. 

Data represents an average of 9 independent experiments; significance is indicated by student 

T-test, * = P < .005, ** =  P < .0005. 
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The extrinsic apoptotic pathway is induced by the binding of TNF family ligands FasL, 

TRAIL and TNF- to their corresponding death receptors on the surface of the plasma 

membrane: Fas, DR4, DR5, and TNFR, respectively (134). To determine which of these 

pathway molecules may be responsible for apoptosis induced by pimozide in PTCL, we observed 

changes in the level of surface expression of several death receptors in PTCL cell lines after 

culture with pimozide. We observed that cell surface expression of DR4 (TRAIL-R1) was 

consistently upregulated in both Kit225 and HuT102 cell lines in a pimozide concentration-

dependent manner (Fig. 6.13). Fas expression was also upregulated on the cell surface of Kit225 

cells. These results support that an extrinsic pathway dependent mechanism of apoptosis 

involving TRAIL/DR4 signaling is induced by pimozide in PTCL cells.  
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Histograms show difference in cell surface expression of TRAIL, DR4, DR5, and Fas on 

PTCL cells after 48 hours culture with pimozide of indicated concentrations 5-20 M (white) 

vs. DMSO (gray) in A) Kit225 and B) Hut102 PTCL cell lines. Graphs are representative of 3 

independent experiments.  

Figure 6.13. Pimozide upregulates expression of DR4 (TRAIL-R1) on cell surface of PTCL 

cells. 
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6.3: Determine the effect of STAT5 inhibition in primary patient PTCL samples 

 

Pimozide inhibits STAT5 activation in primary patient PTCL  

 To preliminarily assess clinical relevance of our findings, we investigated the effect of 

pimozide on primary patient PTCL samples ex vivo. Samples were collected, in accordance with 

IRB approved protocol, from patients diagnosed with T-PLL at the University of Maryland 

Greenebaum Cancer Center between April 2015 and January 2017. Primary cells do not thrive in 

vitro, but may be cultured for short periods with cytokine stimulation. We incubated three 

distinct patient samples with 20 M of pimozide or with DMSO as a vehicle control for 24-48 

hours. Western blotting showed significant decreases in STAT5 phosphorylation by at least 70% 

for all patient samples after culture with pimozide (Fig. 6.14A). These results support the 

function of pimozide as a STAT5 inhibitor in PTCL. 

 

Pimozide induces apoptosis in primary patient PTCL  

 We further determined the effect of pimozide on viability of primary PTCL patient 

samples. After 48 hours in culture with 20 M of pimozide, patient PTCL cells demonstrated a 

decrease in viable cell number of 74-94% vs. viability of vehicle cultured control cells (Fig. 

6.14B). This observed decrease in viability was due to an increase in apoptotic cell death (Fig. 

6.14C). the percentage of primary PTCL cells undergoing apoptosis increased in all patient 

samples by an average of approximately 20% vs. vehicle control. Our data, therefore, support 

pimozide as an efficacious STAT5 inhibitor in primary patient PTCL cells. 
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Figure 6.14. Pimozide inhibits STAT5 activation in primary PTCL patient samples and 

induces cell death by apoptosis. 

A) Western blots display protein expression of phospho-STAT5, STAT5, and GAPDH loading 

control for three different PTCL patient samples ex vivo after culture for 24-48 hours with 20µM 

of pimozide vs. DMSO. B) Resazurin dye assay (AlamarBlue) quantifies viable number of cells 

for three different PTCL patient samples ex vivo after culture for 48 hours with 20µM of 

pimozide vs. DMSO. C) FACS plots show percentage of primary patient PTCL cells undergoing 

apoptosis (lower right quadrant) after 48 hours ex vivo culture with 20 µM pimozide vs. DMSO 

vehicle control.  
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6.4: Determine the effect of STAT5 inhibition in combination with PARP inhibition in 

PTCL 

 

Coinciding mutations activating STAT5 signaling and inactivating ATM in PTCL 

 In Aim I, we demonstrated a co-occurrence of activating mutations in the JAK/STAT 

pathway and inactivating mutations in ATM in the same PTCL samples. To investigate the 

therapeutic potential of targeting this overlap in PTCL with both of these mutations, we assessed 

the in vitro combination of pimozide with the PARP inhibitor olaparib. PARP inhibitors have 

been shown to preferentially target ATM deficient cells by means of synthetic lethality (135). 

