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Molecular Pathogenesis of a Novel Subgroup of Peripheral T-cell Lymphomas 
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Advisor: Javeed Iqbal, Ph.D.         

      Peripheral T-cell Lymphoma (PTCL) consists of numerous distinct disease 

entities. With the current diagnostic criteria over a third of the cases cannot be further 

classified and are called "not otherwise specified" (PTCL-NOS). Using gene 

expression profiling (GEP) of tumors, we identified two novels PTCL-NOS molecular 

subgroups either characterized by high expression of GATA3 (33%), which is 

associated with Th2 cell differentiation, or high expression of TBX21 (49%) which 

regulates Th1 cell maturation. Therefore, stratifying patients for diagnosis and 

identifying the underlying genetic basis to improve clinical therapy becomes critical to 

prognosis. 

      First, we performed DNA copy number analysis by using the OncoScan® 

platform, which revealed recurrent chromosomal imbalances are highly discordant 

between PTCL-GATA3 and PTCL-TBX21. Triple-deletion of TP53;PTEN;CDKN2A has 
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been detected in 23% verse 0% in PTCL-GATA3 and PTCL-TBX21, contributing 

inferior overall survival (OS) in this group. Most interestingly, a distinct molecular 

subtype characterized by heterozygous loss of TP53 and PTEN accounts for 35% in 

PTCL-GATA3, with hot-spot TP53R175H mutation identified to contributes to the 

dysfunction of TP53 signaling. 

      Second, to evaluate the role of TP53 and PTEN in T-cell lymphomagenesis, we 

disrupted p53 and/or Pten with the Cre-loxP system, which induced p53R172H mutation 

and Pten deletion specifically in CD4+ T cells. Impaired T-cell development was 

observed due to p53;Pten deficiency. Acute loss of p53;Pten results in SP CD4+ T cell 

and DN T cell lymphoma between 8-24.6 weeks after birth. In contrast, long-term p53; 

Pten deficiency characterized by markedly pleomorphic morphology at a latency of 

27.7-89.1 weeks after birth. Strikingly, the predominant subset of heterozygous loss of 

p53;Pten tumor-bearing mice committed to a CD8+ immunophenotype.  

      To characterize the T-cell biology of p53;Pten deficiency, functional 

characterization of 4-week old age CD4+ splenocytes were isolated from 6 genotypes 

of mice for all the in vitro studies. As expected, p53R172H switches CD4+ T cells from 

arrest into proliferation in the context of Pten-deficiency in an antigen-dependent and 

independent manner. Strikingly, we found the dose of Pten dictates cell growth by 

regulation of apoptotic cell death. We also demonstrated that IL-2 is not required for 

initial expansion, but is required for the long-term survival of primed T cells in vitro. 

Besides, heterozygous loss of p53 and Pten has more capacity to skew naïve CD4+ T 
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cells into Th2 phenotypes. Lastly, we also observed that cell-intrinsic programming by 

genetic alterations imparts affects the differential engraftment fitness after adoptive 

transfer. 
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Chapter 1: Introduction 

Mature T-cell development and differentiation  

      T cells are a major component of the adaptive immune response, and play a 

central role in cell-mediated immunity in pathogen elimination1,2 and tumor 

surveillance3. T cells are identified by a surface molecule CD3 and are comprised of 

two major groups: the CD4+ T helper (TH) cells and cytotoxic CD8+ T cells4. The CD4 

T cells display helper activities on other immune cells, and in turn are subdivided into 

Th1, Th2, Th9, Th17, Th22, Tfh and T regulatory (Treg) groups5-9, each with a 

characteristic profile of production cytokines. The CD8 T cytotoxic population is the 

second major group of T lymphocytes that function in killing target cells; they are 

comprised of Tc1 and Tc2 subpopulations with similar cytokine profiles as Th1 and 

Th2 cells10. To ensure adaptive immune responses against foreign antigens and avoid 

attacking itself, the naïve T cell compartment in the thymus contains quite a number of 

cells with unique T cell receptors to construct a diverse T cell repertoire, which is a 

consequence of different V, D, J recombinations11.  

      The generation of a functional T cell starts from hematopoietic stem cells (HSC) 

in the bone marrow, which gives rise to lymphoid progenitors that home to the thymus 

and, undergo a series of well-documented development steps in the thymus, and 

eventually differentiate into effector T cells in the periphery (Figure 1). This tightly 

regulated phase is a result of the TCR-mediated signal. The T cell development starts 

when TCRδ, TCRγ, and TCRβ gene rearrangement initiated in DN2 (CD44+CD25+) 
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stage. With the successful rearrangement of TCRβ chain via productive V(D)J 

recombination and surface expression of TCRβ co-assemble with pre-Tα12, this 

process gives rise to a DN3 (CD44-CD25+) cells come with a functional pre-TCR 

complex. The pre-TCR signals are essential for rapid expansion, and maturation to the 

double-positive (DP, CD4+CD8+) stage and rearrangement of the TCR-α chain leading 

to the mature TCR-αβ receptor expression upon successful rearrangement13. TCR β 

selection is achieved at the late DN4 (CD44-CD25-) stage, which leads to the 

generation of double-positive (DP, CD4+CD8+) cells and initiates TCRα locus 

rearrangement. Next, αβ-T undergo positive and negative selection and eventually 

commit to the CD4 or CD8 single-positive (SP) lineages. DP thymocytes that recognize 

self-MHC receive a positive selection signal leading to either CD4 or CD8 single-

positive (SP) cells depending on their interaction with either class II or class I MHC 

molecules, referred to as repertoire selection phase. After binding to MHC I molecules, 

cells retain CD8 expression, whereas binding to MHC II retains CD4 expression. Cells 

will be deleted by negative selection in the medulla if it exceeds a certain threshold 

avidity binding to MHC molecules. The rest will migrate out of the thymus into the 

peripheral blood and secondary lymphoid organs.  

      For mature T cells, an important part of the molecular development involves 

somatic alteration of the germline configuration of the T-cell receptor (TCR) genes to 

a unique configuration, in order to permit the development of a clone of T cells with an 

extracellular receptor specific to a given antigen14,15. T cells comprise two distinct 
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subsets by expressing either αβ- and γδ-TCRs formed by germline genetic 

rearrangement of the variable (V), diversity (D), and joining (J) gene segments. The 

TCR repertoire is established through a series of DNA recombination events that 

generate 1016 to 1018 different possible sequences from the VDJ gene segment random 

somatic recombination events shaped by the selection of self-antigens, which is 

regulated by Rag enzyme at the TCR loci. The TCR genes encoding the TCRβ chain 

are located at chromosomal positions 7q32–3516. The V, D, and J gene segments are 

flanked by recombination signals (RS) of 12- or 23-mer spacer length that direct 

recombination according to the 12/23 rule. At the trb locus, the 3′ end of TRBV or TRBD 

in TCRβ chains is a heptamer (CACAGTG)-23 base-pair (bp)-nonamer (ACAAAAACC) 

rearrangement of signal sequences (3′ TRBV 23 RSS and 3′ TRBD 23 RSS), whereas 

the 5′ end of TRBD or TRBJ is a nonamer-12bp-heptamer rearrangement of signal 

sequences (5′ TRBD 12 RSS and 5′ TRBJ 12 RSS)17. TCR chains are assembled by 

V(D)J recombination and can be divided into two phases: cleavage and repair. V(D)J 

is activated by activating gene RAG-1 and RAG-218 which introduce a pair of double-

strand breaks (DSBs) between the V, D, and J coding segments and the RSSs19. The 

cleavage generates four new structures: a blunt signal end, a hairpin coding end, signal 

joints (SJ) and coding joints (CJ)18. The generation of junctional diversity is initiated by 

opening of hairpin coding ends, which are the substrates for nontemplate-dependent 

nucleotide additions by terminal deoxynucleotidyl transferase (TdT)20. The 

nonhomologous end-joining (NHEJ) pathway machinery recognizes and repairs the 
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RAG-generated breaks results in the rejoining of the DNA ends generated during V(D)J 

recombination21. This process occurs only between segments with the 23 RSS terminal 

and segments with the 12 RSS terminal, which act as recognition sites for the VDJ 

recombinase22. This results in the diversity and specificity of T cells that enables them 

to recognize a vast spectrum of antigens presented by major histocompatibility 

complex (MHC) molecules to provide sufficient immune coverage. 

      Substantial progress in elucidating the molecular genetic basis for the 

commitment from immature to mature T cells has been achieved, with several 

transcriptional factors (TFs) identified that are critical for T cell differentiation and 

maturation. The life of T cells begins after the B selection checking point, where DN3 

thymocytes express the functional pre-TCR. PU.1 is a key differentiation regulator 

compared to its transcriptional partners since it can bind approximately 30000-75000 

sites in early hematopoietic progenitors23,24. It modulates T cell development at the pre-

thymic stage through regulating the expression of CD11b, CD16, CD18, and CD64 as 

well as gene targets expressed during myelopoiesis and hematopoietic stem cells 

homing25,26. The expression of GATA3 is upregulated between DN3-DN4 stages27. 

Deletion of GATA3 results in the accumulation of DN3 cells and a decreasing of DN4, 

DP and SP cells, which is mainly due to the impairment of β selection by dysregulation 

of Notch signaling upon absence of GATA328. Runx3 KO mice display abnormalities in 

CD4 expression during lineage decisions and impairment of CD8+ T cell maturation in 

the thymus. In a double mutant Null Runx3 and heterozygous Runx1 (Runx3-/-; 
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Runx1+/-) mouse model, SP CD8+ T cells have been barely detected in periphery29.  

T cell activation, function, and plasticity       

      T cell receptor (TCR) signal transduction is initiated by the immunological 

synapses30 formed by the engagement of the TCR to peptide-MHC (pMHC) expressed 

on antigen-presenting cells (APCs). TCR consists of the CD3εγ and CD3εδ 

heterodimers and the CD3ζζ homodimer, which form the TCR-CD3 complex31 (Figure 

2). There are three critical nodes in TCR signaling32, including LCK, ZAP-70 and LAT, 

activation of which results in a cascade of phosphorylation events. The 

phosphorylation events start with the SRC family protein tyrosine kinase LCK binding 

to the cytoplasmic domains of CD4 or CD8 co-receptors. Then phosphorylation of 

CD3ζ and other ITAMs by LCK serves as a docking site to recruit the syk kinase family 

member ZAP-70 PTK. Activated ZAP-70 further phosphorylates LAT, the scaffolding 

transmembrane adaptor linker for T cell activation, to form the docking sites to recruit 

adaptor molecules such as GADS, GRB2, and PLCγ1, which results in the generation 

of a multi-molecular LAT signalosome32. The LAT effector molecules induce signal 

propagation through the Ca2+-calcineurin, mitogen-activated protein kinase (MAPK) 

and nuclear factor-kB (NF-KB) signaling pathway. This process converts the TCR with 

no intrinsic enzymatic function to an active PTK to phosphorylate a spectrum of 

substrates leading to the cascade of downstream signal integration, which results in T 

cell proliferation, migration, cytokine production, and effector functions.  

      During T cell activation, signaling through TCR alone results in a non-
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responsive state (anergy) and impaired T cell response upon re-stimulation33. Ligation 

of the CD28 receptor on T cells provides a critical second signal along with TCR 

signaling in T cell activation. CD28 is expressed on roughly 80% of human CD4+ T 

cells and 50% CD8+ T cells34. It has been demonstrated that CD28 promotes T cell 

proliferation through activation of downstream Akt signaling33. Phosphorylation of the 

CD28 cytoplasmic tail is followed by the engagement of its ligands CD80 (B7-1) and 

CD86 (B7-2) on APCs35. This recruits GRB2, which complexes with VAV136 and p8537, 

the regulatory subunit of PI3K. The p85 regulatory subunit then allows the recruitment 

of p110, the catalytic subunit of PI3K37, and further targets downstream Akt signaling. 

      The third signaling during T cell activation comes with the engagement of 

cytokine receptors to the cytokine environment38. Along with Ag and co-stimulation, this 

process leads to the activation of specific transcription factors (TFs) and initiates T cell 

differentiation. Naive CD4+ T cells remain “poised” to adopt alternative subset 

transcriptional programs until they reach to the signals provided by antigen-presenting 

cells (APCs). In secondary lymphoid organs (SLOs) such as spleen and lymph nodes, 

naive CD4+ T cells differentiate into functionally distinct effectors, including Th1, Th2, 

Th9, Th17, Th22, Tfh and T regulatory (Treg), which are regulated by the 

corresponding lineage defined transcription factors Tbx21, GATA3, TGFβ, Rorγt, AhR, 

Bcl6, and Foxp3, respectively. It has been well established that naïve CD4+ T cell 

priming can be remarkably flexible in the response to cytokine stimuli. Although Th1 

and Th2 cells display more stable phenotypes, in vitro experiments demonstrated that 
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Th1 populations arising after 1 wk of stimulation in Th1-polarizing condition could 

convert to Th2 cells when re-stimulated in IL-4, and vice versa39. However, long-term 

culturing could not reverse Th1/Th2 cell differentiation39. Th17 cells can readily switch 

to other T helper cell programs under certain cytokine conditions. In vivo, IFN-γ and IL-

12 synergize to generated Th17 into Th1/Th17 cells through the upregulation of IL-

12Rβ2 chain by IFN-γ and IL-12 for Th1 polarization40. Subsequently producing IFN-γ 

Th17 cells promote efficient immune support in intestinal inflammation in mouse 

models of IBD41. In contrast, Th17 cells can adopt a TH1-like phenotype via IL-4 

expression, which has been observed during helminth infection in vivo42. Besides, 

iTregs can become IL-17-producing cells upon stimulation with IL-6 and IL-21. In the 

presence of IL-6 or IL-21 along with TGF-β, naïve CD4+ T cells differentiate into Th17 

cells; however, in the absence of proinflammatory cytokines, TGF-β drives 

differentiation into Treg cells43,44. The differentiation decision is governed 

predominantly by the cytokines in the microenvironment and, to some extent, by the 

strength of the interaction of the T cell antigen receptor with antigen.  

Lymphomas in the context of WHO classification 

      Lymphomas are a heterogeneous group of cancer that arises from lymphocytes 

in the immune system, including Hodgkin lymphoma (HL) (10%) and non-Hodgkin 

lymphoma (NHL) (90%)45,46. Several entities of non-Hodgkin lymphomas (NHLs) have 

been identified, including precursor lymphoid neoplasm (B- and T-cell), mature B-cell 

neoplasms, mature T and NK neoplasms, mature histiocytic and dendritic cell 
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neoplasms (HDC) based on the 2016 revision of the World Health Organization (WHO) 

classification system47 (Figure 3).  

      Peripheral T-cell lymphoma (PTCL) and natural killer/T-cell lymphoma (NKTCL) 

are rare and heterogeneous forms of non-Hodgkin's lymphoma (NHL) that encompass 

a biologically and clinically heterogeneous group representing approximately 12-15% 

of the lymphoid neoplasms and are distinct from the more common cutaneous T-cell 

lymphomas48. The geographic variation in the relative frequency of PTCL and NKTCL 

has been well-documented previously49, mainly due to genetic variations. Most of the 

aggressive T-cell lymphomas are included within the nodal, extranodal, and leukemic 

groups48. T-cell malignancies derived from early thymic precursor (ETP) or immature 

T cells results in leukemia-lymphoblastic T-cell lymphoma. Otherwise, the NHLs that 

originate from mature T lymphocytes or NK cells are recognized as peripheral T-cell 

lymphomas (PTCL)50. Nodal T-cell lymphomas represent rare neoplasias arising from 

post-thymic and activated T lymphocytes50, and mainly include the following subtypes: 

peripheral T-cell lymphoma, not otherwise specified (NOS), which accounts for 25.9% 

of the lymphoma entities51; angioimmunoblastic T-cell lymphoma (AITL), which is the 

second-largest category, accounting for 18.5% of the cases52; anaplastic large cell 

lymphoma (ALCL), including the ALK+ (6.6%) and ALK− (5.5%) entities53; enteropathy-

associated T-cell lymphoma (EATL) (5%)54, hepatosplenic T-Cell Lymphoma (HSTCL) 

(1.4%)55 as well as subcutaneous panniculitis-like T-cell lymphoma (SPTCL) (0.9%)56 

are relative rare compared to others. A PCR-based amplification of T-cell clonality 
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using genomic DNA from patients for diagnosis has been routinely applied in clinic. 

Rearranged T-cell receptor genes can be found in all T-cell lymphomas representing 

all stages of T-cell development15. Patients with PTCLs have significantly worse clinical 

outcomes compared to patients with aggressive B-cell lymphomas due to the 

misclassification by lacking reliable protein markers for diagnosis and less 

responsiveness to conventional B-cell lymphoma regimes because of its 

heterogeneity48,57.  

       Peripheral T-cell lymphoma, not otherwise specified (PTCL-NOS), accounts 

for approximately 30-50% of mature T-cell lymphomas51,57 and remains the most 

commonly diagnosed subtype of T-cell lymphoma, which cannot be further classified 

based on morphology, phenotype, and conventional molecular studies, and is often 

described as a “wastebasket” category. According to the International T-cell Lymphoma 

Project, the disease is equally common in Europe and North America but shows a 

slightly lower prevalence in Asia (34.3%, 34.4%, and 22.4% of PTCL, respectively)57. 

It mostly affects male patients, with a median age at presentation of 60 years51. Despite 

TCR gene rearrangements as the clinical markers, the diagnosis of PTCL-NOS is 

made by a standard panel of immunostains including CD20, CD2, CD3, CD4, CD5, 

CD8, CD30, CD56, TCR-β, TIA-1, Ki67, and in situ stains for EBV-encoded RNAs57,58. 

CD4+ phenotype predominates in nodal cases59. Besides, CD4+CD8+ double-positivity 

or CD4-CD8- double-negativity is at times seen59,60, because of CD8, CD56, and 

cytotoxic granule expression. It usually characterized by the aberrant T-cell 
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immunophenotype, with a frequent loss of CD5, CD7, and CD52. High Ki67, Epstein-

Barr virus (EBV)-positivity and CD56 expression at lesions are associated with a worse 

prognosis61. Patients are often seen with B-cell symptoms and accompany them with 

hemophagocytic syndrome at the time of diagnosis. PTCL-NOS involves nodal sites 

deriving from the clonal expansion of mature T-lymphocytes bearing clonally 

rearranged TCR genes. However, it probably encompasses more than one disease as 

suggested by the morphological, phenotypical and genetic heterogeneity. 

Anthracycline-containing regimens, including CHOP (cyclophosphamide, doxorubicin, 

vincristine, prednisone) and CHOP-like regimens were most wildly used, though it has 

not been proved to be the optimized therapy. Compared to other T-cell lymphoma 

entities, the long-term survival is quite low, with a remission rate of 50-65% and 5-year 

overall survival (OS) less than 37%48,62, which is largely unsatisfactory both in first-line 

and in the refractory/relapsed settings. The addition of etoposide improves event-free 

survival in younger patients, but without a clear impact on OS63. Consolidative 

autologous stem-cell transplantation (ASCT) in the first remission may improve 

outcomes by random studies, but it still remains controversial48. This is why several 

new drugs are going on in clinical trials, and identifying genetic lesions, as well as 

oncogenic pathways in PTCL-NOS, are urgent needs. 

Cellular origin of PTCL-NOS 

Understanding the developmental mechanisms at which stage lymphoma 

derived from is relevant to the pathogenesis, which can also provide information of the 
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selection for new therapeutic agents. As defined and characterized by the 

Lymphoma/Leukemia Molecular Profiling Project (LLMPP)64, diffuse large B-cell 

lymphoma (DLBCL) can be well categorized by its cell-of-origin (COO) which either 

derived from a germinal center B-cell (GCB) or activated B-cell (ABC) based on the 

patterns of gene expression65. However, the developmental biology of PTCLs is less 

well understood, as the T cell system is more complex and comprising numerous 

subsets with different biological changes. Nevertheless,  AITL bears a close relation 

to the follicular T helper (TFH) cell of the germinal center which was demonstrated by 

the molecular signatures in a GEP study66, which also shares the same genetic 

changes with PTCL-NOS bearing T follicular helper (TFH) phenotype47.  

Despite the heterogeneous nature of PTCL-NOS, molecular subgroups with 

distinct features have been identified by GEP (Gene expression profiling) studies67. 

Unsupervised hierarchical clustering of gene expression data identified two novel 

subgroups of PTCL-NOS67, which provide the molecular basis of the heterogeneity of 

PTCL-NOS. PTCL-GATA3 associated with high expression of GATA3 and its target 

genes such as CCR4, IL18RA, CXCR7, and IK which promote a Th2 phenotype during 

naïve T cell differentiation. Whereas the PTCL-TBX21 subtype is characterized by high 

expression of TBX21 and EOMES, and its target genes including CXCR3, IL2RB, 

CCL3, and IFNGG, which has a prominent Th1 cytokine secretion pattern (Figure 4). 