The PARP inhibitor olaparib is FDA approved for treatment of ovarian cancer with BRCA 

mutations and has demonstrated increased toxicity in ATM-deficient chronic lymphocytic 

leukemia cells, compared to cells with physiologic levels of ATM (135). It is also currently 

being tested in clinical trials for T-PLL therapy, although it is yet to demonstrate any significant 

improvement in overall survival as a single agent (135, 136). In the T-PLL subtype of PTCL 

more than half of cases have mutations in ATM and more than one third contain activating 

STAT5 mutations, therefore dual targeting of these pathways is an appealing therapeutic strategy 

in a considerable portion of PTCL cases (34, 43, 44, 103). 

 To investigate potential for synergistic combination therapy using pimozide and olaparib, 

we utilized two PTCL cell line models, HuT102 and HuT78. Both are cytokine-independent 

Sezary syndrome-derived lines. HuT102 expresses higher levels of phosphorylated STAT5 and 

lower levels of phosphorylated, active ATM than HuT78 and thus serves as a useful model for 

PTCL cases expressing high levels of active STAT5 and low levels of functional ATM (Fig. 

6.15).  
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Figure 6.15. HuT102 cells express higher levels of phosphorylated STAT5 and lower levels 

of phosphorylated ATM than HuT78 cells. 

Western blots show protein expression of phospho-ATM, ATM, phospho-STAT5, STAT5, and 

GAPDH as a loading control in two closely related PTCL cell lines. 
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Pimozide synergizes with olaparib in PTCL cells 

 We next assessed changes in cell viability of HuT102 and HuT78 cells over the course of 

7 days in culture in pimozide, olaparib, combination, or vehicle control. Olaparib has been 

shown to lead to cell death by mitotic catastrophe which occurs over the course of one week, 

necessitating the longer culture times for this experiment (135). HuT102 cells cultured with 1M 

of pimozide or 3M of olaparib demonstrated equivalently inhibited cell growth vs. DMSO 

vehicle control cultured cells (Fig. 6.16; left panel, blue and red lines, respectively). HuT102 

cells cultured with both pimozide and olaparib in combination, however, showed no increase in 

viable cell number over the course of the experiment Fig. 6.16; purple line). HuT78 cells, while 

substantially less sensitive to the inhibitors, also demonstrated a reduction in cell proliferation 

after culture with pimozide or olaparib and a further reduction with the dual inhibitor 

combination (Fig. 6.16, right panel). The combination of pimozide and olaparib in HuT78 cells, 

however, did not abrogate cell growth completely as in the HuT102 line with its higher levels of 

p-STAT5 and decreased ATM activation.  

 To determine if a drug combination is synergistic vs. merely additive, combination index 

(CI) calculation is required. We performed this calculation over a range of concentrations for 

both pimozide and olaparib using CompuSyn software (137). If the CI is below 1, plotted below 

the diagonal line on the isobologram, the combination of the two drugs at the indicated dose has 

a greater than additive effect, and may be referred to as synergistic. Our data revealed that for all 

concentrations of olaparib and pimozide tested in combination, the CI was <1 and plotted below 

the diagonal on the isobolograms, indicating a synergistic effect of these two drugs in PTCL 

(Fig. 6.17). HuT102 was more sensitive to pimozide and olaparib combination than HuT78 due 
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to the concentrations utilized and smaller CIs calculated. These results suggest a utility for 

targeting STAT5 and ATM pathways for combination therapy in PTCL. 
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A) HuT102 and B) HuT78 cells were cultured with olaparib, pimozide, combination, or DMSO 

vehicle control at concentrations indicated. Viable cell number was determined by automated 

cell counter and trypan blue viability dye every other day for 7 days. 
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Figure 6.16. Olaparib and pimozide combination inhibits PTCL cell proliferation. 
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A) HuT102 and B) HuT78 cells demonstrate synergistic toxicity after 7 days in culture with 

pimozide and olaparib at concentrations indicated (CI <1).  

 

 

  

Figure 6.17. Olaparib and pimozide synergize in combination in PTCL. 
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Chapter 7 : Conclusions and Future Directions 
 

  

 PTCL is a rare heterogeneous malignancy with extremely poor patient prognosis. 