Besides, PTCL-GATA3 and the enrichment of gene signatures highly associated 

proliferation and PI3K-mTOR-AKT signaling, while PTCL-TBX21 gene signatures are 
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enriched in the NF-κB pathway. Importantly, GATA3 expression confers a poor 

prognosis, with a 5-year overall survival (OS) of 19%, whereas cases with a TBX21 

signature display more favorable outcomes (5-year OS, 38%)67. PTCL-GATA3 

correlated with Th2-associated transcripts and cytokine production and indicated a 

high-risk subset of PTCL-NOS has been demonstrated in an independent study68. 

However, the genetic basis of the disease phenotype, as well as the pathogenesis and 

oncogenic pathway of PTCL-GATA3 and PTCL-TBX21 is still unclear. 

      Interestingly, it has been reported that patients with PTCL-NOS expressing one 

of Th1 or Th2 antigens tended to show a favorable prognosis as compared with cases 

not expressing Th1 or Th2 antigens69. This allows the identification of subgroups of 

PTCL-NOS patients based on cell-of-origin, which is designated as Th1 or Th2 

phenotype, further points out the potential role of a genetic basis in naïve CD4+ T cell 

differentiation and provide new insights into the stratification of patients from the 

heterogeneous PTCL-NOS group for novel therapies. 

Genetic and epigenetic alterations and oncogenic pathways in PTCL-NOS 

Compared to other T-cell lymphoma entities, the genetic alterations and 

pathogenic mechanisms underlying PTCL-NOS are largely unknown. Nevertheless, 

various recurrent mutations in PTCL-NOS have been identified. For instance, gene 

fusions and focal indel mutations of VAV1 (11%)70,71, encoding one of the components 

of the TCR signaling, has been reported by different groups in a relevant proportion of 

PTCL-NOS. Mouse Vav1 knockout T cells fail to elicit TCR-induced intracellular Ca2+ 
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flux and to activate the MAPK/ERK pathway and NF-κB signaling72, suggesting that 

increased VAV1 signaling leads to activating genetic alterations in PTCL-NOS. RHOA 

G17V (26%) and IDH2R172 (8%) mutations are highly specific for TFH-derived PTCL-

NOS and were identified in a cohort of 142 patients study, with immunohistochemical 

validation of TFH markers such as PD-1 and BCL6 in these cases73, further 

demonstrating that specific mutations could drive genetic alteration in subtypes of 

PTCL-NOS. Epigenetic alterations such as DNA methylation genes TET2 (11-49%)74-

76 and DNMT3A (3-36%)75-77, histone acetylation genes CREBBP (4-7%)74,76, and 

Histone methylation genes SETD2 (4.8%)76 have also been reported in PTCL-NOS. 

However, the frequency of these mutations varies among institutions, which could be 

due to the heterogeneity in classification and limits of sample size. Together, these 

suggest a potential role of lymphoma associated mutations in driving genetic and 

epigenetic alterations in the molecular pathogenesis of PTCL-NOS.  

TP53, the guardian of the genome, which translates a sequence-specific DNA 

binding protein that regulates downstream transcription78 in cell-cycle arrest, DNA 

repair, apoptosis, autophagy, and cellular senescence79. Mutation of TP53 tumor 

suppressor gene is a frequent event in tumorigenesis, which gives rise to a stable 

mutant protein whose accumulation is regarded as a hallmark of cancer80. Mutations 

of TP53 in PTCL-NOS are relatively low compared to other human cancer, with a 

frequency of 7-16%74,81. In physical condition, the level of p53 is low due to the 

continuous inhibition by MDM2 mediated ubiquitination and proteasomal degradation82. 
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However, upon DNA damage, p53 is release from MDM2 inhibition and activated to 

promote the repair of damaged cells. More than 90% of TP53 mutations are point 

mutations that occur most often in the DNA binding domain (DBD), most frequently 

affects codons 175, 248, and 27380. Recently, a distinct molecular subtype 

characterized by TP53 alterations in non-TFH PTCL-NOS has been identified73. TP53 

mutation has been found in 28% non-TFH PTCL-NOS cases, with 51% of them 

accompanied with a biallelic lesion. The deletion of CDKN2A was co-occurring with 

TP53 alteration. This finding demonstrates the biological relevance of tumor 

suppressor inactivation of genomic instability during T cell subtype tumorigenesis.  

In addition to nucleotide mutations and epigenetic alterations, structural 

changes by chromosomal instability have an important role in tumorigenesis. Gene 

amplification promotes the oncogenic activity of a subset of proto-oncogenes such as 

MYC, which is well documented in B-cell lymphomas83. Conversely, the deletion of 

tumor suppressor genes results in the disruption of their function. Furthermore, loss of 

heterozygosity (LOH) is also frequently observed in the tumor cells, which is 

characterized by the deletion of one allele of a gene either without or with duplication 

of the remaining allele. Chromosomal abnormalities were observed in 71% PTCL-

NOS84. Gains of the region 7q21 containing CDK685, 8q24 encompassing EIF3H and 

MYC86, and losses of 9p21 covering CDKN2A/2B87, 10q23 encompassing PTEN88, 

17p13 encompassing TP5373,88 were frequently observed in previous cytogenetic 

studies of PTCL-NOS. Amplification of 4q, 8q and17q, and deletion of 9p, 10q were 
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more frequently involved in PTCL-NOS compared to AITL. Furthermore, deletions of 

13q14 encompassing RB1 affected by deletions of 17p13 covering TP53 suggest an 

import role of cell cycle genes in PTCL-NOS 86. 

Loss of PTEN was associated with germinal center B-cell-like (GCB) DLBCL, 

but not in activated B-cell-like (ABC) DLBCL89, and has been identified as a PI3K/AKT-

dependent GCB-DLBCL subtype90 which could be targeted by a PI3K inhibitor as a 

promising therapeutic approach. Even though then deletion of 10q has rarely been 

reported in cytogenetic studies in T-cell lymphoma91,92, recurrent losses of 10q 

encompassing PTEN have been detected in 28% PTCL-NOS (10/36), with 50% 

patients were at relapsed stage88, suggesting the inferior prognosis of heterozygous 

loss of PTEN. This was supported by other studies, of which observed heterozygous 

loss of PTEN occurs frequently in many advanced-stage of solid tumors, such as 

glioblastomas (70%) and in advanced prostate cancers (60%)93. The phosphatase and 

tensin homolog deleted on chromosome 10 (PTEN) tumor suppressor, is a 

phosphatase that can act on both polypeptide and phosphoinositide substrates. 

Structural and mutational studies revealed that PTEN consists of five functional 

domains, including a phosphatidylinositol-4-5-bisphosphate-binding domain (PBD), a 

phosphatase domain, a C-terminal domain (C2-domain), a C-terminal tail and a PDZ-

binding motif (PDZ BD)94. Compared to other types of cancer in which the mutational 

hotspot is located in exon 5 encoding the phosphatase domain, however, PTEN point 

mutations were enriched almost exclusively in exon 7, which encodes part of the C2-
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domain and results in protein truncation and rapid degradation in T-ALL95,96. In contrast 

to tumors affected by point mutations, the phosphatase domain-coding exons 2-6 are 

targeted by genomic deletions. The unique PtdIns (3,4,5)P3 lipid phosphatase activity 

of PTEN that antagonizes phosphatidylinositol 3-kinase (PI3K) signaling makes it one 

of the most important tumor suppressors, regarded as the second guardian of the 

genome97. Following PTEN loss, the accumulation of PIP3 at the plasma membrane 

recruits and activates AKT family members which further stimulate mTORC1, resulting 

in phosphorylation of S6K and 4EBP1. As a consequence of PTEN inactivation, the 

elevated transcription and translation events in the gene network of the PI3K-AKT-

mTOR pathway promote cell growth, proliferation, survival and metabolism, and further 

breaks down the balance of cell homeostasis94.  

As the molecular and genetic understanding of PTCL-NOS deepens (Figure 5), 

an increasing number of subtypes of PTCL-NOS will be further identified along with 

well-characterized morphological, biological and clinical features. Therefore, 

deciphering the genetic and biologic basis of PTCL-NOS is urgent to link the 

mechanisms of tumorigenesis and stratification patients to efficient targeted therapy.   
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Figure 1: T cell development and differentiation 

T cell development begins in the thymus as early precursor thymocytes (EPTs) after 

travel out from bone marrow. The precursor thymocytes have still kept the capability to 

differentiate into B-, Myeloid-, NK- and dendritic lineage until they reach to DN3 stage 

when it committed to T cell lineage, which allows ETPs bypass of either the β selection 

checkpoint or differentiation into γδ T cells. Followed by α gene rearrangement at DN4 

stage, as well as positive and negative selection upon TCR binding to MHC molecules, 

surviving single positive (SP) T cells travel to peripheral, differentiate into either CD4+ 

T helper (Th) cells or cytotoxic CD8+ T cells. Transcription factors (TFs) regulate T cell 

development at multipotent progenitor state as indicated above, such as PU.1, GATA3, 

and Runx3. Upon T-cell receptor (TCR) signaling activation, along with costimulatory 

signal and cytokine stimulation, naïve CD4+ T cells differentiated into distinct effector 

subtypes that have critical roles in mediating immune response through the secretion 

of specific cytokines. 
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Figure 2: Overview of the T-cell activation signaling pathways 
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T cell receptor (TCR) signal transduction is initiated by recognizing self or foreign 

antigens presented by major histocompatibility complex (MHC) molecules, which is the 

first signal required in T cell activation. Engagement of the TCR triggers a cascade of 

phosphorylation events through the formation of multi-molecular signalosomes. Major 

molecules involving in this process include LCK, ZAP-70, LAT, PCLγ1, GADS, and 

GRB2, which leads to the subsequent activation of multiple distal signaling pathways, 

such as Ca2+-calcineurin-NFAT, mitogen-activated protein kinase (MAPK) and nuclear 

factor-κB (NF-κB) signaling pathway. Co-ligation of CD28 to CD80 (B7-1) or CD86 (B7-

2) present on APCs augment TCR signals, thus promoting cell proliferation through 

one key downstream effector PI3K mediated activation of PI3K-Akt-mTOR signaling 

pathway. The third signal is delivered by combinations of cytokines which initiating the 

downstream signaling cascade to enhance cell expansion and differentiation. Upon IL-

2/IL-2R ligation, the recruitment of Grb2 complex with PI3K which further leads to the 

phosphorylation of mTOR and Akt. 
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Figure 3: Lymphoma classification    

 

 

 

 



25 

   

 

 



26 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 

   

 

 



28 

   

 

Figure 4: The lineage differentiation of T helper cells 

Differentiated CD4+ T cells can adopt alternate expression profiles and produce 

cytokines that are associated with alternate T cell lineages, such as Th1, and Th2 cells. 

TBX21 and GATA3 are the master transcriptional factors (TFs) that regulate the 

polarization response. Interleukin 12 (IL12) and interferon γ (IFNγ) induces the 

downstream signaling cascade to develop Th1 cell. Upon binding to IL-12 receptor, IL-

12 signaling results in Stat4 mediated increase of Ifng expression. Binding of the IFNγ 

to its receptor further initiates Stat1 mediated promotion of transcription of TBX21, 

which initiates the Th1 differentiation program. On the contrast, IL-4 receptor signaling 

strongly promotes Stat6 mediated GATA3 transcription. GATA3 reorganizes chromatin 

structure in the Th2 locus, encompassing the IL-4, IL-5, and IL-13 genes, which 

increase their transcription competence. The increased production of IL-4 further 

enhances Th2 program by a positive feedback loop. The combination cytokines secret 

by Th1 cells are necessary for protection from intracellular bacterial infections and 

autoimmunity. Cytokines produced by Th2 cells are essential for the clearance of 

extracellular pathogens and the pathological allergic responses. 
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Figure 5: Evolution of molecular analysis techniques 
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Chapter 2 Genetic drivers and oncogenic pathways in PTCLs 
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Introduction 

      Peripheral T-cell Lymphoma (PTCL) consists of numerous distinct disease 

entities and is currently diagnosed using a complex and often fragmented diagnostic 

system with a combination of clinical, morphologic and immune-phenotypic features 

together with selected molecular assays48,58. The diagnosis of many cases is 

challenging even among expert hematopathologists, due to the wide spectrum of 

morphologic features and the lack of robust immunohistochemical markers, and more 

than a third of the cases cannot be further classified and are designed as peripheral T-

cell lymphoma not otherwise specified (PTCL-NOS)50,57. Thus, this entity includes a 

mixed group of nodal and extra-nodal mature T-cell lymphomas that do not correspond 

to any of the defined T-cell entities in the WHO classification57,98. The clinical outcome 

of PTCL-NOS is highly variable, but overall aggressive, with a 5-year overall survival 

(OS) of 20-30%99. The introduction of new regimens, such as Pralatrexate51, 

Romidepsin100, Brentuximab vedotin101 and Alemtuzumab102 has not shown any major 

benefit and novel therapeutic targets need to be deciphered to improve the clinical 

outcomes of these patients.  

      Based on the gene expression profile (GEP), unsupervised hierarchical 

clustering of PTCL-NOS identified two novel molecular subgroups with biological 

meaning by Iqbal67,103. One subgroup, representing 33% of PTCL-NOS, is 

characterized by a high expression of GATA3 and its target genes. GATA3 is the master 

transcriptional regulator involved in Th2 cell differentiation, during which it controls 
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interleukin-4 (IL-4), IL-5, and IL-13 expression104. This subset of patients showed a 

significant association with poor OS67. The other subgroup, representing 49% of PTCL-

NOS, had a high expression of TBX21 and its target genes. TBX21 is a master 

regulator of Th1 cell differentiation and cont rols the expression of the IFNγ105 as well 

as the function of CD8+ cytotoxic cells. Peripheral T-cell lymphomas (PTCL) are rare 

tumors derived from mature T-lymphocytes with different functional properties such as 

cytotoxic, helper, regulatory and follicular helper, and NK cells. However, it is not clear 

whether the two major subtypes of PTCL-NOS represent tumors derived from Th1 and 

Th2 cells regarding specific genomic defects, respectively. Naïve CD4+ T cell with 

mTOR deficiency fails to differentiate into Th1 or Th2 due to failure of activation of 

specific STAT transcription factors106, as for STAT4 for Th1 and STAT6 for Th2 

differentiation. This could also be explained by the fact that the translation of GATA3 

could be enhanced through PI3K/mTOR axis107. Further evidence showed that Pten-

deficient T cells could have a Th2 bias and that appropriate regulation of PI3K signaling 

is important for balancing effector cell differentiation in the periphery108.  

      Genomic heterozygosity of PTCL-NOS has been delineated by array-based 

comparative genomic hybridization (CGH), as it represents the most common 

peripheral T-cell lymphomas (PTCL). For instance, losses of 5q10q/12q characterized 

by frequent expression of CD5, but negative for cytotoxic markers Granzyme B and 

TIA1 (P<0.05) due to the amplification of chromosome 12p13 in been observed in 53.3% 

(16/30) PTCL-NOS cases. This distinct group displayed a better survival compared to 
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cases without these alterations, indicating that PTCL-NOS should not be regarded as 

a “wastebasket” category, but comprises several distinct subtypes of mature T-cell 

malignancies on the basis of unique genetic profiles. Frequent recurrent gains were 

found on chromosome 7q22 (31-33%) and 8q24 (20-22%), losses of 6q (26-31%), 

9p21 (30-31%), 13q21 (30-36%). Other genomic imbalances were detected 

significantly more often in PTCL-NOS than other T-cell entities, including gains of 1q, 

3p, 5p, 17q, 22q, and losses of 5q, 10p, 10q, 12q. However, no well-characteristic 

genetic alterations have been identified so far due to the heterogeneous of PTCL-NOS 

and the small number of cases of the reported studies.  

      In this study, we investigated the genetic basis of PTCL-NOS using a 

combination of copy number variations (CNVs) and targeted sequencing and identified 

the distinct chromosomal abnormalities pattern in PTCL-GATA3 and PTCL-TBX21 

subtypes with co-deletion of TP53 and PTEN were frequently affects PTCL-GATA3. In 

addition, we identified TP53R172H mutation as the hotspot mutation in PTCL-GATA3. 

Therefore, the activation of PI3K-Akt-mTOR signaling in the absence of PTEN and 

dysregulation of the TP53 pathway through TP53 mutation in PTCL-GATA3 could be 

partially inhibited by PI3K inhibitors, suggesting a potential therapeutic option for these 

patients.  
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Results 

Genetic basis of PTCL-NOS 

Here we performed DNA copy number analysis on 21 cases of PTCL-NOS 

through the OncoScanTM platform on genomic DNA isolated from fresh-frozen (FF) and 

formalin-fixed, paraffin-embedded (FFPE) tissue. Specimens from FF were obtained 

from two consortiums including the International PTCL Project (IP-PTCL) and the 

Lymphoma and Leukemia Molecular Profiling Project (LLMPP). Patients had been 

diagnosed with PTCL-NOS between the years 2006-2015. Specimens from FFPE 

were obtained from Milan/Bologna University School of Medicine, Bologna. The 

classification of PTCL-NOS into PTCL-GATA3 (n=11) and PTCL-TBX21 (n=10) 

subtypes were performed using a robust molecular gene expression signatures based 

on previous GEP study67.  

      Next, we determined the copy number variations (CNVs) by employing Nexus 

Express for OncoScan 3 program, an algorithm designed to estimate copy number 

frequencies by calculation of B-allele frequency (BAF) from the whole-genome view 

using data derived from the OncoScanTM platform. We found CNVs deviating from the 

diploid state of normal tissues in each chromosome in our cases represented by the 
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OncoScanTM platform. Overall, 100% penetrate of genetic imbalances were observed 

in PTCL-NOS (Figure 6A). In the previous study, chromosome gain of 7q22 (31-

33%)84,88 and 8q24 (20-22%)84,87 were frequently observed in PTCL-NOS, but not in 

AITL or ALCL. Consistently, we observed chromosome gains mainly involved 7q22 

(29%) and 8q24 (29%) (Figure 6B). Chromosome 7 gain has been reported as one of 

the repeated genomic events in glioblastoma multiforme109, astrocytoma110, and 

colorectal cancer111, strongly correlates with inferior survival. Gains of material on 

chromosome 7q were identified in 1/3 of the PTCL-NOS84. The amplification of chr 7 

is a common lesion in malignant neoplasms, even though no specific locus has been 

correlated with tumorigenesis in lymphoma or other types of cancer, it is usually 

regarded as a common secondary genetic lesion caused by other genomic 

abnormalities and results in an increased risk of tumor recurrence and disease 

progression110,112. 8q gain has been demonstrated to be an independent predictor of 

poor survival and associated with metastases in solid tumors, such as prostate cancer 

(29.6%-59.9%)113,114, gastric carcinoma (18.2%)115, and clear cell renal cell carcinoma 

(CCRCC) (8.3%)116, as well as in blood malignancies, including adult acute myeloid 

leukemia (AML) (10%)117 and splenic marginal zone B-cell lymphomas (8.8%)118. MYC 

up-regulation and/or translocation in B-cell neoplasms associated with aggressive 

clinical behavior were well documented. Frequent genomic alterations in 8q 

encompassing MYC oncogene amplification at 8q24.21 (28.6%) (Figure 6B) suggest 

MYC as the potential driver alterations in the underlying molecular pathogenesis 
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contributes to the development of malignancy. Other genomic amplification regions 

involved in 11q13.3 (14%), 14q32.2 (14%), 17q (24%) have been observed in our 

cohort (Figure 6B). Interestingly, we observed chr17q (24%) encompassing STAT3 

locus at 17q21.2 is highly penetrated in our cohort (Figure 6B). STAT3 constitutively 

activates NF-κB signaling in ABC-DLBCL has been demonstrated119 and frequently 

mutated STAT3 in 22% adult T-cell leukemia/lymphoma without chromosomal 

abnormality has been detected in a 414-patients cohort study120. Highly amplification 

of MYC and STAT3 in PTCL-NOS but not in other types of lymphomas, indicating the 

unique characteristic of this lymphoma entity and may contribute to the development 

of malignancy. 