Because clinical response to current therapies is inadequate, there is an urgent need to improve 

our understanding of the mechanisms of PTCL oncogenesis to develop novel therapeutic 

strategies and improve patient outcomes. Our study contributes to this effort by identifying 

recurrently mutated genes in PTCL by whole-exome sequencing and exploring previously 

uncharacterized potential cancer driver mutations and targeting mechanisms.  

Next-generation and high-throughput sequencing techniques are employed to gain insight 

into the biology of PTCL in an effort to develop a basis for novel therapeutic approaches. In Aim 

I of this study, we performed whole-exome sequencing of paired PTCL and non-malignant cell 

DNA from 12 untreated PTCL patients, representing a total of 8 different subtypes, in order to 

identify potential oncogenic mutations. Some of the mutations we identified in our study overlap 

with those identified in other current PTCL sequencing studies, lending validity to studies with 

relatively small sample sizes and supporting the potential importance of genes found to contain 

mutations in multiple studies in PTCL. Our results support and expand upon current 

understanding of the role of mutated genes in PTCL to help lay the groundwork for future 

development of targeted therapeutic strategies. 

Somatic mutations in genes encoding molecules involved in cytokine signal transduction, 

and specifically in γc associated JAK/STAT signaling, have previously been identified in 

NKTCL, AITL, T-PLL, HSTL, SS, and T-LGL subtypes of PTCL (27, 29, 34, 47, 59, 78). We 

identified somatic mutations in JAK/STAT signaling molecules associated with γc signaling in 
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T-PLL and HSTL. Other sequencing studies have revealed somatic activating mutations in JAK3 

(A572V and A573V) in 38% of NKTCL, STAT3 and STAT5B in T-LGL, and recurrent gain-of-

function mutations in JAK2 and STAT3 in AITL (27, 29, 47, 59). The malignant transforming 

potential of JAK3 M511I has been shown to be dependent on the expression of the γc and to 

increase with γc overexpression (138). Our study, taken together with recent work identifying the 

γc K315E mutation in T-PLL, as well as an indel in the γc that was demonstrated to increase 

STAT5 transcriptional activity, establish a pattern of recurrent mutations in the γc in T-PLL that 

may drive the development of this malignancy (34). As γc cytokine signaling, particularly in the 

context of IL-2, IL-7, and IL-15 signaling, is critical for T-cell differentiation, apoptosis, survival 

and proliferation, mutations altering this signal transduction pathway are well placed to 

potentially drive T-cells to a cytokine-independent, malignant phenotype (139, 140). In the vein, 

overexpression of IL2RG has been shown to lead to development of T-cell leukemias and 

lymphomas in X-linked severe combined immune deficiency patients and murine models treated 

with corrective gene-therapy (141). Studies on PTCL are limited in scope by the relative rarity of 

the disease and the addition of our findings lends validity to these studies in the field where large 

validation sets are often unavailable. Our observation of activating mutations in JAK3 and 

STAT5B in T-PLL and HSTL, along with these prior studies, show that mutations leading to 

activation of γc associated JAK/STAT cytokine signaling pathways are present in multiple 

subtypes of PTCL and may represent a unifying trait in a disease marked by heterogeneity 

between subtypes. 

Identification of gain-of-function mutations in the c signaling pathway suggests utility of 

JAK/STAT pathway inhibitors in PTCL therapy. JAK inhibitors are currently in development 

and several are approved for patient use, such as ruxolitinib in the treatment of myelofibrosis and 
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tofacitinib in rheumatoid arthritis (142, 143). In light of the discovery of activating mutations in 

JAK3 in multiple subtypes of PTCL, including our study, it will be important to investigate the 

use of these inhibitors for the treatment of these malignancies (59, 144). Furthermore, STAT 

molecules have been shown to be constitutively activated in hematologic malignancies, including 

STAT5 in several subtypes of PTCL, 63% in  EITL, ~35% of cases of HSTL, 36% of T-PLL, 

2% of T-LGL, and ~6% of pediatric T-ALL often leading to worse patient outcomes (29, 34, 64, 

78). As such, direct inhibition of STATs is an appealing therapeutic strategy as well, and is 

further addressed in the final aim of our study (120, 121). Our whole-exome sequencing results, 

in combination with the literature, support further investigation of the utility of JAK/STAT 

pathway inhibitors as a novel therapeutic intervention in PTCL. 

The most frequently recurring mutated gene identified in our whole-exome sequencing 

study is ATM, mutated in 5 out of 12 PTCL cases and predicted by algorithms as likely to 

impact protein function and drive oncogenesis. Another whole-exome sequencing study of 12 

PTCL samples also identified recurrent mutations in ATM (33). One of the ATM mutations 

identified is R3008H, also found in our study, and included in the COSMIC database due to its 

known association with cancer. Cells with inactivating mutations in ATM can be selectively 

targeted with PARP inhibitor therapy (135). PARP inhibitors, such as olaparib, are already in 

clinical use for treatment of solid tumors and in clinical trials for patients with chronic 

lymphocytic leukemia and T-PLL and could prove useful for treatment of many other 

malignancies driven by ATM deficiency. We preliminarily assessed synergy of PARP inhibition 

in combination with STAT inhibition in the final aim of this report. Furthermore, the three PTCL 

samples (two T-PLL, one HSTL) with mutations in γc signal transduction components in our 

sequencing study were among the samples containing mutations in ATM. Our study suggests 
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that, due to overlap of mutations in ATM and the γc signaling pathway, there is a possible 

correlation between these two pathways in HSTL as well as T-PLL. In a study of HPV viral 

replication in hepatocytes, phosphorylated STAT5B was found to activate the ATM pathway 

through the action of peroxisome proliferator-activated receptor gamma (PPARγ) (145). The 

mechanisms of the relationships between these pathways have not been explored in hematologic 

cancers or normal T-cell biology.  

Our analysis has identified mutations in several of the highly recurrent mutated genes 

found in previous PTCL sequencing studies, supporting the importance of these pathways in 

PTCL oncogenesis. Aside from mutations in ATM, p53, and the γc signaling pathway, we also 

identified mutations in FYN kinase, NOTCH molecules, RHOA related molecules, and PLCG1, 

corroborating data published by several other studies (32, 33, 35-37). The FYN G407R mutation 

we identified was predicted to be a cancer driver with a significant impact on protein function by 

all 4 algorithms. Although our data did not contain a mutation in NOTCH1 or RHOA, we did 

find NOTCH2, NOTCH4, RHOV and RHOBTB1 mutations, significant by PolyPhen2 and 

PROVEAN. We also identified a PLCG1 mutation, P658Q, likely to affect protein function by 

all 3 general algorithms. These findings are consistent with these other studies in the field, which 

are also relatively small scope, lending validity to our analysis. Because many PTCL studies are 

limited by the rarity of the disease, inter-study comparison can help address issues of 

interpretation of a small study when validation sets are unavailable and demonstrate novel, 

related somatic mutations in PTCL that may be drivers of PTCL oncogenesis. 

We also identified recurrent mutations in MUC16 and TTN. However, these genes have 

been found to be recurrently mutated in many different whole-exome sequencing studies as they 

are quite long (22,152 and 34,350 amino acids, respectively) and therefore have an increased 
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tendency to accumulate more variants (146). Thus, despite being selected by the algorithms, we 

consider these mutations unlikely to be cancer drivers of PTCL. 

We used four algorithms, PROVEAN, MutationAssessor, PolyPhen2, and CHASM, as a 

tool to predict mutations that have a higher chance of driving PTCL oncogenesis (98-102). Our 

analysis suggests that while algorithms may be useful in identifying mutations with a significant 

impact on protein function and tumorigenesis, mutations should not necessarily be dismissed 

from consideration as cancer drivers if not selected by these algorithms. It is possible that these 

computational programs are not as powerful in the identification of activating mutations, as 

JAK3 M511I and STAT5B N642H mutations were each predicted to be significant by only one 

of the algorithms, even though they have been previously characterized as activating mutations 

capable of inducing cytokine-independent cell growth (59, 61, 66, 67, 81). These programs are 

most useful in conjunction with other methods of predicting PTCL critical mutations, such as 

identification of recurrent mutations in known cancer pathways or genes mutated in other related 

cancers. 