      With regard to chromosomal losses, chr9p (19.0%), chr10q (23.8%) and chr17q 

(33.3%) were among the most frequent abnormalities besides the loss of chr8p, which 

accounts for 43% of the cases. 8p losses were found in 79% (15/19) leukemic mantle 

cell lymphoma, harboring a common segment 8p21-p23 and indicating poor 

prognosis121. However, no specific frequent gene copy gain was detected in this 

specific region or other PTCL-NOS studies, suggesting the structural deletion served 

as secondary genetic events caused by other genomic alterations. Consistent with 

other studies84,87,122, the well-known tumor suppressors TP53 located on 17p13.1, 

PTEN located on 10q23.31 and CDKN2A located on 9p21.3 were frequently affected 

by gene copy loss in human cancer, respectively, suggesting these genetic lesions 

contributes the inferior prognosis in PTCL-NOS.  
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      The recurrent deletion was detected on chromosome 17p, with a minimally 

overlapping region at chr17p12-13.1 in 33.3% PTCL-NOS (Figure 6B). TP53, the 

guardian of the genome, spans 19114bp includes 11 exons on chromosome 17p13.181. 

The coding sequence (CDS) from exons 2 to 11, which is translated into the canonical 

product of p53 consisting of 393 amino acids with several functional domains and 

motifs81. The deletion of TP53, an extensively studied tumor suppressor gene that is 

considered to be the major driver of 17p loss123, has been highly detected in solid 

tumors, but relatively low in lymphoid malignancies81,124. Nevertheless, consistent with 

one of the recent studies, in which TP53 deletion has been observed with a high 

incidence in 28% PTCL-NOS accompany with 13% focal deletion of CDKN2A, another 

tumor suppressor located at 9p21.3. CDKN2A loss has been observed in 19.0% PTCL-

NOS in our cohort (Figure 6B), and with a penetrance of 30%-31% in PTCL-NOS in 

previous studies87,88. In activated B-cell (ABC) DLBCL, CDKN2A deletions and multiple 

genomic alterations of genes involved in the antiapoptotic nuclear factor-κB (NF-κB) 

signaling pathway indicating the specific DLBCL subgroups and bear potential 

prognostic value89. However, the incidence of CDKN2A loss has been revealed no 

differences between PTCL-NOS and AITL, irrespective of other chromosomal 

abnormalities87, suggesting the prognostic value of CDKN2A status, but probably not 

the driving force in pathogenesis of PTCL-NOS. 

      Furthermore, recurrent deletions on chromosome 10q, with a minimally 

overlapping region at 10q22.2-q26.3 (24%) has been also observed in our cohort 
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(Figure 6B). The tumor suppressor PTEN is located at chromosomal band 10q23.3, a 

locus that is highly susceptible to aberrant genetic alterations in primary human 

cancers has been demonstrated to have an important role through negatively 

regulation of PI3K-Akt-mTOR signaling pathway in T cell development, activation and 

homeostasis by modulating the expression of survival and mitogenic facters108,125. 

PTEN loss defines a PI3K/AKT pathway-dependent GCB-DLBCL, and selectively toxic 

to PI3K inhibitor compare to PTEN-positive cells lines90, suggesting therapeutically 

potential in stratifying patients according to their PTEN status. Losses of 10q23-24 

have been reported in 28% of PTCL-NOS88 in one study, which has a lower penetrance 

compare to our cohort, with 23.8% recurrent deletion has been detected. The 

significant-high penetrance of PTEN deletion further highlights the role of PI3K-Akt-

mTOR signaling pathway in the pathogenesis of PTCL-NOS as well as the prediction 

of prognosis.  

Recurrent chromosomal imbalances are highly discordant between PTCL-

GATA3 and PTCL-TBX21 

      Due to the poor understanding of the cellular origin and the genetic and 

molecular pathogenesis of PTCL-NOS subtypes, we specifically compared the 

genomic lesions between PTCL-GATA3 and PTCL-TBX21 subgroups. As we expected, 

PTCL-GATA3 had more pronounced genomic aberration compared to PTCL-TBX21 

(Figure 7A B), suggesting the complex genomic imbalance in PTCL-GATA3 contributes 

to its pathogenesis, clinical aggressiveness and poor response to clinical therapy.  
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      Genomic imbalances predicting poor prognosis were specifically detected 

significantly more often in PTCL-GATA3 than PTCL-TBX21 (Figure 7B), including 

gains of chr7q, chr8q, chr17q (54.5% versus 0%, P=0.0124; 45.5% versus 10%, 

P=0.1486; 45.5% verse 0% P=0.0351), and losses of chr9p, chr10q, chr13q, chr17p 

(36.4% versus 0%, P=0.0902; 45.5% versus 10%, P=0.1486; 36.4% verse 0% 

P=0.0902, 54.5% verse 10% P=0.0124). With recurring amplification of chr8q 

encompassing oncogene MYC and frequently losses of chr17p, chr10q and chr9p, 

containing tumor suppressor TP53, PTEN and CDKN2A particularly in PTCL-GATA3, 

we further demonstrated PTCL-GATA3 and PTCL-TBCX21 are distinct entities due to 

the remarkable different genetic imbalance in these two subtypes, which also 

explained the genetic basis of the inferior prognosis in the PTCL-GATA3 subtype.  

      In contrast, gains on 5 (5q34-q35), 11 (11q13.3), 14 (14q32.2), 18 (18q11.1-

q21.2) and losses on 1(1p36.11), 6 (chr6q26) were mainly detected in 30% of PTCL-

TBX21, but not in PTCL-GATA3 (P=0.0902). Consistent with previous reports, loss of 

chr6q has been detected in 26-31% PTCL-NOS cases84,88. Among these genetic 

alterations, deletions of the long arm of chromosome 6 (6q) are among the most 

frequent chromosome aberrations in malignant T-NHLs such as adult PTCL-NOS, 

AITL, ALCL, T-Cell Leukemia/Lymphoma (ATCL), T-cell prolymphocytic leukemia (T-

PLL), and acute lymphoblastic leukemias (ALLs)84,126,127. Therefore, the loss of chr6q 

restricted in PTCL-TBX21 but not in PTCL-GATA3 in our series provides improved 

diagnostic information to help stratify patients for therapy. Besides, chr8p was 
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predominantly lost in PTCL-TBX21 compare to PTCL-GATA3 (70% verse 18.2% 

P=0.0300). Loss of 8p is one of the most recurrently deleted genomic regions in a 

variety of human epithelial cancers including breast, lung, and colon cancers and 

governs tumor progression and drug response128, but has been scanty reported 

regarding  PTCL-NOS even though it has a 19% penetrance in one study88. Indeed, 

many genes located on chromosome 8p have been reported to have tumor-

suppressive properties. However, none of the candidate genes fulfills the Knudson 

criteria for tumor suppressors129, since no gene in the region shows an SNV event that 

reaches the 8p deletion frequency of ∼50%128,130. The significant high level of 8p loss 

in PTCL-TBX21 compare to PTCL-GATA3 in our series emphasized consideration of 

the prognostic potential of this lesion specifically in this subtype.  

A distinct molecular subtype characterized by TP53 and PTEN alterations in 

PTCL-GATA3 

      Based on the distinct genomic alteration patterns identified in PTCL-NOS 

subgroups, we next enlarged the sample size to reach the largest cohort of molecularly 

classified PTCL-NOS (n=61) based on our knowledge, comprising of PTCL-GATA3 

(n=31) and PTCL-TBX21 (n=30) subgroups. Highly concordant with the above 

observation, the overall frequency of genetic imbalance was detected significantly 

more often in PTCL-GATA3 than PTCL-TBX21 (Figure 7C). For instance, the most 

frequent gains on 8q and 17q were highly enriched in PTCL-GATA3 compare to PTCL-

TBX21, which encompasses Myc (52% verse 13%) and STAT3 (35% verse 10%) 



42 

   

 

(Figure 7C). The most frequent losses in PTCL-GATA3 compare to PTCL-TBX21 were 

detected on 17p, 10q, 9q, containing three well-known tumor suppressor (TS) genes 

TP53 (58% verse 7%), PTEN (35% verse 3%) and CDKN2A (45% verse 7%) (Figure 

7C), respectively. 

      Strikingly, co-inactivation of TP53 and PTEN were detected in 29% (9/31) 

PTCL-GATA3 (Figure 8A B C). Co-deletion of TP53 and PTEN conferred the inferior 

prognosis to PTCL-GATA3 (P=0.0147) as well as total PTCL-NOS (P=0.0048) 

compare to patients without TP53 and PTEN co-alterations (Figure 9A B). Even though 

the co-deletion of TP53 and PTEN has been widely observed in solid tumors, such as 

triple-negative breast cancer131, high-grade astrocytoma132, high grade glioma133,134, 

prostate cancer135, it has been rarely reported in blood malignancies. To our knowledge, 

we were the first to report the co-occurrence of TP53 and PTEN in PTCL-NOS, 

especially only in PTCL-GATA3. Further comparison of TP53; PTEN copy loss status 

among different T-cell lymphoma subtypes in our series confirmed the high incidence 

of these genomic alterations specifically in PTCL-GATA3 (Figure 8E). Deregulation of 

p53 and PI3K-Akt-mTOR pathways in PTCL-GATA3 most probably contributes to the 

genetic basis of pathogenesis of the disease, pinpointing the therapeutic value of PI3K 

inhibitor in PTEN deleted patients since TP53 deletion is not targetable partially due to 

the fact that the use of WT-TP53 activators is the acquisition of TP53 mutations during 

treatment136. 



43 

   

 

      p16INK4A and p14ARF (p19ARF in mice) encoded by CDKN2A, have been linked to 

each of the two major tumor suppressor pathways in human carcinogenesis137. 

p16INK4A inhibits CDK4/6 in the RB1 pathway, whereas p14ARF interacts with the p53 

pathway by targeting MDM2138, leading to the arrest of the cell cycle in G1 phase and 

effectively blocking entry into S phase. TP53 and CDKN2A are frequently co-

inactivated in human cancers, including PTCL-NOS, which results in chromosomal 

instability and conferred an adverse prognostic impact73. Consistently with the previous 

reports73,122, co-deletion of TP53 and CDKN2A were found in 35% (11/31) PTCL-

GATA3 in our cohort (Figure 8 A B C). Patients carrying co-deletion of TP53 and 

CDKN2A had significant inferior survival compared with patients without co-deletion of 

TP53 and CDKN2A in PTCL-NOS (P=0.0122), or within PTCL-GATA3 subgroup 

(P=0.0375) due to the activation of both RB and p53 pathways (Figure 9 C D).  

      Triple-deletion of TP53; PTEN; CDKN2A has been detected in 23% verse 0% 

in PTCL-GATA3 and PTCL-TBX21 (Figure 8A C). Patients carrying triple genetic 

alteration of TP53; PTEN; CDKN2A had a poor prognosis compared to cases without 

triple-deletion either within PTCL-GATA3 subtype (P=0.0007), or in the total PTCL-

NOS (P=0.0001) (Figure 9E F). The genomic alterations of TP53, PTEN, and CDKN2A 

genes were further validated within the aberrant recurrent loci in PTCL-GATA3 by 

NanoString Cancer CNV analysis (Figure 8D).  

TP53R175H mutation contributes to the dysfunction of TP53 signaling in PTCL-

GATA3  
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      On the basis of the above results, we carried out targeted sequencing on 28 

molecularly diagnosed PTCL-NOS (PTCL-GATA3, n=17; PTCL-TBX21 n=11) at the 

genomic aberrant loci with a custom panel covering 334 most frequent mutated 

lymphoma associated genes with a mean depth of 268-fold coverage for the coding 

regions.        

      In PTCL-NOS, both GATA3 and TBX21 subgroups harboring TP53 mutation, 

with a frequency rate of 29.4% (5/17) and 9.1% (1/11), respectively. Deletion of 17p 

encompassing the TP53 locus was seen in 100% of the TP53 mutated cases in PTCL-

GATA3, but the deletion of 17p was not associated with TP53 mutation in PTCL-TBX21 

(Figure 10A). Interestingly, either PTEN or CDKN2A mutation has not been detected 

in any of these cases. We found TP53 mutations in 5 of 17 (29%) PTCL-GATA3, 

including missense mutation (60%, 3/5) and frameshift deletion/splicing (40%, 2/5) 

involved in DNA binding and tetramerization domains (Figure 10B), suggesting the 

structural abnormalities and deregulation of the TP53 pathways may be driven by TP53 

mutation in TP53 deleted cases. The p53 pathway is commonly dysregulated in more 

than 50% of all types of cancer caused by TP53 mutation139. Interestingly, TP53 

mutation has been rarely reported in lymphoid malignancies, especially in T-cell 

lymphoma entities. As it has been well-established that the majority of p53 mutations 

in hematologic malignancies are point mutations81 and 79.9% of which are missense 

mutations most frequently at codons 248, 273 and 17580, similar distribution pattern 

has been observed in our series. Missense mutations were identified in the majority 
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(60%) PTCL-GATA3, affecting codons at R175H, V274D, V274L. Hotspot TP53R175H 

mutation was identified in 67% (2/3) of the cases in this subgroup (Figure 10B). In 

contrast, 1 of 11 (9%) PTCL-TBX21 harboring TP53 missense mutation at codon 

Y236H accompany with the splicing site, however, no correlation of copy loss was 

identified.  

      Co-alteration of heterozygous loss of TP53 and PTEN was significantly high, 

which accounts for 26% (8/31) of total PTCL-GATA3 in our cohort, suggesting 

heterozygous loss of one TP53 and PTEN allele is the major aberrant genomic events 

in this subtype, which also gives a strong rationale for considering the cooperatively 

and complementary role of TP53 and PTEN in the pathogenesis of PTCL-GATA3. Of 

note, 18% (3/17) of our targeted sequenced PTCL-GATA3 harboring TP53 mutations 

concomitant with PTEN heterozygous deletion, indicating that TP53 is a key tumor 

suppressor in the PTCL-GATA3 subtype. This hypothesis is further supported by our 

results that the co-deletion of TP53 and PTEN has not been observed in the PTCL-

TBX21 subgroup (Figure 10B). 

Discussion 

      Little is known about the genetic basis in the pathogenesis of PTCL-NOS. The 

distinct expression pattern identified in GEP, characterized with corresponding 

molecules and associated with different clinical behavior suggesting PTCL-GATA3 and 

PTCL-TBX21 are two distinct molecular subtypes of PTCL-NOS67. Therefore, 
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stratifying patients for diagnosis and identifying the underlying genetic basis to improve 

clinical therapy becomes critical to prognosis.  

      Unlike PTCL-TBX21, the aberrant DNA copy loss of chr17p and chr10q, as well 

as TP53 mutation were significantly correlatively with PTCL-GATA3, emphasizing the 

importance of the co-occurrence of genetic alterations in lymphomagenesis in this 

unique subgroup. In our study, TP53 abnormalities (mutation and/or heterozygous 

deletion) occurred in 18/31 (58%) PTCL-GATA3, but only in 2/30 (7%) PTCL-TBX21. 

TP53 heterozygous deletion was more frequent than mutations and was detected in 

18/31 (58%) and 5/17 (29%) cases of PTCL-GATA3 respectively, which is concordant 

with previous reported genetic profiles of glioma134 and mantle cell lymphoma140, that 

higher incidence of TP53 deletion than gene mutation was observed in cancer. TP53 

mutation followed by a full penetrance of TP53 heterozygous deletion in PTCL-GATA3 

further supports the idea that TP53 is considered to be the major driver of 17p loss and 

highlight its role as the driving force in the pathogenesis in PTCL-GATA3. More than 

50% of human malignancies have been reported mutations and/or deletion of the TP53 

gene, and the alteration of TP53-dependent DNA damage response is important in the 

pathogenesis of most cancers. However, loss of both TP53 alleles is not a prerequisite 

in tumorigenesis and progression since the majority of tumors in heterozygous animals 

preserved a wild-type TP53 allele141. TP53 point mutations in lymphoid malignancies 

occur most often in the TP53 DNA-binding domain, most frequently at codons 248, 

273, and 175, similar to the codon distribution pattern in other types of cancer80. 
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Consistently, in our study, TP53 mutation has been enriched in the DNA-binding 

domain (DBD), of which hotspot TP53R175H mutation was identified in 67% (2/3) of 

PTCL-GATA3. TP53R175H mutation142 has been characterized with gain-of-function 

mutations, such mutation has additional functions not seen in wild-type p53 and is 

expected to abrogate the tumor suppressor function of the affected p53 allele143. TP53 

mutation is relatively rare in lymphoid malignancies (19.3%) compare to other types of 

cancer but still indicate an unfavorable prognosis, including in DLBCL, AML, ALL, 

CLL/SLL, FL, MCL and MM based on IARC database81. Surprisingly, we have 

observed a 29% penetrance of TP53 mutation in PTCL-GATA3 in our cohort. This 

exclusivity is highly interesting since it raises the possibility that the consequence of 

dysfunction of the TP53 signaling pathway by TP53 mutation could be the primary 

genomic event involved in the pathogenesis of PTCL-GATA3. 

      One of the most interesting characteristics in PTCL-GATA3 is the high incidence 

of co-alteration of TP53 and PTEN, which has been detected in 35% of the cases in 

this subtype. This result supports the “two-hit” concept of cancer development in which 

pinpoints that the gain-of-function (GOF) of TP53 mutation is a fundamental event in 

the development of PTCL-GATA3, which followed by PTEN heterozygous deletion to 

activate PI3K-Akt-mTOR pathway in skewing towards PTCL-GATA3 tumorigenesis. 

Even though contradicting with other studies in glioma144 which showed a high 

frequency of homozygous deletion of PTEN accompany with TP53 alteration, the co-

occurrence of heterozygous but not homozygous deletion of TP53 and PTEN were 
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detected in 20% (8/40) glioma specimen in one study134. Consistently, we observed 

10q chromosomal copy number abnormalities in 35% (11/31) PTCL-GATA3, of which 

91% (10/11) cases were characterized with heterozygous loss of PTEN. Co-

occurrence of genetic alterations in TP53 and PTEN has been reported in several 

tumor types, however, no study of combined inactivation of TP53 and PTEN has been 

reported in PTCLs based on our knowledge. Our data, therefore, is the first to identify 

the genetic basis of PTCL-GATA3, characterized by combined inactivation of TP53 

and PTEN. 

      However, the predominant prevalence of heterozygous deletion of TP53 and 

PTEN in PTCL-GATA3 compared to the homozygous deletion of the two genes also 

leads to an alternative mechanism in which considering the heterozygous loss of PTEN 

as the primary genomic events. Complete loss of PTEN elicits the activation of a fail-

safe response in the prostate, but one copy loss of PTEN might benefit from 

“hypomorphing' due to the bypass of fail-safe responsiveness initiated by TP53 has 

been demonstrated in prostate cancer145. Since the heterozygous deletion of PTEN 

has never occurred simultaneously with mutations in PTEN genes in our series, the 

increased instability of genomic balance could possible inactivate the second TP53 

allele, supporting the “two-hit” concept of tumorigenesis. Therefore, the dosage is 

critical for PTEN function. With the second genomic alteration occur as a “double hit”, 

in our case, further loss of TP53 function removed the fail-safe response and results 

in lymphomagenesis in PTCL-GATA3. In contrast, neither PTEN nor TP53 copy loss 
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has been observed in PTCL-TBX21. Given the presence of co-deletion of TP53 and 

PTEN in PTCL-GATA3, but not in PTCL-TBX21, it highly suggests that TP53 and PTEN 

collaboratively play a unique role in the pathogenesis of PTCL-GATA3 subgroup.  

      Triple deletion of TP53, PTEN, and CDKN2A has an incidence of 23% in PTCL-

GATA3 in our series. When tumor grade was taken into account in gliomas, a 

significant increase in the frequency of co-occurrence of genetic alterations in TP53, 

PTEN and CDKN2A have been detected in high-grade gliomas (HGG) than in low-

grade gliomas (LGG)134, indicating that combined alterations of tumor suppressors are 

involved in malignant tumor progression. Although there is a lack of information on 

grading for the tumors in our series, the high incidence of triple deletion of three well-

known tumor suppressor genes in PTCL-GATA3 indicated a distinct molecular subtype 

compare to PTCL-TBX21 and association with a more advanced stage of tumor 

formation. 