Our whole-exome sequencing study reported in the first Aim has been published as a 

manuscript entitled, “Mutations in ATM and Genes Associated with Common gamma Chain 

Signaling in Peripheral T Cell Lymphoma” (147). This work, together with prior findings, 

expand the total number of PTCL samples analyzed for somatic mutations so that less common 

mutations identified in one study, such as γc K315E, may be exposed as recurrent, potentially 

critical mutations in the process of PTCL tumorigenesis and its relationship to normal T-cell 

biology to pave the way for the discovery and development of novel therapeutic targets.  
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In Aim II of this study, we characterized a novel mutation in the c, K315E, observed in 

our whole-exome sequencing analysis was well as a recent report of T-PLL in order to determine 

its potential as an oncogenic driver in PTCL (34). We expressed the uncharacterized c K315E 

mutation in several model cell lines, HEK293T, Kit225, and CTLL2. Our data support that 

overexpression of JAK/STAT signaling pathway components, including c and STAT5B, 

enhances pathway signaling and activation which is consistent with prior research (2). However, 

we found that c K315E mutation did not lead to cytokine-independent STAT5 phosphorylation, 

JAK/STAT pathway activation, or cytokine-independent proliferation in our models. Although 

we did observe increased levels of mutated c expression on the surface of HEK293T cells, this 

difference was not replicated in the more physiologically relevant T-cell malignancy cell line 

models. Therefore, our results do not support an independent role of c K315E mutation as a 

cancer driver in PTCL. 

Although c K315E was not found to activate the JAK/STAT pathway or induce 

cytokine-independent proliferation in T-cells on its own in our research, it may still be relevant 

to PTCL oncogenesis. The limitations of our models could be a factor in these conclusions. It 

may be that the high levels of endogenous c present in T-cell models obscure the effects of the 

mutant c K315E. Knock out of the endogenous c, such as with CRISPR/Cas9 targeted genome 

editing, may be necessary to test this hypothesis and determine if, as suggested in our HEK293T 

model, c K315E does increase the stability of the c on the cell surface as a mechanism of 

potentiating c/JAK/STAT signaling. We also have not explored the potential effect of c K315E 

on c association with JAK molecules or sensitivity to other c family cytokine signaling, such as 

IL-15 or IL-7. Furthermore, other studies have suggested that JAK and STAT activating 
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mutations are not capable of initiating cell proliferation completely independently, and still 

require all other pathway components to effectively augment signal transduction (2). As such, 

JAK and STAT mutations may be necessary but not sufficient to enable survival of malignant T-

cells. Characterization of the IL2RG mutation identified may be limited by this phenomenon or 

may function in collaboration with other mutations to yield an oncogenic phenotype. The role of 

c K315E in the context of PTCL oncogenesis will require additional investigation to further 

elucidate its functions.  

Despite the negative results reported here, mutations in JAK/STAT pathway components, 

including the c, are integral to PTCL tumorigenesis. An indel in c, G268_M270del, was 

identified in T-PLL and found to increase STAT5 phosphorylation and transcriptional activation 

(34). With its high prevalence of cancer driver mutations, as described in this study, the 

c/JAK/STAT signaling pathway is a promising target for development of novel PTCL 

therapeutic approaches. 

In Aim III of this study, our research explored direct STAT5 inhibition as STAT5 is an 

appealing therapeutic target in PTCL. Activating STAT5 mutations have been observed in 

multiple PTCL subtypes in approximately one third of cases and are associated with increased 

incidence of relapse and more aggressive clinical course (29, 34, 49, 51, 55, 62, 64, 78). In other 

hematologic malignancies with activating JAK mutations, JAK inhibitors have proved clinically 

useful (83, 84). However, these inhibitors target the JAK/STAT pathway upstream of STAT5 

and may be ineffective in PTCL with activating STAT5 mutations (34). Thus, direct STAT5 

inhibition is a promising approach. In our research, we show that the repurposed neuroleptic drug 

pimozide inhibits STAT5 phosphorylation in PTCL cells and decreases their viability, inducing 
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PTCL cell death by apoptosis. Our data support that this is due to pimozide’s function as a 

STAT5 inhibitor, as we show that direct STAT5 knockdown also decreases viability and induces 

apoptosis in PTCL cells. These results demonstrate that pimozide functions as a cytotoxic 

STAT5 inhibitor in PTCL and support the utility of STAT5 inhibition as a therapeutic strategy in 

PTCL.  

We also show, for the first time, a mechanism by which pimozide induces apoptotic cell 

death. Previous research has suggested that pimozide induces cell death in the T-PLL subtype of 

PTCL, demonstrating decreased PTCL cell viability in two p-STAT5 expressing malignant 

human T-cell lines and two primary T-PLL patient cases, but a mechanism of cell death has not 

been published (34). Our study extends these findings, demonstrating that pimozide reduces 

PTCL cell viability in two additional cell lines and 3 additional T-PLL primary patient samples. 