      Genetic analysis demonstrated a significantly higher prevalence of TP53, PTEN 

and CDKN2A alteration in PTCL-GATA3, and heterozygous deletion was the most 

frequent event, suggesting an alteration of cellular homeostasis by CDKN2A/TP53 and 

PI3K-Akt-mTOR signaling pathways in this subtype. The initiation and progression of 

PTCL-GATA3 are probably a consequence of sequential genetic events, such as point 

mutations and copy number alterations which result in dysregulation of cellular 

homeostasis through different signaling pathways. Therefore, it is critical for 

investigation of the independent and combined alterations in TP53 and PTEN tumor 
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suppressor genes to evaluate a possible association between our findings and clinical 

heterogeneous behaviors.  
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Figure 6: Summary profile of genetic gains and losses for total PTCL-NOS 

(A) Ideogram of the distribution of gains and losses of genetic material detected by 

OncoScanTM platform and plotted by Nexus Express for OncoScan 3 program in 21 

PTCL-NOS cases. Red bars to the left of the chromosomes represent areas of loss; 

Blue bars to the right of the chromosomes represent areas of gain. PTCL-GATA3, n=11; 

PTCL-TBX21, n=10. (B) Bar graph of the overall frequency of minimal overlapping 

region (MR) of genomic imbalances in PTCL-NOS. Red bar, loss of chromosomal 

material; Blue bar, gain of chromosomal material. 
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Figure 7: Whole-genome view of copy gains and losses in PTCL-GATA3 and 

PTCL-TBX21 

(A) Bar graph of the overall frequency of minimal overlapping region (MR) of genomic 

imbalances in PTCL-GATA3 and PTCL-TBX21. Orange bar, PTCL-GATA3 n=11; Blue 

bar, PTCL-TBX21 n=10. (B) Distribution of copy gains and losses across all 

chromosomes in PTCL-GATA3 and PTCL-TBX21 respectively. Top view: aggregate 

copy number gains and losses in PTCL-TBX21, n=11; Bottom view: aggregate copy 

number gains and losses in PTCL-GATA3, n=10. Red area, loss of chromosomal 

material; Blue area, gain of chromosomal material. (C) Penetrance plots showing the 

frequency of gains and losses of genomic regions of PTCL-GATA3 (n=31) and PTCL-

TBX21 (n=30). Each chromosome is represented on the x-axis, and the y-axis 

indicates the proportion of gain or loss of the corresponding genomic region. 

Representative tumor suppressor genes or oncogenes were indicated in focal regions. 

Gains are shown in red, and losses in blue in PTCL-GATA3. Gains and losses are 

shown in black lines above and below x-axis in PTCL-TBX21, respectively.  
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Figure 8: Spectrum of recurrently altered genes in PTCL-GATA3 and PTCL-

TBX21  

(A) The status of copy number alterations of the recurrent genes in PTCL-GATA3 (n=31) 

comparing to PTCL-TBX21 (n=30). Each column represents one case, and each row 

indicates the representative genes. Red: copy gain; Light green: Heterozygous loss; 

Dark green: Homozygous loss; Dark red: Amplification/high gain; Blank: 2N/normal. (B) 

Bar graph of the frequency of the recurrently altered genes in PTCL-GATA3 and PTCL-

TBX21. Orange bars represent PTCL-GATA3, n=31; Blue bars represent PTCL-TBX21, 

n=30. (C) Validation of CDKN2A, PTEN and TP53 tumor suppressor genes within 

recurrent aberrant loci of PTCL-GATA3 by the NanoString Cancer CNV assay. Red: 

copy gain; Light green: Heterozygous loss; Dark green: Homozygous loss; Dark red: 

Amplification/high gain; Blank: 2N/normal. (D) Venn diagram depicts the overlap 

between TP53, PTEN, and CDKN2A copy loss in PTCL-GATA3. (E) Comparison of 

TP53; PTEN copy loss status among different T-cell lymphoma subtypes in our series. 

Red bar: TP53 copy loss; Blue bar: PTEN copy loss.  
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Figure 9: Association between co- or triple-deletion of tumor suppressor genes 

and survival in PTCL-NOS and PTCL-GATA3 

(A) (C) (E) Kaplan-Meier survival curves of PTCL-NOS cases stratified by TP53; PTEN, 

TP53; CDKN2A, and TP53; PTEN; CDKN2A copy number status. Co-deletion of TP53; 

PTEN, n=7; no co-deletion of TP53; PTEN, n=40; Co-deletion of TP53; CDKN2A, n=8; 

no co-deletion of TP53; CDKN2A, n=39; Triple-deletion of TP53; PTEN; CDKN2A, n=5; 

no triple-deletion of TP53; PTEN; CDKN2A, n=42. (B) (D) (F) Kaplan-Meier survival 

curves of PTCL-GATA3 cases stratified by TP53; PTEN, TP53; CDKN2A, and TP53; 

PTEN; CDKN2A copy number status. Co-deletion of TP53; PTEN, n=7; no co-deletion 

of TP53; PTEN, n=19; Co-deletion of TP53; CDKN2A, n=8; no co-deletion of TP53; 

CDKN2A, n=18; Triple-deletion of TP53; PTEN; CDKN2A, n=5; no triple-deletion of 

TP53; PTEN; CDKN2A, n=21. All of the prognostic impacts on survival was evaluated 

by the log-rank test. 
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Figure 10: TP53; PTEN mutation status in PTCL-GATA3 and PTCL-TBX21 

(A) Co-mutation plot showing the spectrum of somatic alterations in TP53 and PTEN 

genes and copy number status across PTCL-GATA3 (n=17), and PTCL-TBX21 (n=11). 

The color-coding is as follows: yellow, nonsynonymous SNV; purple, frameshift 

deletion/splicing; grey, normal; light green, heterozygous loss; green, homozygous 

loss; red, gain; dark red, amplification. (B) Schematic structure of TP53 by Mutation 

Mapper. Locations of coding mutations across PTCL-GATA3 tumor samples were 

indicated, including hotspot mutation R175H (n=2).  
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Chapter 3 p53R172H/+;Pten mouse models generation and characterization 

Introduction 

     A useful way to analyze the biology of human lymphoma and to examine the 

functional role of genes involved in the process is to establish a model system. 

Currently, no PTCL-NOS cell lines have been established over the years for this 

purpose, due to the rarity and the diagnosis of PTCL-NOS is currently performed on 

an “exclusion criteria” model since PTCL-NOS lack pathognomonic features146. The 

advent of gene expression profiling (GEP) and next-generation sequencing (NGS) 
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approaches revolutionized the understanding of the genetic landscape of PTCL-NOS. 

With the frequently altered genes identified in PTCL-NOS, two subgroups of PTCL-

NOS have been identified, which are either characterized by high expression of GATA3 

or TBX21 transcription factors and suggest either a Th2 or Th1 cellular origin67. 

      More recently, the revised 2016 World Health Organization (WHO) classification 

refined the nodal PTCL-NOS with the TFH phenotype as a provisional entity, with 

recurrent genetic abnormalities including TET2, IDH2, DNMT3A, RHOA, and CD28 

mutations, as well as gene fusions such as ITK-SYK or CTLA4-CD2847. However, the 

molecular pathogenesis of the cases in the PTCL-NOS category are still poorly 

understood. 

      Based on the observations of our copy number study to genetically characterize 

a large panel of molecularly classified PTCL-GATA3 and PTCL-TBX21, we identified 

frequent co-alteration of TP53 and PTEN tumor suppressor genes in the PTCL-GATA3 

in our cohort147. We, therefore, hypothesize co-occurring defects of TP53 and PTEN 

could classify PTCL-NOS into the PTCL-GATA3 subtype, as they represent alterations 

in independent cellular pathways compared to PTCL-TBX21, and therefore could be 

the potential genetic drivers in the pathogenesis of this subtype. This also suggests 

that TP53 and PTEN have specific functions critical to tumor development in 

independent cellular pathways since the alteration of two well-known tumor suppressor 

genes in the same pathway would be unnecessary and unlikely133. Therefore, TP53 

and PTEN co-alteration probably ultimately serve as the representative model system 
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for PTCL-GATA3 out of the genetically heterogeneous PTCL-NOS tumor type, and 

being the vehicles for the development of the new treating strategy for this disease.   

      Disrupted germline p53 alleles in mouse embryonic stem (ES) cells have shown 

enhanced susceptibility to spontaneous tumors including malignant teratomas and 

lymphoma in both C57BL/6J (B6) and 129/Sv strains over the first 6 months, and more 

than ¾ of the lymphomas were of thymic origin and contained primarily immature 

CD4+CD8+ T cells, whereas the remainder originated in the spleen and peripheral 

lymph nodes and were of B‐cell type148. Whole-exome sequencing (WES) of p53 

knockout thymic lymphoma showed high frequency of genomic instability and revealed 

that all of the independently derived oligoclonal mouse tumors had a deletion in the 

Pten gene prior to the formation of the TCRβ rearrangement125, indicating the presence 

of a germline p53 alteration sets an order to the selection of possible genes such as 

Pten, which contributes to lymphomagenesis149. Germline p53R172H/+ mutant mice 

developed similar tumor spectrum compared to p53+/- mice, including lymphomas, 

carcinomas, and sarcomas, but tumors from p53R172H/+ mice were highly metastatic, 

indicating a gain-of-function mutation inferred mutant p53 additional properties which 

allow metastasis142. This has been supported by many studies suggesting that the 

presence of p53 mutations in tumors was correlated with resistance to chemotherapy 

and worse prognosis compared to tumors lacking p53 mutations150,151. Thus, the 

relevance of the tumor profile of the p53 deficiency mouse models is highly related to 

the p53 mutation status in human lymphoma. 
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      Loss of heterozygosity (LOH) at 10q23 is a very common event in most primary 

tumors such as glioblastoma (60-74%)152-154, gastric cancer (20-30%)155, prostate 

cancer (32-63%)156, and several series of ovarian cancers (27.3-56.5%)157,158, which 

has been demonstrated associated with late-stage, more aggressive and metastatic 

tumors159, suggesting PTEN is involved in transformation process in a dose-depended 

manner. The abrogation of PTEN in T cells during thymic development stage has 

shown to cause lymphomagenesis by different groups160-162. Monoallelic loss of PTEN 

mainly generated SP CD4+ lymphomas, and some accompany with DP populations163. 

Biallelic loss of PTEN mediated by Lck-Cre gave rise to lymphomas with the majority 

classified as a mixture of DN/DP and SP CD4+/CD8+162, with SP CD4+, SP CD8+, and 

DP also seen. The majority of mice with PTEN deficiency inactivated by CD4-Cre were 

DP lymphomas. However, these tumors were demonstrated to have thymic origins, 

and the majority gave rise to malignant peripheral T-cell populations, often displaying 

typical thymic phenotypical characteristics162. In contrast, conditional deletion of Pten 

from CD4 helper T cells by OX40CrePtenf mice did not show signs of lymphoma164, 

indicating that the timing of PTEN deletion during T cell development and differentiation 

is critical to tumorigenesis.  

      Combined deletion of TP53 and PTEN was detected in over 18.7% of triple-

negative-like breast cancer (TNBC), characterized by the worst prognosis compared 

to other TNBCs with normal level of these tumor suppressors, and has been shown 

have the potential to estimate the pathobiological behavior and prognosis of TNBC that 
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exhibited hyper-activated AKT signaling and more mesenchymal claudin-low features 

relative to Pten or p53 single-mutant tumors in vivo131. However, unlike p53 deletion, 

induction of p53R270H mutation plus Pten deletion skew tumors toward basal-like breast 

cancer165, suggesting tumor subtype transformation is dictated by both the cell-of-

origin (COO) and the oncogenic/tumor suppressor networks. Similarly, conditional 

inactivation of p53 in the mouse prostate fails to produce a tumor phenotype, whereas 

complete Pten inactivation in the prostate triggers non-lethal invasive prostate cancer 

after long latency145. Strikingly, combined inactivation of Pten and p53 elicits invasive 

prostate adenocarcinoma as early as 2 weeks after puberty and is invariably lethal by 

7 months of age, while the transformation potential deceases in a p53 or Pten copy-

dependent manner which has been demonstrated in vitro145.  

      The impact of combined inactivation of TP53 and PTEN tumor suppressor genes, 

which frequently occurs in PTCL-GATA3, is poorly understood. In order to have any 

predictive value, the models must share central drivers of disease with the human 

disease they are representing. Intervention with recurrent known main mechanisms in 

tumorigenesis will give us more information about which pathways are central for the 

model so that the test compound can be acted on. Therefore, in the present study, we 

disrupted p53 and Pten in CD4+ T cells by mutation/deletion either alone or in 

combination and determined the effect on tumor formation, tumor-initiating and 

infiltrating cells, as well as prognosis.  

Results 
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Generation of CD4+ T lineage specific p53 and/or Pten deficiency mouse model 

      To study whether the loss of p53 and Pten causes tumorigenesis in PTCL-

GATA3, we utilized the Cd4-Cre transgene to delete p53 alone or in combination with 

Pten, and vice versa, in all CD4 lineages using conditional p53 and Pten alleles. We 

crossed Cd4-Cre transgenic mice with p53LSL-R172H+/- and Ptenfl/fl mice to obtain >300 

mice of six genotypes, including Cd4-Cre+/-;Ptenfl/+, Cd4-Cre+/-;Ptenfl/fl, Cd4-

Cre+/-;p53LSL-R172H+/-, Cd4-Cre+/-;p53R172H+/-Ptenfl/+, Cd4-Cre+/-;p53LSL-R172H+/-Ptenfl/fl 

(hereafter referred to as Ptenfl/+, Ptenfl/fl, p53LSL-R172H+/-, p53LSL-R172H+/-Ptenfl/+, p53LSL-

R172H+/-Ptenfl/fl) as well as age-matched wild-type mice (Figure 11A B C D). All mice in 

this study are in the C57BL/6 genetic background. Germline point mutant p53LSL-R172H+/- 

mice present the LoxP-flanked transcriptional STOP cassette into intron 1 of the p53 

gene. Site-directed mutagenesis was used to introduce an arg to his mutation at codon 

172 in the p53 gene, which corresponds to the hot spot mutation at arg 175 in humans 

(Figure 11D). Ptenfl/fl mice possess loxP sites flanking exon 5, which encodes the 

phosphatase domain of PTEN in which many tumor-associated mutations have been 

detected96 (Figure 11E). Although the floxed allele was present across the tissue of the 

mouse, the mutant allele was specifically activated in CD4+ T cells in the offspring upon 

Cre-mediated deletion of a loxP-flanked stop cassette and loxP sites. Of note, one 

allele of p53 is truncated throughout the tissue due to the germline presence of the 

LoxP-flanked transcriptional STOP cassette. Successful generation of conditional and 

germline p53 point mutation and Pten deletion were confirmed by several means. The 
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presence of the STOP cassette in p53 and deletion of Pten was confirmed by standard 

PCR using genomic DNA extracted from ear notch biopsies (Figure 12A B C). Gene 

recombination was detected by standard PCR using genomic DNA extracted from 

CD4+ T cells isolated from spleen. Primers spanning the mutant and deleted region 

were used to amplify the genomic DNA. The band indicating Cre-mediated 

recombination was only observed in Ptenfl/+, Ptenfl/fl, p53LSL-R172H+/-, p53LSL-R172H+/-Ptenfl/+, 

p53LSL-R172H+/-Ptenfl/fl cells, and a remaining floxed band indicated incomplete deletion 

(Figure 12D E F G).  

      The first clinical signs of spontaneous lymphomagenesis in p53LSL-R172H+/-Ptenfl/fl 

(n=12), Ptenfl/fl (n=28), p53LSL-R172H+/-Ptenfl/+ (n=18), and p53LSL-R172H+/- (n=11) mice were 

observed 8.1-, 8.3-, 27.7-, 49.7- weeks after birth, presenting with enlarged abdomen, 

weight loss and arched back. These findings were absent in age-matched wild-type 

mice. Ptenfl/fl, p53LSL-R172H+/-Ptenfl/fl and p53LSL-R172H+/-Ptenfl/+ mice showed a 100% 

penetrance of lymphomagenesis. All average spleen, thymus, and body weights per 

group and genotype are listed in Table 1. Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice 

developed lymphomas with significantly shorter latency of 8.1-24.6 weeks than p53LSL-

R172H+/- and p53LSL-R172H+/-Ptenfl/+ mice of 27.7-81.9 weeks (Table 1, Figure 13A). Biallelic 

loss of Pten causes a strong reduction of overall lifespan compared to monoallelic loss 

of Pten, which further support the previous finding of a gene dose-to effect relation of 

progression in Pten166. In the context of the Pten-null background, p53LSL-R172H+/-Ptenfl/fl 

and Ptenfl/fl mice have a median time to a fatal illness of 10.5- and 13.2 weeks, 
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respectively (P=0.0042) (Figure 13A). p53 inactivation leads to earlier tumor formation 

in Pten knock out mice, suggesting in combination with loss of the two genes synergize 

to accelerate the transformation of tumorigenesis. In contrast, p53LSL-R172H+/-Ptenfl/+ and 

p53LSL-R172H+/- mice developed tumors after a long latency of median time to 44.5 and 

64.7 weeks, respectively (P=0.0001), indicating heterozygous loss of Pten accelerates 

tumor formation in the context of p53 deficiency (Table 1, Figure 13A). All wild-type 

mice remained healthy during the course of the study. 

      Acute loss of p53;Pten results in massive thymic and splenic enlargement in 

Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice compared to age-matched wild-type control mice 

(Table 1, Figure 13B C). However, in the long-term p53;Pten deficiency, the thymic 

and splenic size was significantly increased in p53LSL-R172H+/-Ptenfl/+ but not in p53LSL-

R172H+/- mice compared to control mice (Table 1, Figure 13B). Drastically physically 

enlarged thymus was observed in Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice at fatal illness, 

however, thymocytes count after red blood cell lysis didn’t show a significant change 

compared to wild-type controls (Figure 13C E). This could be due to highly variable 

thymus cell counts among tumor-bearing subjects, thus the significance was not 

reached. Splenocytes count of Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl tumor-bearing mice 

were significantly higher than wild-type mice (Figure 13F). However, no difference was 

observed in the long-term deficiency of p53;Pten tumor-bearing mice compared to the 

controls (Figure 13F). Interestingly, 5/10 p53LSL-R172H+/- tumor-bearing mice were 

observed to have enlarged axillary or inguinal lymph nodes (Figure 13D), accompanied 
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with neurological symptoms such as paralysis. 

      Histologically, p53;Pten alteration in lymphoid organs disrupt their architecture 

by recurrent histological features, with irregular nuclei containing prominent nucleoli 

and mitoses (Figure 13G, Table 2). Tumor cells have been completely or partial 

involved in spleen, thymus, liver, lymph node and kidney. The morphology of p53LSL-

R172H+/-Ptenfl/fl and Ptenfl/fl mice was similar, a pattern that shows a striking degree of 

highly proliferative large cells, intermediate chromatin, and CD3+ on most of the tumor 

cells found in the spleen, lymph nodes, liver and kidney. Compared to p53LSL-R172H+/-

Ptenfl/fl mice, which are mostly CD4- and CD8-, the majority of Ptenfl/fl mice are SP CD4+ 

T-cell lymphomas.  

      In p53LSL-R172H+/-Ptenfl/+ mice, however, the cases still show a range of 

histopathological features, consisting primarily of a proliferation of small-medium 

cytotoxic CD8+ neoplastic T cells, which were classified as mature T-cell lymphoma 

when judged by the absence of surface TdT. Loss of expression of CD3 are less 

common. Marker expression analysis of the tumor subtypes on two individual mice 

revealed either a mixed expression of CD19 and Myeloid lineage or a plasma cell 

neoplasms with non-specific CD19+ staining. DP T-cell lymphoma was also seen in 

one case, on the basis that they featured with CD3+Cd4+CD8+, CD19- and TdT+. 

Impaired T cell development caused by p53 and Pten deficiency  

     To evaluate the role of p53 and Pten in T cell development, thymocytes of the 

various genotypes were isolated and analyzed for the expression of CD4 and CD8. 
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Flow cytometry analysis of the thymus of Ptenfl/fl, p53LSL-R172H+/-Ptenfl/fl, p53LSL-R172H+/- 

and p53LSL-R172H+/-Ptenfl/+ mice showed a remarkably reduced percentage of DP cells in 

all genotypes of tumor-bearing mice (Figure 14B, 15A), indicating defects in T cell 

differentiation by p53 and Pten ablation. Upon acute loss of p53 and Pten, the size and 

cell number for the thymus of Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice were markedly 

increased compared with wild-type control mice (Figure 13E, Table 1). The significantly 

enlarged thymus observed in these tumor-bearing mice was partially due to an 

elevated proportion of CD4+ SP cells in Ptenfl/fl thymocytes, an increased CD8+ SP 

subsets in p53LSL-R172H+/-Ptenfl/fl thymocytes, and a mildly increased percentage of DN 

cells in both genotypes (Figure 14B, 15A). In regards to the long-term p53 and Pten 

deficiency, thymic and splenic cellularity was not been increased in the majority of the 

p53LSL-R172H+/-Ptenfl/+ and p53LSL-R172H+/- mice. However, mice still displayed a severely 

altered CD4/CD8 expression profile accompanied by significantly increased proportion 

of DN cells in some individual mice, with p53LSL-R172H+/-Ptenfl/+ thymocytes skewed more 

to a CD8+ SP phenotype (Figure 14B, 15A).  

      Interestingly, significant increased splenic cellularity has been observed in both 

Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice, however, the size and cell number for the spleen 

in the majority of the p53LSL-R172H+/- and p53LSL-R172H+/-Ptenfl/+ mice was similar to age-

matched control mice resulting largely from a decrease of the DP population during T 

cell development (Figure 13F, 14B, 15A). An excessive amount of CD3+ T cells have 

been detected in the spleen and peripheral blood of both Ptenfl/fl and p53LSL-R172H+/-



77 

   

 

Ptenfl/fl mice, with a corresponding drop in the percentage of B-cells, suggesting the 

infiltration of expanded thymic populations into the periphery (Figure 14A B G). 

Compared to a previous report162 in which deregulated distribution of DN, DP, SP CD4+, 

and SP CD8+ populations were present in the periphery in tumor-bearing Ptenflox/flox × 

Lck-Cre and Ptenflox/flox × CD4-Cre mice in a B6/D2 strain, complete loss of Pten in 

CD4+ T cells predominantly gave rise to SP CD4+ in the peripheral in our series which 

leads to increased splenic cellularity (Figure 14C D). Consistently, SP CD8+ malignant 

cells were never observed in the periphery upon acute loss of Pten (Figure 14C D). 

The explanation for the variable proportion of expanded peripheral SP CD4+ T cells 

could be attributable to the differences in genetic background and the number of mice 

analyzed. Even though T-cell-specific p53;Pten-deficient mice were phenotypically and 

histologically nearly indistinguishable from Pten-deficient mice, the significantly 

increased number of DN T cells in p53LSL-R172H+/-Ptenfl/fl but not in Ptenfl/fl cells suggests 

that the transformation events was accelerated by genetic alteration of p53 during T 

cell development (Figure 14 B 15A). Additionally, excessive expansion and infiltration 

of B220+ B-lineage, CD335+ NK-linage, and Mac-1+/Gr-1+ Myeloid-linage lymphocytes 

were never observed in either model (Figure 14A C E).  

      In contrast to acute loss of p53 and Pten, reduced numbers of peripheral T cells 

were observed in some of the p53LSL-R172H+/- and p53LSL-R172H+/-Ptenfl/+ mice, which is 

most likely a consequence of the diminished numbers of DP cells (Figure 14 C E F). 

Flow cytometric analysis of splenocytes revealed the distribution of differentially 
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expressing CD4/CD8 peripheral T cell populations among various genotypes of tumor-

bearing mice, indicating the distinct but cooperative role of p53 and Pten in T cell 

development (Figure 14D, 15C). Highly enriched SP CD4+ T cells in the thymus and 

significantly increased DN cells were exclusively detected in Ptenfl/fl and p53LSL-R172H+/-

Ptenfl/fl mice, respectively (Figure 14A, 15A). In contrast, the frequency of CD4+ and 

CD8+ T-cell thymocytes in the majority of p53LSL-R172H+/- mice was indistinguishable from 

those in age-matched p53-WT mice (Figure 14A). Strikingly, combined one copy loss 

of Pten, p53LSL-R172H+/-Ptenfl/+ thymocytes skewed to an SP CD8+ phenotype and 

infiltrated into the periphery, which has not been observed in other genotypes (Figure 

14B D, 15A C). 

      Lack of peripheral T cells was observed in the lymph nodes of p53LSL-R172H+/- and 

p53LSL-R172H+/-Ptenfl/+ mice, resulting largely from a decrease in the DP population during 

thymic development (Figure 14B E). Moreover, p53LSL-R172H+/- mice displayed a loss of 

T cells in the lymph nodes, while the number of B220+ B cells was increased 

comparable to other genotypes (Figure 14E 15D).  

Long-term deficiency of p53 and Pten commits T cells to the CD8-lineage 

differentiation 

      Strikingly, a strong accumulation of CD8+ T cells was detected in the periphery 

of p53LSL-R172H+/-Ptenfl/+ mice, characterized by a mixture of CD3lowCD8+ and CD3high 

CD8+ subsets (Figure 14D F 15A C).  
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      On one hand, the dramatic loss of DP cells in p53LSL-R172H+/-Ptenfl/+ thymocytes 

could be explained by a stronger phenotype due to a partial block at immature CD8 

single-positive (ISP) stage, which is indicated by a high level of CD8+ thymocytes, 

suggesting differentiation of DP into CD8+ SP is regulated by Pten expression in a 

dose-dependent manner (Figure 14 B, 15 A). The expanded ISP cells further acquired 

the capacity to infiltrate the periphery which accounts for the CD3lowCD8+ population 

(Figure 14D F, 15 C). On the other hand, despite the reduced percentage of DP 

thymocytes, mature SP CD4+ and SP CD8+ were still present in periphery, 

characterized by a significant increase in SP CD8+ and a corresponding reduction of 

SP CD4+ T cells (Figure 14D F). This indicates positive selection is impaired in SP 

CD4+ differentiation, but the pathway of SP CD8+ differentiation appears favored in 

p53LSL-R172H+/-Ptenfl/+ cells. In addition, the impairment of thymic T cells possibly leads 

to the alterations of genes in the regulation of B- and Myeloid- lineage commitment, 

since the abnormally increased percentage of B- and Myeloid-lineage population has 

been observed in the thymus of p53LSL-R172H+/-Ptenfl/+ mice (Figure 14 A). The relative 

and absolute elevated amount of thymic B- and Myeloid-lineage could be due to the 

changes of thymic microenvironment which resulted from the disruption of thymic T 

cell development167, or could have been derived from circulating B- and Myeloid-

lineage that had entered the thymus. CD8+ T cells comprised the majority population 

in periphery, accompanied with enrichment of the Myeloid-lineage, indicating a unique 

lymphoma entity identified upon the long-term deficiency of p53 and Pten (Figure 15 E 
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F G).  

Discussion 

      T cells undergo a series of well-documented differentiation steps in the thymus, 

which are typically defined based on the cell-surface expression of CD4 and CD8, with 

thymocytes starting as DN, DP, CD4+ SP, and CD8+ SP T cells168. To evaluate the role 

of TP53 and PTEN in T-cell lymphomagenesis, we disrupted p53 and/or Pten with the 

Cre-loxP system, which induced p53 point mutation and Pten deletion specifically in 

CD4+ T cells. By disruption of these two key tumor suppressor genes in vivo, we 

evaluated whether the genomic alterations cause pathogenesis and provide a 

selective advantage in T cell transformation, as well as the cooperative role of both 

genes in lymphomagenesis. In our study, the Cre-mediated p53 mutation and Pten 

deletion were under the control of the CD4 promoter. The block of p53 point mutation 

was removed and Pten expression was abolished as thymocytes upregulated CD4 

expression during T cell differentiation toward the DP stage. As expected, CD4+ T cell 

development and maturation were disrupted in p53LSL-R172H+/-, Ptenfl/+, Ptenfl/fl, p53LSL-

R172H+/-Ptenfl/+, and p53LSL-R172H+/-Ptenfl/fl mice.        

      In our model system, the earlier onset of tumors arising from p53LSL-R172H+/-

Ptenfl/fl and Ptenfl/fl mice, were characterized by drastic enrichment of T cells in the 

peripheral lymphoid organs, which is consistent with previous findings that T-cell-

specific Pten-deficiency mice inevitably developed T-cell lymphomas 5-23 weeks after 

birth162. We have shown that both p53LSL-R172H+/-Ptenfl/fl and Ptenfl/fl mice were born alive 

http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l=920
http://www.ncbi.nlm.nih.gov/LocusLink/list.cgi?/&Q=cd8a%20or%20cd8b*%5Bsym%5D&ORG=Hs
https://www.nature.com/articles/nri1257#ref-CR2
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and appeared physical healthy up until 8 weeks of age. However, the transformation 

occurred as early as 6 weeks of age in some of the individual p53LSL-R172H+/-Ptenfl/fl and 

Ptenfl/fl mice accompany with abnormal forward and side scatter characteristics in 

lymphoid cells, indicating the early onset of tumorigenesis developing immediately 

after the biallelic loss of Pten. Tumor-bearing mice from both p53LSL-R172H+/-Ptenfl/fl and 

Ptenfl/fl genotypes inevitably developed increased thymic and splenic cellularity, 

partially due to massive thymic expansion and infiltrating T cells, which leads to 

premature death at 14.3 and 24.6 weeks, respectively. The main difference between 

the two genotypes was that the majority of the Pten-null mice show increased numbers 

of CD4+ SP T cells while combined loss of p53 in the context of Pten-null background 

gave rise to more DN T cells in the periphery, suggesting a more severe block at the 

DN stage in p53LSL-R172H+/-Ptenfl/fl thymocytes compared to Ptenfl/fl thymocytes. 

Alternatively, DN cells may survive better with p53 mutation. Although tumor latency 

was shorter in p53LSL-R172H+/-Ptenfl/fl (median, 10.5 weeks) compared to Ptenfl/fl (median, 

13.2 weeks) mice, morphology and histology revealed that tumors driven by these two 

models were nearly indistinguishable, indicating the diagnosis of lymphoblastic 

lymphoma which originated from the thymus and partial or complete involvement of 

the spleen, liver, lymph nodes and metastasis to the kidneys. 

      In contrast to the short-term p53;Pten deficiency, p53LSL-R172H+/-Ptenfl/+ mice 

displayed a severely altered CD4/CD8 expression profile. 50% (5/10) of the p53LSL-

R172H+/-Ptenfl/+ mice had a considerable increase in the percentage of CD8+ SP and DN 
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cells, and a corresponding decrease in DP population, which led to a remarkable 

reduction in thymic cellularity compared to p53LSL-R172H+/-Ptenfl/fl mice. This can be 

explained by the block in T cell development at the immature single-positive (ISP) 

stage in the absence of p53 with an allele dosage of Pten, which results in an increased 

proportion of ISPs and a failure of normal developmental processes. Although future 

studies are needed to define the elevated CD8+ SP populations in the thymus, such as 

whether or not they contain mature TCRβ (V to DJ) rearrangements and retain the 

expression level of CD34, the reduction in the peripheral T cell pool in p53LSL-R172H+/-

Ptenfl/+ mice suggests the cooperative role of p53 and Pten in T cell development. 

Normally, thymic B cells represent only a small subset (0.2%) of thymic cells 

characterized as immature B220+IgM- and mature B220+IgM+ B-cells co-expressing 

CD19, but the commitment potential into B cells rather than T cells varies among 

genetic backgrounds in vivo167,169,170. However, a significantly increased number of B- 

and Myeloid-linage were observed in p53R172H mice, indicating the severe impairment 

of the thymic microenvironment due to the genetic defects in T cell development. This 

was in agreement with the findings from several studies that thymic B-cell 

lymphopoiesis was remarkably enhanced in T cell-deficient mice, including CD3-ε 

knockout170, TCR-β-deficient167, and iNotch1−/− mice171. Similarly, early thymic 

progenitors (ETPs) such as IL-7Rα+/-Rag+/-pTα+ cells possess plasticity for myeloid 

lineage differentiation regulated by representative myeloid-related transcription factors 

such as PU.1 and C/EBPα/β, but inhibited by Notch signaling. Therefore, it is most 
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likely due to the alteration of gene networks through the changes of functional thymic 

microenvironment upon disruption of p53 signaling and PI3K-Akt-mTOR signaling 

pathway, which selectively skews the commitment of immature thymic progenitor 

toward the B- and Myeloid-lineage before their commitment to T cell lineage, or could 

also have delayed/impaired expression of Notch, especially in the C57BL/6 strain.  

     Compared to p53LSL-R172H+/-Ptenfl/+ mice, 30% of the p53LSL-R172H+/- mice showed 

delayed tumor onset with incomplete penetrance, indicating Pten haploinsufficiency 

accelerates lymphomagenesis by activating PI3K-Akt-mTOR pathway in the context of 

p53 deficiency. Low penetrance of tumor formation observed in p53LSL-R172H+/- mice is 

supported by other studies. One of which, for example, showed 20% of p53-cKO in 

CD4+ T cells developed lymphoma-like diseases with marked splenomegaly compared 

to the high penetrance of autoimmune disease in the majority of p53 deficient mice172. 

Moreover, 50% (3/6) p53LSL-R172H+/- mice showed increased B cells in the periphery 

such as in lymph nodes, which is consistent with the findings in a previous study that 

reported complete deletion of p53 in CD4+ T cells caused an increased B cell 

population in splenocytes, suggesting the effects on B cell development probably 

conferred by disruption of T cell signaling which is mediated by p53 deficiency. 

Defective T cell apoptosis could either lead to autoimmunity or the development of 

lymphomas. Several studies172,173 showed the ablation of p53 in CD4+ T cells leads to 

the development of spontaneous autoimmunity by dysregulation of FoxP3 and STAT-

5. In our study, 70% of the p53LSL-R172H+/- mice don’t show signs of lymphomagenesis 
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but succumb to a fatal illness, suggesting that, in this scenario, “hotspot” p53 mutation 

most likely results in spontaneous immunopathogenesis rather than tumorigenesis. 
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Figure 11: Strategy for breeding Cd4 specific p53;Pten mutant mice 

(A) The Ptenfl/fl mice were crossed with CD4 specific Cre mice to generate 

heterozygous Cd4-cre;Ptenfl/+ mice in the first generation. (B) Mouse carrying p53LSL-

R172H/+ single mutant allele were crossed with Ptenfl/fl mice to generate heterozygous 

p53LSL-R172H/+;Ptenfl/+ mice. Mice carrying p53LSL-R172H/+;Ptenfl/+ were crossed with mice 

harboring Cd4-cre;Ptenfl/+ to generate mutant mice with CD4 T cell-specific deletion of 

p53 and/or Pten. (C) Genotypes for wild-type and p53;Pten mutant mice. (D) (E) 

Genomic structure of p53 and Pten locus.  

 

 

 

 

 

 

 

 

 

 



87 

   

 

 

 



88 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 

   

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 

   

 

 

Figure 12: Conditional inactivation of p53;Pten gene 

For genotyping, mouse ear DNA was subjected to polymerase chain reaction (PCR) 

analysis. (A). PCR primers flanking the exon 5 of Pten locus yields a 328bp 

homozygote band and a 156bp WT band. (B). PCR amplification of conditional mutant 

p53 alleles generate a 270bp mutant product and a 166bp control product. (C). PCR 

amplification of genomic DNA from CD4-Cre transgenic mice yield a ~100bp CD4-Cre 

transgene product and a 324bp internal positive control product. For DNA 

recombination, CD4+ T cells were isolated from the spleen of mutant and wild-type 

mice using a negative selection CD4+ T cell isolation kit. DNA was extracted from 

isolated CD4+ T cells. (D) To determine the presence of the LSL cassette in p53, PCR 

amplification of conditional mutant p53 alleles to generate a 270bp mutant band and a 

166bp wild-type band. (E) (F) (G) Deletion of the Ptenfl/fl allele was detected by 

polymerase chain reaction (PCR) using genomic DNA. Primers used are forward 

primer F1 and reverse primer F2 are inside exon 5. Reverse primer F3 is downstream 

of exon 5. 889bp and 3709bp products indicate wild type Pten, and product between 

889 to 3709bp indicate PtenΔf/f.  
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Table 1: Spleen, thymus and body weights of tumor-bearing mice per different 
genotype 
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Table 2: 

Pathological heterogeneity of peripheral T-cell lymphoma 
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Figure 13: Conditional knock out of p53 and Pten in CD4 T cells leads to T-cell 

malignancies 

(A) Kaplan-Meier survival curve comparing survival of p53 and/or Pten deficient mice. 

(B) Physical alteration of spleen size in p53 and/or Pten deficient tumor-bearing mice 

compared to wild-type control mice. (C) Enlargement of thymus and spleen have been 

observed in an 11-week old p53LSL-R172H+/-Ptenfl/fl mouse at lethal disease stage in 

necropsy. (D) Significant increased in size of the lymph node in p53LSL·R172H/+ tumor-

bearing mouse. (E) (F) Thymocytes and splenocytes counting after red blood cell lysis 

of lethal disease stage p53 and/or Pten deficient mice comparing to age-matched wild-

type mice. (G) Microscopic H&E and IHC analysis of 4 study cohort genotypes. 

Sections from the primary and secondary lymphoid organs were immunostained for 

TdT, CD3, CD4, CD8, and CD19. 
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Figure 14: Flowcytometirc analysis of T-, B-, NK- and Myeloid-lineage population 

obtained from the spleen, thymus, lymph nodes and PBMC of terminally sick of 

4 different genotype mice and aged-matched wild-type control mice  

(A) (C) (E) (G) FACS analysis of the percentages of CD3+ T cells, B220+ B cells, 

CD335+ NK cells and Mac-1+/Gr-1+ Macrophages/Granular cells in the spleen, thymus, 

lymph nodes and PBMC of 4 different genotypes of mice at lethal disease stage 

compared to age-matched wild-type control mice. (B) (D) (F) FACS analysis of the 

percentages of DN (CD4-CD8-) cells, DP(CD4+CD8+) cells, SP (CD4+CD8-) cells, and 

SP (CD4-CD8+) cells in the spleen, thymus, lymph nodes and PBMC of 4 different 

genotypes of mice at lethal disease stage compared to age-matched wild-type control 

mice. Data are shown as mean ± SEM. Centerlines indicate the means. P-value was 

calculated using the ordinary one-way ANOVA multiple comparisons. * indicates 

P<0.05, ** indicates P<0.01, *** indicates P<0.001, **** indicates P<0.0001. 
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Figure 15: Loss of p53 and/or Pten in T cells results in a differentiation block at 

different stage of T cell development 

(A) (C) Representative flow cytometry plots showing CD4 vs CD8 expression from two 

of each of the various genotypes of tumor-bearing mice and age-matched wild-type 

control mice on the thymus and spleen, respectively. (B) (D) Representative flow 

cytometry plots showing CD3 vs B220 expression from two of each of the various 

genotypes of tumor-bearing mice and age-matched wild-type control mice on the 

spleen and lymph nodes. (E) (F) FACS analysis of CD4 vs CD8, and CD3 vs B220 

expression from thymocytes and splenocytes of a representative p53LSL-R172H+/-Ptenfl/+ 

mouse compare to age-matched wild-type control mouse. (G) FACS analysis of Mac-

1 vs Gr-1 expression from splenocytes and PBMC of a representative p53LSL-R172H+/-

Ptenfl/+ mouse compare to age-matched wild-type control mouse. 
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Chapter 4 Functional cooperation of p53 and Pten on T cell homeostasis in vitro 

Introduction 

      Naïve CD4+ T cells proliferate and differentiate in response to signals from the 

TCR and CD28 costimulatory receptors, and the differentiation pathway can be 

influenced by a ‘third signal’ from the environment to result in diverse phenotypic and 

functional outcomes. In particular, signals from cytokines through the common gamma 

chain, such as interleukin-2 (IL-2), contribute to signal 3 by promoting the survival and 

expansion of T cells174. Although conventional antigen-specific CD4 T cell activation 

has been well characterized, unconventional activation of CD4 T cells, known as 

“bystander” T cells, in the absence of antigen and the downstream functional 

consequences have been less described175. Recently, Watanabe176 and colleagues 

provide insight into this process by demonstrating that p53 imposes the checkpoint 

that prevents the proliferation of bystander T cells exposed to signal 3, in the form of 

IL-2, and that this checkpoint is lifted by signals delivered through the TCR174.  

      p53 is a transcription factor that mainly promotes cell cycle arrest, DNA repair, 

cellular senescence and apoptosis in stress conditions, and the function of p53 is to 
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avoid the accumulation of DNA changes which can lead to carcinogenesis. The 

reversible cell-cycle arrest induced by p53 is mainly mediated by the downstream 

transcription activation of p21/WAF1177, which binds to cyclin E/Cdk2 and cyclin 

D/Cdk4 complexes and further promotes transcription silencing of E2F1 targets 

through binding to pRb178-180. By arresting cells at the G1 phase which allows time for 

the repair of potentially lethal DNA double-strand breaks before further cell division, 

TP53 maintains chromosomal integrity and improves the survival of damaged cells181. 

In some circumstances, TP53 favors the cell entrance into the G0 phase through 

transactivation of p21 which results in irreversible arrest called replicative 

senescence182, which also involves the RB gene product183. Senescent cells have 

unique features including large cell size, active autophagy, high lysosomal SA-β-gal 

activity, and secretion of pro-inflammatory cytokines184. PTEN manifests its tumor 

suppressor function by inducing G1-phase cell cycle arrest through decreasing the 

level of nuclear cyclin D1185. Therefore, the functional cross-talk between p53 and PI3K 

signaling pathways may affect the cell fate between reversible cell cycle arrest and 

irreversible cellular senescence. 