Our study further demonstrates that pimozide induced apoptosis is caspase 8 dependent and that 

pimozide upregulates expression of the TRAIL death receptor DR4 on the surface of dying 

PTCL cells. Taken together, our results support that the observed reduction in PTCL cell 

viability in culture with pimozide is due to an induction of apoptosis via the extrinsic apoptotic 

pathway, involving TRAIL/DR4 signaling (Fig. 7.1). As STAT5 is a transcriptional regulator of 

TRAIL and caspase 8, exploration of the direct effect of STAT5 on death receptor expression 

and signaling is indicated to determine if this mechanism is associated with pimozide’s function 

as a STAT5 inhibitor (127). These data suggest a role for combination of STAT5 inhibition with 

TRAIL receptor agonists as a future therapeutic approach in PTCL (148). Although effective 

TRAIL agonists are still in pre-clinical development, the potential for synergistic targeting of 

apoptotic and JAK/STAT signaling pathways is supported by the recent demonstration of 

synergism with BCL-2/BCL-xL inhibitor navitoclax and the JAK inhibitor ruxolitinib in models 
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Diagram of the c/JAK/STAT signaling pathway with pathway members found to 

contain activating mutations indicated by an orange star. The drug pimozide (red) was 

shown to inhibit STAT5 and lead to an upregulation of the TRAIL receptor, Death 

Receptor 4 (DR4), on the surface of apoptotic PTCL cells. 

Figure 7.1. Pimozide induces apoptosis in PTCL by inhibition of STAT5. 
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 of adult T-cell leukemia lymphoma (62, 149). Together, our results provide more insight into 

how PTCL cells can be targeted and improve our understanding of the mechanism of action of an 

incompletely characterized pharmaceutical that has gained interest in applications for the direct 

inhibition of STAT5. 

Interestingly, our data show that, neither BCL-2, BCL-xL, nor MCL-1 induce apoptosis 

in PTCL in our models after STAT5 knockdown or inhibition. Prior research demonstrates that 

STAT5 knockdown leads to apoptosis by means of anti-apoptotic BCL-2 family signaling via the 

mitochondrial/intrinsic apoptotic pathway (125, 127, 129-131). However, in our analysis, BCL-

2, BCL-xL, and MCL-1 expression were not decreased after STAT5 knockdown or inhibition 

with pimozide. Pro-apoptotic BCL-2 family members, including BAX, BAK, or tBID, were not 

assessed as they have not been shown to be regulated by STAT5 (127).  Mitochondrial 

membrane potential was also not significantly affected by STAT5 inhibition suggesting that 

pimozide does not induce apoptosis via the intrinsic apoptotic pathway. These findings imply 

that there may be a wider variety of apoptotic mechanisms utilized in conditions of STAT5 

inhibition than previously realized. 

It is important to note, that while we conclude that inhibition of STAT5 is promising for 

PTCL therapy, alternative STAT5 inhibitors, aside from pimozide, must also be studied. 

Pimozide is an FDA approved drug that has been use for decades as a neuroleptic with 

manageable side effects. Clinical dosing, however, is recommended not to exceed 10 mg/day and 

it is unknown if, at this dose, pimozide has any effect as a STAT5 inhibitor in vivo.  

In conclusion, this study provides further insight into the mutational landscape of PTCL 

and the role of c/JAK/STAT signaling in PTCL oncogenesis. It supports further direct targeting 
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of STAT5 as a promising investigational therapy for this aggressive malignancy. We show that 

STAT5 inhibition induces apoptosis in primary PTCL cells and are the first to demonstrate that 

pimozide induces apoptosis via the extrinsic apoptotic pathway. Our novel understanding of 

pimozide’s mechanism of action as a STAT5 inhibitor in PTCL yields further insight into this 

incompletely understood drug, which may provide opportunities for new clinical or more 

effective research applications. Our data suggest that PTCL patients with activating STAT5 

and/or ATM mutations could benefit from direct STAT5 inhibitors either as mono-therapy or in 

combination with additional therapeutic strategies such as PARP inhibition or TRAIL receptor 

agonists to provide more efficacious, less toxic treatment and improve patient outcomes in the 

future.  
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