      Another prominent outcome of TP53 activation is apoptosis if DNA damage is 

abnormally widespread. Although cell apoptosis and the cell cycle are tightly linked, 

they are controlled by distinct cellular machinery. p53 promotes apoptosis through the 

induction of pro-apoptotic Bcl-2 family members such as PUMA and NOXA186, whose 

action facilitates caspase activation and cell death, whereas TP53 gain-of-function 
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(GOF) mutation is usually resistant to a variety of pro-apoptotic signals by suppressing 

cMyc-induced apoptosis187, which exacerbate the consequences of TP53 loss. T cells 

from either p53-/- or p53+/515A mice are less apoptotic in response to CD3 

stimulation142,188. However, no significant difference in the proportion of apoptotic cells 

between WT and p53-/- clones were detected in another study176. In contrast, PTEN 

induces apoptosis through PI3K/AKT-dependent and -independent pathways189. Some 

studies have shown PTEN as a downstream transcriptional target of p53 in mediating 

apoptosis190, whereas others suggest that PTEN acts upstream of p53 by increasing 

p53 stability191. However, the relationship between the activation of the p53 pathway 

and the PI3K pathway in vivo is extremely complex.   

      It has become clear that TP53 and PTEN somatic mutations are mutually 

exclusive and usually does not occur in the same compartment or the same 

sample192,193, indicating the genetic alterations indeed occur independently and these 

two guardians of the genome are functionally distinct in homeostasis and cellular 

processes. However, functional cross-talk and reciprocal cooperation between p53 

signaling and PI3K signaling pathways are necessary for proper actions in the 

protection of the genome and have been applied to several animal models, such as in 

triple-negative breast cancer, prostate cancer, and high-grade astrocytomas131,132,194. 

In contrast, the functional cross-talk of TP53 and PTEN in T cells is lacking.   

      The latest appreciation is not just confined to the understanding of the basic 

aspects of T cell biology; also, the new insights of cell-of-origin provide a deep 
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understanding of the pathogenesis of immune-mediated disease and new 

opportunities for therapy195. After engagement of the TCR by the MHC complex, clonal 

expansion was triggered and naïve CD4+ T cells rapidly undergo programmed 

differentiation into a variety of effector subsets, including classical Th1 cells and Th2 

cells5,196. The differentiation process is highly plastic, and the decision is governed by 

both intrinsic and extrinsic factors that drive specific mechanisms that influence 

flexibility195. It has been well-characterized than exogenous cytokines in the 

microenvironment bind to the membrane receptors of the cell and activate intracellular 

signaling pathways which up-regulate the master transcription factor, T-bet for Th1 and 

GATA3 for Th2, which results in effector cell differentiation5. In addition to 

environmental factors, genetic alterations also contributed to effector subsets 

differentiation. Upon TCR stimulation, melanoma patient-derived p53-KO TCR 

transgenic CD8+ T cells exhibit increased T-bet expression and correlates to a 2-fold 

more IFNγ secretion compared with the h3T T cells197. In contrast, germline deletion of 

p53+/- mice down-regulated Th1 response and shift into a Th2 phenotype after gastric 

helicobacter infection198. Strong Th2-type cytokine production and GATA3 expression 

were also significantly increased 15 days after SRBC-injection in p53-/- mice199. 

PI3K/mTOR signaling is required for enhanced GATA3 translation and Th2 cell 

differentiation107. T cells from mTOR-/- mice failed to differentiate into effector Th1 or 

Th2 cells under corresponding polarization conditions106, highlighting the role of mTOR 

in the development of distinct effector subset of T cells. Furthermore, in the absence 
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of PI3K/mTOR signaling, a specific defect in Th2 differentiation correlates with down-

regulation of GATA3 translation has been detected107. Alternatively, Buckler and his 

colleague demonstrated enhanced activation of the PI3K/mTOR pathway by primary 

Pten-deficiency CD4+ T cells have a Th2 bias after 96 h of TCR stimulation in 

vitro compare to its WT counterpart108. These data highlight the possibility of the 

cooperative role of p53 and Pten in regulation of Th2 differentiation. Collectively, these 

data strongly support the idea that p53 and Pten plays a critical role in regulating the 

response of mature T cells in the periphery, especially for the cross-talk between p53 

and Pten in vitro.  

Results 

p53R172H switch CD4+ T cells from arrest into proliferation in the context of Pten-

deficiency in response to TCR ligation in vitro 

      An effective immune system requires a high degree of antigen specificity in 

responses of T cells to specific antigen and cytokines. Activated CD4+ T cells express 

high-affinity IL-2R which comprise α, β, γ chains, and binding if IL-2 to IL-2R contributes 

to clonal expansion of CD4+ T cells via activation of multiple signaling cascades such 

as JAK-STAT and PI3K/Akt200,201. Therefore, to address the role of p53 and Pten in T 

cell growth upon Ag-specific stimulation, we stimulated naive CD4+ T cells fresh 

isolated from 4-week age mice with anti-CD3 mAb/anti-CD28 mAb and 20ng/ml IL-2 

in 1%, 5% and 20% fetal bovine serum (FBS) supplied media, respectively. After 2 d 

resting state, transgenic and wild-type CD4+ T cells started a fast and stable rate of 
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proliferation in media supplied with 1%, 5% and 20% FBS culture conditions (Figure 

16A B C). After this time point, a stark difference in proliferation rates was observed on 

CD4+ T cells among various genotypes. Although most of the transgenic CD4+ T cells 

continued to show increased cell growth in the presence of a TCR stimulus, the 

proliferation rate was inhibited in all of the transgenic compared to wild-type CD4+ T 

cells in 1% FBS supplied culture media (Figure 16A), especially in Ptenfl/fl and p53LSL-

R172H+/-Ptenfl/+ CD4+ T cells which showed a drastic growth arrest, suggesting Pten acts 

as an important growth factor in this scenario. The previous reports145,202 studying the 

biological effects of loss of p53 and Pten in prostate epithelial cells have shown though 

complete Pten-loss activates the Akt pathway, but also triggers p53-

mediated senescence145. Consistently, we found that Ptenfl/fl primary CD4+ T cells 

significantly arrested in a growth assay when compared to WT CD4+ T cells in our 

model (Figure 16A B C), pinpointing the possibility that a p53-mediated senescence 

response restricts cell growth in Pten-null background in our model system. Even 

though without reaching statistical significance, loss of both Pten alleles lead to a lower 

proliferation compare to a decrease in Pten levels by 50% in heterozygous CD4+ T 

cells in 1%, 5%, and 20% FBS culture conditions, indicating that Pten triggers p53-

mediated cellular senescence in a copy-dependent manner (Figure 16A B C). However, 

further experiments are required for validation of our findings, such as β-Gal staining 

and p53 expression on these cells. A decrease in Pten levels by 50% in heterozygous 

CD4+ T cells resulted in lowered proliferation compare to WT CD4+ T cells, however, 
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further loss of p53 in the context of heterozygous loss of Pten switched CD4+ T cells 

from arrest into proliferation. As showed in Figure 16B and 16C, p53LSL-R172H+/-Ptenfl/+ 

CD4+ T cells have significant growth advantage comparing to Ptenfl/+ CD4+ T cells, as 

well as other genotypes especially in 5% and 20% FBS, supplied culture media, 

indicating p53R172H rendered CD4+ T cells with full proliferative potential in the setting 

of conditional heterozygous loss of Pten (Figure 16B C).  

The dose of Pten dictates cell growth by regulation of apoptotic cell death  

      To gain insights into the mechanisms responsible for the differential proliferation 

rate for the transgenic and wild-type CD4+ T cells in response to TCR signal and 

cytokine stimulation, we next compared the cellular response of day 10 cultured CD4+ 

T cells in a serum depletion assay. After 10 d of activation, cell apoptosis was analyzed 

by staining with early apoptotic marker Annexin V and cell viability dye 7-AAD. Cells 

that are 7-AAD+ are considered dead, and Annexin V+, 7-AAD- is considered the early 

stage of apoptosis. Cell cycle progression was measured by DNA content through 

propidium iodide (PI) staining. As predicted based on the robust cell growth under 

basal condition (20% FBS) (Figure 16C), transgenic and WT CD4+ T cells showed low 

levels of cell death, but no significant difference has been detected among 6 genotypes 

of mice in cell cycle analysis (Figure 16D E), suggesting 20% FBS protected transgenic 

and WT CD4+ T cells from apoptosis without significantly affecting cell cycle 

progression. High apoptosis was detected in serum restricted conditions (Figure 16D), 

which is consistent with a substantial level of DNA degradation (>50%) as indicated by 
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the appearance of sub-G1/G0 DNA in the cell cycle analysis (Figure 16E).   

      As expected, p53R172H showed the ability to confer on cells an elevated 

resistance to apoptotic cell death in p53LSL-R172H+/- and p53LSL-R172H+/-Ptenfl/+ compared 

to wild-type CD4+ T cells (P=0.5498 and 0.2113, respectively) (Figure 16D), indicating 

p53R172H are resistant to bead-coated Ab-induced apoptosis. The statistical significance 

was not reached due to the fact that apoptotic cell death was marginally affected by 

the expression of p53 in wild-type CD4+ T cells. Indeed, this was found to be the case 

in another study, in which apoptosis in T cells caused by p53 was observed only when 

the stimulation was provided by the flat surface-coated Abs and not by bead-coated 

Abs203. However, the exact mechanisms by which p53 is unable to induce apoptosis in 

bead-coated Abs are unclear, but it is thought to involve the level of MDM2 in regulation 

of its activity203.  

      In contrast, we observed significant increase in apoptotic cell death in Ptenfl/fl 

compare to Ptenfl/+ CD4+ T cells in all 3 culture conditions (Figure 16D, 1% FBS, 

P=0.0816; 5% FBS, P=0.0008; 20% FBS, P=0.0001), suggesting Pten induces 

apoptosis in a dose-dependent manner. These observations prompted us to the 

hypothesis that Pten expression levels constitute discrete biochemical thresholds 

below which qualitative functional changes occur, contributing to T cell functions and 

tumor phenotypes. The apparent proliferative deficit in Pten-null CD4+ T cells is due to 

the remarkable induction of apoptosis (Figure 16A B C D). Regarding the underlying 

mechanisms, which is possibly caused by the enhanced expression of wild-type p53-
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mediated apoptosis, triggered by complete ablation of Pten. 

      In agreement with this hypothesis, p53LSL-R172H+/-Ptenfl/fl CD4+ T cells induced a 

remarkable proportion of apoptotic cells compare to wild-type CD4+ T cells (Figure 16D, 

1% FBS, P=0.0156; 5% FBS, P=0.0004, 20% FBS, P=0.0371), as well as compared 

to other genotypes. Functional impairment of T cell in Pten-null background 

antagonized by the introduction of the anti-apoptotic function of mutp53, suggesting 

Pten is the major survival factor in CD4+ T cells. Other than the Pten-null background, 

CD4+ T cells from the rest of the genotypes were able to continuously grow after anti-

CD3 mAb/anti-CD28 mAb and IL-2 stimulation (Figure 16A B C), indicating cell death 

was not due to deterioration of the culture conditions, such as such as exhaustion of 

nutrients. Therefore, our data clearly demonstrate that, unlike previous reports of Pten-

mediated apoptosis189, the apoptotic cell death caused by bead-bound stimulation is 

dependent on complete ablation of Pten.  

      Interestingly, in the presence of limiting concentrations of serum (1%), reduced 

apoptosis was observed in p53LSL-R172H+/-Ptenfl/+ compared to Ptenfl/+ CD4+ T cells 

(P=0.1730), in contrast, significantly enhanced apoptosis were detected in p53LSL-

R172H+/-Ptenfl/fl as compare to Ptenfl/+ CD4+ T cells (P=0.0018) (Figure 16D). These 

observations suggested that apoptosis mediated by heterozygous loss of Pten was 

partially antagonized by the introduction of p53R172H, however, the anti-apoptotic 

function of p53R172H can be compromised by a stronger phenotype upon homozygous 

loss of Pten. Collectively, our data strongly suggests the cooperation of p53 and Pten 
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in regulating the cellular response and biology of mature CD4+ T cells in vitro.  

p53R172H rendered CD4+ T cell growth advantage in the absence of TCR stimulus 

      An effective immune system requires antigen-specific signal 1 delivered by T 

cell receptor (TCR) engagement with cognate antigenic peptides presented by major 

histocompatibility complexes (MHC) molecules33, and signal 2 upon the recognition of 

co-stimulatory signaling33,204 presented by APCs, as well as antigen-nonspecific 

signals provided by cytokines38,174, for full T cell activation. Bystander T cell activation 

defines T cell activation that is independent of TCR signaling, which has been mainly 

observed in inflammatory environments, including autoimmunity, cancer, and 

infection174,205. TCR-independent activation during pathogenesis has primarily been 

observed in CD8+ T cells, while less is known about CD4+ bystander T cell activation. 

Recently, it has been reported that downregulation of p53 by TCR signaling prevent 

CD4+ T cell proliferation to antigen-nonspecific signals, but this inhibition is overcome 

by antigen-specific TCR signaling, revealing the role of p53 in the mediation of limiting 

bystander proliferation of CD4+ T cells in an antigen-independent manner176. However, 

the collaborative role of p53;Pten in antigen-nonspecific signal driven CD4+ T cell 

proliferation is unclear.  

      To characterize the role of antigen-nonspecific signals (IL-2) during T-cell 

priming in vitro, we depleted TCR stimulation and supplied culture media with 3 

different concentrations of IL-2. 20% of FBS were supplied to all the culture conditions. 

After a 15 d of resting-state upon antigen-independent stimulation, CD4+ T cells start 
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to proliferate (Figure 16F G H). As compared to normal antigen-specific IL-2-driven T 

cell proliferation (Figure 16C), growth advantage in p53LSL-R172H+/-Ptenfl/+ CD4+ T cells 

has been retained upon antigen-nonspecific IL-2-driven T cell proliferation (Figure 16F 

G), suggesting the loss of one Pten allele or reduction in its expression plays a key 

role in accelerating cell growth in p53R172H CD4+ T cells through TCR-dependent and -

independent pathways.  

      In the absence of antigen stimulation, strikingly, p53LSL-R172H+/-Ptenfl/+ and p53LSL-

R172H+/-Ptenfl/fl CD4+ T cells proliferated strongly to lower concentrations of IL-2 at a 

magnitude of response compared to other genotypes of CD4+ T cells (Figure 16F). In 

particular, antigen-nonspecific IL-2-driven stimulation converts p53LSL-R172H+/-Ptenfl/fl 

CD4+ T cells from growth inhibited to a highly proliferative state by removing TCR 

stimulation, indicating p53R172H rendered CD4+ T cell growth advantage in the absence 

of TCR stimulus. Furthermore, this function is dependent on loss of a Pten allele, as 

shown in Figure 16F and 16G, p53LSL-R172H+/- CD4+ T cells remain growth inhibited upon 

10ng/ml and 20ng/ml antigen-nonspecific IL-2-driven stimulation.  

      In the context of p53R172H, p53LSL-R172H+/-Ptenfl/+ and p53LSL-R172H+/-Ptenfl/fl CD4+ T 

cells arrested growth in a Pten dose-dependent manner as compared to p53LSL-R172H+/- 

CD4+ T cells in the high concentration of IL-2 (40ng/ml) without TCR stimulus (Figure 

16H). Similarly, Ptenfl/fl CD4+ T cells have a lower proliferation rate compared to Ptenfl/+ 

CD4+ T cells (Figure 16H). These observations demonstrated that Pten expression 

probably renders CD4+ T cells tumor-promoting properties in the settings of high doses 
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of IL-2 in the absence of TCR stimulus.  

      We hypothesized that IL-2 signals during priming were required for the 

acquisition of long-term survival potential by activated CD4+ T cells. We next analyzed 

the effects of the withdrawal of signals via cytokine stimulation in vitro and observed 

that after obtaining the maximum activation on day 4, CD4+ T cells ceased to proliferate 

and remained relatively constant over the time course among all 6 genotypes, 

demonstrated that IL-2 is not required for initial expansion, but is required for the long-

term survival of primed T cells in vitro (Figure 16I). Hyper-responsiveness to sub-

optimal T cell stimulation has been observed in p53R172H+/-Ptenfl/fl CD4+ T cells upon 

TCR stimulation, which is possibly due to the augmented response to TCR signals in 

the absence of Pten. The observation that p53R172H+/-Ptenfl/fl CD4+ T cells obtained 

augmented response to sub-optimal T cell stimulation raised the possibility that 

p53;Pten deficient T cells probably no longer have a stringent requirement for all of the 

3 signals to become fully activated (Figure 16I). 

Polarization of naïve CD4+ T cells toward the Th2 subset by p53LSL-R172H+/-Ptenfl/+ 

cells  

      The significance of the association between genes from various genotypes and 

the functional pathway was calculated by ingenuity pathway analysis (IPA) using a two-

tailed Fisher exact test. In this study we identified the top differentially expressed genes 

of p53;Pten mutant CD4+ T cells compared to wild-type CD4+ T cells using the cutoff 

of P<0.05, and the top differentially expressed genes were identified. Pten deficiency 
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skews CD4+ T cells into the Th2 phenotype, as Th2 signaling augments in Ptenfl/+, 

Ptenfl/fl, p53LSL-R172H+/-Ptenfl/fl and p53LSL-R172H+/-Ptenfl/+ CD4+ T cells (Figure 17A). In 

contrast, p53R172H alone did not have intrinsic ability to skew cells towards Th2 

differentiation, as both IL-6 and PI3K signaling are significantly downregulated in these 

cells.  

To determine whether the cooperation between p53 and Pten affects Th cell 

subset polarization, we first examined the effect of p53;Pten deficiency on Th1 and 

Th2 cell differentiation in the absence of exogenous polarizing cytokines in vitro. After 

a 10 d culturing, we phenotyped them according to their differential expression of 

Gata3 and T-bet, as both markers correlate with lineage specificity. Protein expression 

of p53 and Pten were also examined on these cells. High expression of p53 in p53LSL-

R172H+/-, p53LSL-R172H+/-Ptenfl/+ and p53LSL-R172H+/-Ptenfl/fl and drastically decreased 

expression of Pten in Ptenfl/+, Ptenfl/fl, and p53LSL-R172H+/-Ptenfl/+ transgenic comparing to 

wild-type CD4+ T cells have been detected, which further confirmed increased 

expression of p53 and loss of function of Pten in protein level (Figure 17B C). However, 

Gata3 and T-bet protein expression were either decreased or remained normal in 

transgenic CD4+ T cells compared to wild-type CD4+ T cells (Figure 17B C), suggesting 

p53;Pten deficient CD4+ T cells do not intrinsic mediate Th1 or Th2 cell differentiation 

without stimulation of exogenous polarization cytokines in vitro.  

To better mimic the in vivo conditions, we proceeded to stimulate naïve CD4+ T 

cells from C57BL/6 mice under exogenous Th1 and Th2 polarizing conditions, 
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respectively. After 96 hrs of the priming, we examined the protein expression of Gata3 

and T-bet for CD4+ T cells in each culture condition (Figure 17D E). As we expected, 

p53LSL-R172H+/-Ptenfl/+ CD4+ T cells skew more to the Th2 phenotype compared to other 

genotypes (Figure 17D E). It should be noted that the T cells from C57BL/6 mice 

preferentially produce Th1 cytokines with high IFN and low interleukin IL-4, whereas 

those from BALB/c mice favor Th2 cytokine production with low IFN and high IL-4 due 

to the genetically programmed biases206. Even though this effect was not significant, 

the potential influence of high Gata3 protein level can results in a huge impact on Th2-

associated transcripts and cytokine expression, based on the fact that Gata3 

orchestrates the regulatory gene network for a Th2 subtype differentiation. In contrast, 

all genotypes of p53;Pten-deficient CD4+ T cells have less potential to skew to Th1 

phenotype compare to wild-type with stimulation of Th1 conditions (Figure 17D E). This 

further confirmed our hypothesis that p53;Pten deficiency skews CD4+ T cells into a 

Th2 phenotype, but not Th1 phenotype. Though micro-environmental factors in the 

tissues are thought to provide additional cues that drive T helper cell differentiation, 

our data provide evidence that genetic background could be more important in the 

effects of T cell differentiation in lymphoid malignancies. 

Adoptive transfer of tumor-primed, non-activated CD4+ T cells 

      Due to the fact that peripheral T cell lymphoma originates from mature post-

thymic T cells, we next carried out adoptive transfer studies to evaluate if the 

phenotype of mature CD4+ T cells with p53;Pten deficiency can give rise to PTCL-
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GATA3 in genetically compatible hosts. CD4+ T cells were negatively isolated from the 

spleen of 4 weeks of age mice, yielding between 1-6 million of the initial cell number. 

The CD4+ subset purity was examined by flow cytometric analysis. CD4+CD45.2+ 

splenocytes were obtained from individual Ptenfl/fl, p53LSL-R172H+/-Ptenfl/fl, p53LSL-R172H+/-

Ptenfl/+ and p53LSL-R172H+/- mice and adoptively transferred, via either tail or retro-orbital 

intravenously injection, to CD45.1+ sublethally (6 Gy) irradiated host mice (Figure 18A). 

By taking advantage of specific antibodies to CD45.2 and CD45.1, for donor and host 

respectively, to unambiguously distinguish donor and host cells, we next examined the 

ability of donor CD4+ T cells to persist after intravenous injection into sub-lethal 

irradiated host mice. The steady-state engraftment of CD45.2+ cells was routinely 

detected in PBMC obtained through maxillary bleeding 2 weeks post-adoptive transfer 

(Figure 18B). In addition, donor CD4+ T cells had no detectable efficacy below 1 X 10^6 

cells transfer, which probably was the result of a limited density of cells in the infused 

population for engraftment. 

      We next examined the ability of CD4+ T cells to persist after intravenous 

injection into host mice. As we expected, there was a stable increase in the percentage 

of donor T cells in the blood of recipient mice receiving Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl 

donor CD4+ T cells (Figure 18B C). In contrast, there was a significant decrease in the 

percentage of donor T cells in the blood of recipient mice having received p53LSL-R172H+/- 

donor CD4+ T cells and remained the level of at approximately 5% engraftment until it 

fell below the level of detection (Figure 18C). These results indicate the superior 
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engraftment ability of Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl donor CD4+ T cells as compared 

to p53LSL-R172H+/- donor CD4+ T cells, which possibly reflects the preferential expansion 

and survival ability of Pten-null cells in vivo.  

      Tumors grew robustly in Ptenfl/fl CD4+ T cells transplanted mice due to the fact 

that it reached to fatal illness 3.4 months post-engrafted. In contrast, there was a 3 fold 

increase in the number of splenocytes of Ptenfl/fl CD4+ T cells transplanted mice as 

compared to wild-type control mice (Figure 18D). Flow cytometric analysis of cell 

composition for Ptenfl/fl donor CD4+ T cells transplanted tumor-bearing mice shows a 

significantly high percentage of SP CD8+ T homed to the thymus and spleen of the 

transplanted mice, indicating that the Pten-null CD4+ T cells can markedly augment 

CD8+ T cell responses in the host mice (Figure 18E).  

Discussion 

      Deletion of chromosome 10q encompassing PTEN in human cancer typically 

affects one allele, whereas the other copy is retained145,207, suggesting that dosage is 

important determinant of its biological consequences145,208. The most common TP53 

configuration involves a missense mutation together with a segmental 17p deletion of 

the wild-type TP53 allele. TP53 mutation may also act in a dominant-negative manner 

to inhibit wild-type TP53 function in lymphoid malignancies81,209. Both TP53 and PTEN 

are known as the guardian of the genome, although they are functionally distinct, 

reciprocal cooperation has been proposed. Recent advances in whole genome-

sequencing analyses reveal that TP53 and PTEN are often co-deleted in highly 
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aggressive types of cancers, which associated with the worst survival outcome for 

patients in particular subtypes210. Importantly, tracking the clonal origin of PTCL-

GATA3 through patient samples collected from multiple institutions at the time of death 

identified that a significant number of primary PTCL-GATA3 carrying mutant TP53 and 

PTEN deletion. However, the molecular basis of cooperation betweenTP53 and PTEN 

in CD4+ T cells is unknown. For this reason, we studied the consequences of both 

heterozygous and homozygous deletion of p53 and Pten in mouse CD4+ T cells. As 

the splenic and lymphoid compartments at 4-weeks age p53;Pten mice are grossly 

normal, containing appropriate numbers and ratios of lymphoid and myeloid cell 

populations and CD4+ T cells isolated from these mice are phenotypically and 

functionally naïve108, we used fresh isolated splenic CD4+ T cells from 4-weeks old 

C57BL/6 mice to perform all the in vitro studies.  

      To characterize the T-cell biology of p53;Pten deficient mice, we performed cell 

proliferation, cell apoptosis, and cell cycle analysis on fresh isolated 4 weeks age CD4+ 

T cells. The physiologic stimuli which activate T cells include antigen-specific stimuli 

delivered through TCR, recognition of costimulatory ligands and integration of Ag-

nonspecific signals provided by cytokines. In the presence of conventional T cell 

activation, CD4+ T cells of 6 genotypes gave strong IL-2-dependent proliferative 

responses, which leads to the creation of clonal expansion and ultimately, memory. 

The canonical function of PTEN is to put a ‘brake’ on cell proliferation and survival and 

loss of PTEN is expected to abolish these mechanisms. However, as demonstrated by 
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recent studies145,211, loss of Pten activated p53-mediated senescence, whereas loss of 

p53 caused immortalization of mouse embryonic fibroblasts (MEFs) as the cells 

bypassed senescence, suggesting rather than further promoting cancer progression, 

complete loss of PTEN is potently tumor suppressive and much less tumorigenic than 

the heterozygous loss of PTEN94. In addition, inhibition of PTEN expression in U1242 

cells harboring a gain-of-function mutation of p53R175H leads to a significant inhibition 

in vivo xenograft growth, but exerts the opposite effects in wt-p53 cells212, indicating 

the molecular biology of PTEN is determined by p53 status. The ablation of Pten in 

CD4+ T cells led to lower proliferation and a significant increase in cell death 

was observed in our model system. In this circumstance, complete loss of Pten could 

induce p53 activity in response to cellular stress, initiating a cascade of events that 

results in the block of cell division. Another possibility for the deficient proliferation and 

high cell apoptosis in p53LSL-R172H+/-Ptenfl/fl and Ptenfl/fl CD4+ T cells could be associated 

with the dysfunction of T cells. As indicated in our mouse model, p53LSL-R172H+/-Ptenfl/fl 

and Ptenfl/fl tumor-bearing mice had a considerably shorter latency compared to other 

genotypes, and the abnormality of cellular composition can be detected as early as 6 

weeks age mice in both of these two genotypes. Therefore, the transformation of T-

cell malignancy could not be excluded from mice at 4-5 weeks age in the context of 

homozygous loss of Pten with or without p53 mutation.  

      Of note, the expansion of Ag-specific CD4+ T cells drastically increased with 

heterozygous deficiency of p53 and Pten, comparing to either p53LSL-R172H+/- or Ptenfl/+ 
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CD4+ T cells. Regarding the underlying mechanisms, this could be due to the 

stabilization of mutp53 by further mono-allelic loss of Pten which maximizes the 

proliferation rate of p53LSL-R172H+/- CD4+ T cells. Therefore, our findings indicate that loss 

of Pten enhanced mutp53 activity which requires Pten to be below the heterozygosity 

threshold and is in a copy-dependent manner in vitro because even though mutp53 

can augment cell proliferation both in vitro213 and in vivo214, this effect has not been 

found in Pten-null background in our model system.  

      To distinguish an intrinsic capacity of proliferation and survival of p53;Pten 

transgenic CD4+ T cells from contributions of survival factors, we analyzed the growth 

effects of the withdrawal of signals via TCR and cytokines. At lower IL-2 doses, p53LSL-

R172H+/-Ptenfl/fl and p53LSL-R172H+/-Ptenfl/+ CD4+ T cells behave similarly to what is seen at 

normal IL-2 doses, with a significantly higher proliferation rate compared to other 

genotypes. Notably, removing TCR switches p53LSL-R172H+/-Ptenfl/fl CD4+ T cells from 

growth arrest to a highly proliferative state. This was supported by the previous finding 

that antigen stimulation was not required for IL-2 responsiveness in p53-/- T cells176. In 

contrast, cells of all 6 genotypes grow at high IL-2 doses. Regarding the underlying 

mechanisms, which probably due to higher JAK/STATs signals maintained in the 

absence of TCR stimulation further promote survival and proliferation of CD4+ T cells, 

especially in the absence of normally required environmental and cellular cues. The 

observation that p53LSL-R172H+/-Ptenfl/fl CD4+ T cells obtained augmented response to 

sub-optimal T cell stimulation raised the possibility that p53; Pten deficient cells 
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probably no longer have a stringent requirement for all of the 3 signals to become fully 

activated. 

      Upon receiving low doses (Anti-CD3 0.1 µg/ml, anti-CD28 5 µg/ml) of TCR 

signals, the enhanced phosphorylation of molecules downstream of PI3K such as Akt, 

GSK3β and p70 S6 kinase has been observed in CD4+ T cells deficient of Pten in order 

to utilize PI3K activity to positively transduce survival and proliferation signals108,215. 

Consistently, hyper-responsiveness to sub-optimal T cell stimulation has been 

observed in p53LSL-R172H+/-Ptenfl/fl CD4+ T cells upon TCR stimulation, which is possibly 

due to the augmented response to TCR signals in the absence of Pten. Collectively, 

these data demonstrated that IL-2 is not required for initial activation, but is required 

for the long-term survival and expansion of primed T cells in vitro.  

      To derive biological meaning from the pre-neoplasm CD4+ T cells of 6 genotypes 

of mice differentially expressed genes were analyzed for enrichment of functional 

annotation using Ingenuity Pathway Analysis (IPA). Previous studies107,108 shown the 

induction of Th2 responses of CD4+ T cells in vivo is dependent on PI3K signature. 

Consistently, Th2 signature was upregulated in both Pten-null background mice, 

whereas Th1 signaling was downregulated relative to wild-type control mice in our 

model system (P< 0.05).  

      Priming of naïve CD4+ T cells both in vivo and in vitro can lead to proliferating 

cells that produce IL-2, but neither IL-4 nor INF-y. These cells maintain a flexible and 

plastic state and can be differentiated into different subsets depending on the nature 
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of the secondary challenge. In contrast to signature cytokines, we considered both 

intrinsic and extrinsic factors to drive different cell fates. CD4+ T cells that do not 

express PTEN produce elevated levels of classic Th2 cytokines even in the absence 

of CD28 signals based on the fact that its production of approximately 5-10 fold more 

IL-4 and IL-10 than WT T cells in response to TCR stimulation108. Another independent 

study has demonstrated impairment of IL-4 production in the absence of PI3K/mTOR 

signaling, and that this defect correlates with a failure to upregulate GATA3-

translation107.    

      However, functional plasticity and response to immunomodulatory factors of 

p53 and further collaboration with Pten remain poorly defined. Thus, we set up two 

different polarization conditions that allow us to separately study the role of p53 and/or 

Pten in the immune system, especially adaptive immunity. Apart from TCR stimulation 

and co-stimulation of CD28 on naive CD4+ T cells, 6 genotypes of cells were cultured 

in either Th1 or Th2 polarized conditions with additional cytokine supplied. In contrast 

to other studies, we showed that homozygous loss of Pten was not promoting Th2-

response. GATA3 expression was reduced slightly in both Ptenfl/fl and p53LSL-R172H+/-

Ptenfl/+ cells. This result is surprising given that the induction of Th2 responses in vivo 

has been shown to be dependent on PI3K signaling and Pten loss activates PI3K-

mTOR-AKT pathway. This might be due to the fact that early transformation could have 

occurred despite that the morphology of these mice is grossly normal. However, p53 

mutant with or without heterozygous loss of Pten showed modestly increased GATA3 
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expression. Even though the increase in GATA3 expression in these two genotypes is 

not significant different compared to wild-type mice, our data suggest a potential 

influence of p53 mutation in the Th2 phenotype differentiation based on the fact that 

C57BL/6 mice are prototypical Th1 mouse strains. Thus, our study suggests p53 

mutation may contribute to the Th2 phenotype and one copy loss of the Pten allele 

facilitates its differentiation. In contrast, all genotypes also successfully polarized into 

the Th1 phenotype but have lower expression of T-bet compare to wild-type mice, 

suggesting p53 and/or Pten deficiency are not the driving force skewing towards Th1 

lineage differentiation.  

      To address the effect of ablation of p53 and Pten in mature CD4+ T cells in vivo, 

1-6 X10^6 CD4+ T cells carrying Cre were injected into sub-lethally irradiated recipient 

mice for engraftment. By taking advantage of allotype-specific antibodies to CD45 to 

precisely identify rare CD45.2+ T cells in a CD45.1+ environment, we next examined 

the ability of donor CD4+ T cells to persist after intravenous injection into sub-lethal 

irradiated host mice. Tumor cells were prevalent in the blood and peripheral tissues, 

residing predominantly in the spleen where they are capable of extensive proliferation 

and differentiation on antigen reencounter. The engraftment of the CD4+ T cells derived 

from Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl in the blood remained steady at above 50% of 

mononuclear cells, whereas CD4+ T cells derived from p53LSL-R172H+/- and p53LSL-R172H+/-

Ptenfl/+ remained at approximately 10% or below the level of detection, indicating cell-

intrinsic programming by genetic alterations affects the differential engraftment fitness 
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after adoptive transfer. Complete loss of Pten gave rise to superior engraftment fitness 

compare to other genotypes of tumor-primed CD4+ T cells, suggesting that the cell-

intrinsic characteristics that enable survival are a general property conferred by 

complete loss of Pten. In contrast, mice inoculated with p53 single mutant cells did not 

exhibit sustained increasing engraftment of CD4+ T cells in the periphery. The 

engrafted donor CD4+ T cells spontaneously regressed in p53LSL-R172H+/- donor CD4+ T 

cells transplanted host, suggesting that their disappearance was probably due to cell-

intrinsic characteristics which possess inflammatory lesion instead of malignant 

disease. The possibility for the superior engraftment of Pten-null CD4+ T cells can be 

reflected in the preferential expansion or survival of these cells. In addition, the low 

success rate of engraftment of p53LSL-R172H+/-Ptenfl/+ mice probably was the result of a 

limited density of cells in the infused population. Another potential mechanism by which 

in vivo engraftment of CD4+ T cells derived from Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice 

are superior to CD4+ T cells derived from p53LSL-R172H+/- and p53LSL-R172H+/-Ptenfl/+ mice 

was that the alteration of cell surface expression markers on the cells due to genetic 

ablation of Pten.  

      Using forward and sides scatter profiles to gate on the CD3+ T cell population, 

we found that the proportion of CD8+ T cells was significantly higher than CD4+ T cells 

in the spleen and PBMC of the recipient mice. Although CD8+ T cells were depleted 

prior to the initiation of transfer, it was possible that the residual CD8+ T cells from the 

CD4+ T cells took over the dominance of growth advantage during engraftment due to 
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the more rapid intrinsic proliferation rate of murine CD8+ T cells compared to CD4+ T 

cells216. As shown previously, 3-week-old PTEN-deficient mature T cells are unable to 

undergo a malignant transformation when placed into either Rag1-/- or sub-lethally 

irradiated host mice but are sufficient for the development of autoimmunity161. In 

contrast, adoptive transfer from 4-week-old mice into sub-lethally irradiated recipient 

mice led to lymphoma development in 3.4 months in our model system, indicating 

mature CD4+ T cells of 4-week-old Pten-null mice successfully undergo a malignant 

transformation in the periphery.  
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Figure 16: P53 and/or Pten have effects on CD4+ T cell proliferation and survival 

(A) (B) (C) Serum depletion assay on CD4+ T cells isolated from spleen of 4-5 week-

age mice. Culture media contains 1640RPMI, 0.1% 2-ME, Dynabeads® magnetic 

beads, mouse IL-2 (20ng/ml) and supplied with 1% FBS, 5% FBS and 20% FBS, 

respectively. (D) Levels of cell apoptosis from different dosage of FBS were determined 

by Annexin V and 7-AAD staining on day 15 culturing. (E) Cell cycle distribution of CD4 

T cells through 50µg/ml propidium indide (PI) staining on day 15 culturing. (F) (G) (H) 

Cell proliferation assay upon Ag-independent stimulation. Culture media contains 

1640RPMI, 0.1% 2-ME, 20% FBS, and supplied with 10, 20 and 40 ng/ml mouse IL-2, 

respectively. (I) Cell proliferation assay upon Ag-dependent stimulation withdrawal IL-

2. Culture media contains 1640RPMI, 0.1% 2-ME, 20% FBS, and Dynabeads® 

magnetic beads. For all the culture conditions, 1 x 106 cells/ml were seeded into a 48-
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well tissue culture plate with 500ul media to start culturing immediately after CD4 T 

cells were isolated from spleen. Cell proliferation from each experiments was 

measured at the indicated time points by PrestoBlueTM Cell Viability Reagent in a 384-

well plate according to the manufacture’s protocol. Cells were then incubated at 37°C, 

5% CO2 for 2 hrs prior to reading out fluorescence. Error bars are SD of biological 

duplicates. 
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Figure 17: Effect of the p53;Pten transgene on Th cell differentiation 

(A) Ingenuity pathway analysis of mRNA-seq data. IPA identified pathways that were 

significantly upregulated (P<0.05) or downregulated (P<0.05) in MT CD4+ T cells 

compare to WT CD4+ T cells. (B) Detection of p53, Pten, Gata3 and T-bet proteins in 

CD4+ T cell differentiation in the absence of exogenous polarizing cytokines. The 

specificity of p53, Pten, Gata3 and T-bet were tested by Western blot using cell lysates 

of p53;Pten transgenic and wild-type CD4+ T cells for a 10-day culturing. Cells were 

stimulated with anti-CD3/CD28 beads and 20ng/ml IL-2, and supplied with 20% FBS, 

1% PS and 0.1% ME. Proteins were separated by SDS-PAGE. (C) Levels of p53, Pten, 

T-bet and Gata3 in 6 genotype of mice CD4+ T cells are presented as protein relative 

to β-actin comparing within the same genotypes. (D) Western blot detection of Gata3 

and T-bet proteins in CD4+ T cell differentiation under polarizing conditions. In both 
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culture condition, cells were stimulated with anti-CD3/CD28 beads and 20ng/ml IL-2, 

and supplied with 20% FBS, 1% PS and 0.1% ME. For Th1, supplement the culture 

media with 20ng/ml rmIL-12, and 10µg/ml anti-rmIL-4. For Th2, supplement the culture 

media with 100ng/ml rmIL-4, 10µg/ml anti-rmIFNγ and 10µg/ml anti-rmIL-12. New 

medium with neutralizing antibodies (no cytokines) were added after 48 hrs culturing. 

After 96 hrs of differentiation, the cells were collected and lysed for protein analysis. 

(E) Levels of T-bet and Gata3 in transgenic and wild-type CD4+ T cells are presented 

as protein relative to β-actin. 
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Figure 18: Adoptive transfer of Ptenfl/fl or 53LSL-R172H+/-Ptenfl/fl CD4+ T cells give rise 

to T-cell malignancy in host mice 

(A) Schematic display of the experimental procedure used to generate mature T-cell 

lymphoma mouse model. The experimental approach relied on the adoptive transfer 

of CD4+ T cell obtained from spleen of 4 weeks old p53LSL-R172H+/-, Ptenfl/fl, p53LSL-R172H+/-

Ptenfl/+, and p53LSL-R172H+/-Ptenfl/fl mice congenic for CD45.2+. Donor CD4+ T cells were 

fresh isolated with the assistance of the EasySepTM Mouse CD4+ T Cell Isolation Kit 

and 1-6 x 106 cells were transferred to wild-type non-transgenic CD45.1+ host mice 

that had been conditioned with 6 Gy sub-lethal irradiation 18-20 hrs before the cell 

transfer. I.V. injection were performed through tail or retro-orbital vein. Neoplasms 

arising in p53;Pten deficient cells were analyzed by flow cytometry. (B) (C) (D) Line 

graphs tracking down in the peripheral blood in vivo for the CD45.2+ T cell engraftment. 

The percent of transferred cells were detected by flow cytometry in blood of recipient 

mice. (E) (F) Thymocytes and splenocytes counting after red blood cell lysis of 

recipient mice at lethal disease stage comparing to age-matched wild-type mice. (G) 

Flow cytometric analysis of recipient mice thymus, spleen, and PBMC. The percentage 

of CD4+ and CD8+ T cells in the thymus, spleen, and PBMC of recipient mice receiving 

donor CD4+ T cells from Ptenfl/fl mouse. The cells were surface stained with anti-CD3+, 

CD4+ and CD8+ antibodies and analyzed by flow cytometry. Thymocytes are gated on 

the whole cell population. Splenocytes and PBMC were gated on the CD3+ T cell 
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population.  

 

Chapter 5 Major conclusions and future directions 

      This dissertation describes the exciting discovery of mutations and deletions of 

the two most well-known tumor suppressor genes TP53 and PTEN and their role in 

peripheral T-cell lymphomas in vivo. The pathogenesis of PTCL-GATA3 is unknown. 

The pathological diagnosis of this subgroup of diseases remains challenging.  

      We described a method in Chapter 2 for the underlying mechanism for the 

distinct expression pattern identified in GEP in molecular subtypes of PTCL-GATA3 

and PTCL-TBX21. PTCL-GATA3 and PTCL-TBX21 are both characterized by 

structural abnormalities along with numerical changes, whereas PTCL-GATA3 is more 

frequently involved in genomic imbalance. TP53 mutation along with heterozygous 

loss of PTEN is a unique characteristic in PTCL-GATA3 compared to other subtypes 

of PTCLs. The patients carrying TP53;PTEN-deficiency have the worst prognosis 

compared to other subtypes with a normal level of these tumor suppressors. 

      Currently, there is no PTCL-NOS human cell line available, which makes it 

challenging for investigating the pathogenesis of this disease. To determine the impact 

of TP53 mutation in combination with PTEN loss, in Chapter 3, we developed a 

transgenic mouse model with CD4 T cell-specific conditional expression of p53LSL-

R172H+/-, a hot spot mutation identified in PTCL-GATA3, accompany with deletion of Pten. 
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We provide information that p53 and Pten are critical for regulating T cell selection 

signals in the thymus. Mutp53 and heterozygous loss of Pten cooperatively commit T 

cells to the CD8-lineage differentiation, while the biallelic loss of Pten skews T cells to 

the CD4-linage differentiation. Our data demonstrate that cell-intrinsic programming by 

genetic alterations of p53 and Pten impart dictate lineage fate choice of T cell 

differentiation. Moreover, our mouse genetic studies suggest that mono-allelic deletion 

of Pten in CD4+ T cells gave rise to primarily splenomegaly but is not sufficient to cause 

tumorigenesis, whereas the biallelic deletion of Pten gave rise to CD4+ T cell lymphoma, 

suggesting Pten deficiency contributes to lymphomagenesis in a dose-dependent 

manner. In contrast, mutp53 in CD4+ T cells results in T cell malignancies with a low 

penetrance after a long latency. The low penetrance of the malignancy in p53LSL-R172H+/- 

mice strongly suggests that additional events have to occur for his pathological 

transition to occur. However, combined deficiency of p53 and heterozygous loss of 

Pten revealed additional phenotypes, such as commitment of T cells to the CD8+ T cell 

lymphoma transformation, further providing conclusive genetic support for the notion 

that PTEN is haploinsufficient in tumor suppression and that its dose is a key 

determinant in cancer progression. Our results demonstrate that p53 mutation and 

Pten loss in T cells affect specific phenotypes in T-cell lymphomagenesis, and one 

copy loss alone are not sufficient to drive lymphomagenesis in the mouse CD4+ T cells, 

in the specific genetic context of C57BL/6 strain. 

      In Chapter 4, we performed functional studies to further characterize the role of 
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p53;Pten in T cell biology. Cell growth requires both proliferation signals and survival 

signals. Our in vitro study showed that mutp53 drives a distinct growth advantage in 

the context of heterozygous loss of of Pten on CD4+ T cells in an Ag-specific and non-

specific manner. By identifying the underlying mechanisms, we found that Pten inhibits 

apoptosis in the presence of TCR activation. p53-mediated cellular senescence 

response likely restricts cell proliferation and induces cell apoptosis after the biallelic 

loss of Pten. Much of the current understanding of T helper cell lineage fate decisions 

are derived from studies in extrinsic factors that drive specific mechanisms to influence 

naïve CD4+ T cell differentiation. However, our study explored the intrinsic mechanisms 

through which genetic alteration of p53 and Pten cooperate effectively to polarize naïve 

CD4+ T cells towards to Th2 phenotype, further providing a rational mechanistic basis 

for the new insights of cell-of-origin in the pathogenesis of PTCL-GATA3. Furthermore, 

a key finding of the adoptive transfer study was that CD4+ T cells derived from Pten-

null mice exhibit superior engraftment in host mice. Although the ability of the 

engraftment of donor CD4+ T cells is markedly different among different genotypes, 

our data demonstrated that engraftment fitness is a general trait common to all CD4+ 

T cells derived from p53;Pten deficiency. 

Future directions 

Identification of the blockage stage in T-cell development 

      Expression of PTEN and TP53 imposes a requirement for growth at various 

stages of development have been demonstrated by previous studies, we further 
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demonstrate that Pten plays a role in regulating lineage fate decisions.  

      Upon acute loss of p53 and Pten, Pten-null mice gave rise to CD4+ T cell 

lymphoma but the phenotype switched to DN T cell lymphoma when accompanying a 

p53 mutation. In our model system, mutp53 was expressed and Pten expression was 

abolished when developing DN thymocytes started to express Cre at very late DN but 

before the DP stage. Besides, as it has become clear that PTEN-mediated regulation 

of PI3K signaling in the thymus and transformation took place after β-selection upon 

ablation of PTEN. Therefore, these observations indicate that the accumulation of DN 

cells in p53LSL-R172H+/-Ptenfl/fl mice is likely due to the blockage between DN4 and ISP 

stage mediated by mutp53. The second block is probably in a narrow window of thymic 

differentiation prior to the DP stage and focused on the ISP stage, due to a high 

proportion of CD8+ T cells has been detected in the thymus of mutp53 mice. Therefore, 

to determine more precisely at which stage of thymocyte development the block 

occurred in these mice, DN thymocytes will be analyzed for the expression of CD44, 

CD25, and surface TCRβ expression, which define distinct immature thymocyte 

populations.  

      After DP stage, the third node of transformation occurs which is mediated by 

the complete loss of Pten and possibly due to the appropriate binding affinity to pMHC 

II molecules by DP cells, which skews DP to CD4+ SP and further differentiate to a Th2 

phenotype, as a considerable increase in CD4+ T cells has been detected in Ptenflfl 

mice which highly express of GATA3. In contrast, the forth node of transformation 
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occurs when mutp53 skews DP to CD8+ SP cells, as a significant amount of mature 

CD8+ SP cells were detected in the peripheral lymphoid organs in the long-term 

deficiency of mutp53 tumor-bearing mice. 

How does p53;Pten influence T-cell activation signaling? 

      It is well-documented that BCR signaling is an important driver of B-cell 

lymphoma growth and survival, and represents the therapeutic target. Compelling 

evidence also indicates the pathogenic role of TCR signaling in human T cell 

transformation. Therefore, additional experiments will be required to determine which 

dysregulated signals contribute to disease progression in our mouse model.  

      Our transcriptome analyses high-lighted different altered pathways associated 

with pre-neoplasm T-cell lymphoma, including the TCR signaling pathway. In an effort 

to identify primary abnormalities that are central to the pathogenesis of PTCLs, we 

will study antigen-dependent TCR/CD3-mediated signaling events (Signal 1) in the 

different mouse lines, including the basal and induced TCR signaling activity of 

proximal protein tyrosine kinases and substrates, such as PLCγ, LCK, ZAP-70, LAT, 

and ITK protein levels, as well T cell co-stimulation signaling (Signal 2) activity such 

as ERK, Akt, mTORC1/2, S6, and 4E-BP-1.  

      In the context of the T-cell lymphoproliferative disorders, any 

cytokine/chemokine that directly promotes the growth/survival of a malignant T cell 

may be considered to have “signal 3” activity217. Bystander T cell activation reveals a 
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role for T cell function that is independent of TCR signaling via the JAK/STAT pathway 

upon cytokine activation, such as in the form of IL-2. Therefore, we will also investigate 

the mechanism by which p53; Pten deficiency affects antigen-independent bystander 

T cell activation by focus on key components of the JAK/STAT signaling pathway such 

as (i) cytokine receptor expression, (ii) JAK activation, and (iii) the activation of 

cytokine-specific STAT molecules, such as the Th2 biased response of JAK3 and 

STAT6. Given the fact that the vast majority of the T cells present in secondary 

lymphoid organs are not specific for antigens derived from an offending pathogen, data 

from the study of antigen-independent T cell activation signaling will provide a 

molecular insight into the characteristic hyperactivity of such cells and whether these 

defects are probably central to the pathogenesis of the disease. 

The mechanisms of growth inhibition by Pten ablation: p53-mediated 

senescence or apoptosis? 

      In Chapter 4, when we investigated the molecular basis of cooperation 

between p53 mutation and loss of Pten by using mature CD4+ T cells freshly isolated 

from the spleen of 6 genotypes of mice, we observed complete ablation in Pten 

expression plays a key role in TCR induced apoptotic cell death and was accompanied 

by growth arrest. This provided a rationale to explore the mechanisms through which 

genetic alteration of Pten induces apoptosis in peripheral T cells during the effector 

phase.  

      Considerable controversy exists as to the effects of Pten on cell proliferation 
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and viability. Pten-null MEFs exhibited the distinctive morphology of senescent cells 

and were positive for B-galactosidase, a hallmark of senescent cells. The increased 

p53 activity initiates cellular senescence in suppression of Pten-deficient 

tumorigenesis which is a fail-safe response to oppose tumorigenesis in vitro. Phlpp1−/− 

and Pten+/−; Phlpp1−/− primary MEFs arrested in growth assay, but the arrest can be 

removed when p53 was inactivated due to the escape from senescence202. However, 

in our mouse model, the emergence of GOF p53LSL-R172H mutation not only exerts 

dominant-negative effects over co-expressed wild-type p53 alleles by forming mixed 

tetramers that are incapable of DNA binding and transactivation but also acquires 

additional activities which not present in the original wild-type p53 allele and 

contributes to tumor progression143.   

      First, the acute loss of Pten below the heterozygosity threshold may elicit a 

strong cellular senescence response by full activation of p53 signaling. Therefore, it is 

worth assessing the expression of senescence-associated β-galactosidase (SA- β-Gal) 

on Pten-null cells. Second, p53 stimulates a wide network of signals that act through 

two major apoptotic pathways if the DNA damage is strong enough, which includes the 

activation of a caspase cascade and the shifts of the balance in the Bcl-2 family 

towards the pro-apoptotic members. However, mutp53 confer cells an elevated 

resistance to a variety of pro-apoptotic signals. To investigate the cooperative effects 

of mutp53 and loss of Pten in CD4+ T cell apoptosis, we will examine the protein 

expression of caspase-3, caspase-9, PUMA, NOXA, Bcl-2, Bcl-x, Mdm-2 and p-21 



159 

   

 

upon TCR stimulation, with or withdraw IL-2.  

Study of the cooperative effects of tumor-primed CD4+ T cells with the 

microenvironment 

      In our adoptive cell transfer study, we showed that mature CD4+ T cells in the 

periphery of 4-week-old Ptenfl/fl and p53LSL-R172H+/-Ptenfl/fl mice undergo a malignant 

transformation when placed into sub-lethally irradiated congenic hosts, which 

demonstrated that cell-intrinsic programming by genetic alterations impart affects the 

differential engraftment fitness. So far, the primary recipient mice engrafted with Ptenfl/fl 

and p53LSL-R172H+/-Ptenfl/fl CD4+ SP T cells developed T cell malignancy approximately 

at 3 months latency post-inoculation. However, p53LSL-R172H+/- and p53LSL-R172H+/-Ptenfl/+ 

transplanted mice have not shown signs of malignant transformation. p53;Pten 

deficient CD4+ T cells from 4 weeks old mice are prone to malignant transformation by 

the virtue of loss of tumor-suppressor function, but tumor onset was unpredictable. 

These observations support the hypothesis that the cell-intrinsic genetic programming 

of these distinct genotypes of CD4+ T cells may dictate divergent fates including the 

ability to survive in vivo after adoptive transfer and the tumor phenotype in the host. 

Therefore, it provides a strong rationale to keep monitoring mature T-cell 

lymphomagenesis in genetically compatible hosts from p53LSL-R172H+/-Ptenfl/+ donor-

derived transplants.  

      To study the impact of the microenvironment in tumorigenesis of mature T-cell 

malignancies as well as the diversity and phenotype of the long-term engrafted 
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populations, we will monitor tumor generation and differentiation by taking advantage 

of specific antibodies to CD45.2 and CD45.1, respectively, to distinguish donor and 

host cells, we used flow cytometry analysis to evaluate the cell composition of CD45.2+ 

tumors. Expression of surface molecule CD3, CD4, CD8, and intracellular GATA3, IL-

4, INFγ, and T-bet will be evaluated from both of the donor and recipient mice of p53LSL-

R172H+/-Ptenfl/+ donor-derived transplants.  

Novel therapeutic targets for bystander malignant T cells in PTCLs  

      T-cell lymphomas have been treated with the first-line therapy using CHOP 

regimen designed for aggressive diffuse large B-cell lymphomas. Even though the 

cases in the PTCL-NOS category show extreme cytological and phenotypic 

heterogeneity, recurrent genetic abnormalities of combined p53 mutation and Pten 

deletion took part in the process of lymphomagenesis in PTCL-GATA3 in human and 

mice which can represent the targets for therapies. Correlation of the tissue culture 

data with tumorigenesis in vivo, we showed the synergistic effect of augment of p53 

signaling and Pten loss contributes to maximum growth advantages on mature T cells, 

given a strong rationale for targeting mutp53 and PI3K-AKT-mTOR signaling pathway, 

due to the fact that p53 mutation combined with Pten deletion is most likely the driver 

genetic alterations involved in bystander T cell activation in T-cell lymphomagenesis. 

The oncogenic GOF missense mutant p53 proteins (mutp53) obtained its GOF largely 

by inhibition of activity of p53 family members p63 and p73 through interactions with 

mutant p53218,219. Besides, activation of the PI3K-AKT-mTOR signaling pathway 
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contributes to PI3K-driven Akt proliferation of T cells downstream of CD28 co-

stimulatory signals. Therefore, the investigation of the clinical efficacy for the 

synergistic combination of targeting mutp53 and PI3K-AKT-mTOR signaling pathways 

is critical.  

      Two classes of drugs were developed to target mutp53 protein. On one hand, 

numerous compounds were identified to destabilize highly accumulated GOF p53 

mutants. Inhibition of the HSP90/HDAC6 axis extends the overall survival of p53R175H 

mice by 30-59% mice in vivo220. Mouse xenografts confirmed the allele-specific higher 

response of p53R175H tumors to Chetomin, an Hsp40 inhibitor, by decreased tumor 

volume and weight, however, it failed to inhibit p53R273H or p53-null tumors221. On the 

other hand, by reversing the oncogenic properties of mutp53 to wild-type-like p53 

activity, drugs such as PRIMA-1 and APR-246 re-established wtp53-like transcriptional 

activity with increased expression of p53 target genes, Puma, Noxa and Bax. However, 

these drugs are mostly at the level of in vitro cell-based testing or in Phase Ib/II study. 

      Duvelisib (IPI-145), an oral inhibitor of phosphatidylinositol 3-kinase (PI3K)-δ/γ 

isoforms, demonstrated clinical activity and a favorable safety profile in patients with 

CTCL and PTCL222.The delta isoform is one of four catalytic isoforms (p110 α, β, γ, 

and δ) that differ in their tissue expression, with PI3Kδ being highly expressed in 

lymphoid cells223, which activates downstream AKT and mTOR and exerts pleiotropic 

effects on cell metabolism, migration, proliferation, survival, and differentiation. In 

addition, currently in Phase II clinical trials, dual PI3K/mTOR inhibitors such as NVP 
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BEZ235 (Dactolisib), BEZ235 GDC-0980 (Apitolisib, RG7422) PF-04691502 and PF-

05212384 (Gedatolisib, PKI-587) have exhibited significant clinical efficacy in several 

types of cancer including lymphoma.  

      Although TP53 and PTEN are functionally distinct, reciprocal cooperation has 

been proposed, as PTEN is thought to regulate TP53 stability, and TP53 to enhance 

PTEN transcription190,224. Our study suggests that the pathogenesis of PTCLs requires 

both GOF mutp53 signaling and activation of PI3K signaling pathways, suggesting the 

possibility of inhibition of disease progression by a selective therapy targeting both 

mutp53 signaling pathways and PI3K enzymatic activity in these PTCLs. 

 

 

 

 

Chapter 6 Materials and methods 

Patient samples 

In this study, 27 patient samples were classified as PTCL-GATA3, including 18 fresh 

frozen (FF) and 9 formalin-fixed paraffin-embedded (FFPE) cases. 21 patient samples 

were classified as PTCL-TBX21, including 18 fresh frozen (FF) and 3 formalin-fixed 

paraffin-embedded (FFPE) cases. Patient tissues were collected from the University 

of Nebraska Medical Center (UNMC) and the International Peripheral T-cell Lymphoma 



163 

   

 

(IPTCL) Consortium comprises specimens from Kurume University School of Medicine, 

Fukuoka, Japan; Division of Medical Oncology, National Cancer Centre Singapore, 

Singapore; University of Wuerzburg and Comprehensive Cancer Center Mainfranken, 

Wuerzburg, Germany; Département de Pathologie, Université Paris-Est, Hôpital Henri-

Mondor, INSERM U955, Créteil, France during the year 2006-2015. All of the FFPE 

cases were from Milan/Bologna University School of Medicine, Bologna. All patients 

had signed informed consent as part of the clinical documentation and this study was 

conducted under the supervision of the University of Nebraska Medical Center 

Institutional Review Board. 

DNA copy number analysis 

The extraction and purification of DNA were previously performed using AllPrep 

DNA/RNA Mini Kit (Qiagen) on FF specimen and AllPrep DNA/RNA FFPE Kit (Qiagen) 

on FFPE cases. All patients DNA were quantified by Qubit™ dsDNA BR Assay Kit (Cat. 

Q32853) and 80ng DNA per sample was required for DNA library preparation using 

OncoScan® FFPE Assay Kit according to the manufacturer’s instruction. CEL files were 

generated and scanned by Affymetrix GeneChip Command Console® (AGCC) 4.0 

Software, which includes “AT” and “GC” arrays. CEL files were then converted into 

OSCHP files by OncoScan Console 1.3 Software, which runs TuScan analysis 

algorithm to determine copy number variations. Using a reference model file (RMF), 

the algorithm identifies the normal diploid regions, computes Log2 ratios and B allele 

frequency (BAF), and output copy number segmentation in OSCHP Files visualized 
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for interpretation in Nexus Copy NumberTM Software (BioDiscovery, El Segundo, CA, 

USA). Genomic alterations were analyzed by the SNP-FASST2 algorithm with gain 

and loss threshold set at a log2 ratio of 0.06 and -0.06. Copy number variations (CNVs) 

were identified by comparing the coverage depth of individual capture intervals and 

supported by a significant deviation of the B allele frequency from the genome-wide 

average.  

Mice breeding and maintaining 

The Ptenfl/fl mouse (B6.129S4-Ptentm1Hwu/J, Stock No: 006440) and CD4 specific 

Cre mouse (B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ, Stock No: 022071) were purchased from 

The Jackson Laboratory. The p53LSL·R172H/+ mouse was generously provided by Dr. 

Surinder K. Batra. Ptenfl/fl mice were crossed with CD4-Cre mice to generate mice with 

CD4 T-specific deletion of Pten. Ptenfl/fl mice were crossed with p53LSL-R172H/+ mice to 

generate p53LSL-R172H/+;Ptenfl/+ mice. Mice carrying p53LSL-R172H/+;Ptenfl/+ mice were 

crossed with mice harboring CD4-Cre;Ptenfl/+ to generate mutant mice with CD4 T 

specific deletion of Pten and/or p53. All mice were maintained under specific pathogen-

free conditions in a barrier facility and all animal studies were approved by the 

University of Nebraska Medical Center (UNMC) Institutional Animal Care and Use 

Committee (IACUC). 

PCR genotyping and deletion analysis 

For genotyping, mouse-ear DNA was subjected to polymerase chain reaction (PCR) 

analysis with the following primers. PCR primers flanking the exon 5 of Pten locus 
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yields a 328bp homozygote band and a 156bp wild-type band. Forward: 5’-

CAAGCACTCTGCGAACTGAG-3’, Reverse: 5’-GCATCTTGCCTTCAAAAACTT-3’. 

Deletion of the Ptenfl/fl allele was detected by polymerase chain reaction (PCR) on 

purified CD4+ T cells from mouse spleen using the following primers: Forward: 5’-

ACTCAAGGCAGGGATGAGC-3’, Reverse 1: 5’-AATCTAGGGCCTCTTGTG-3’, 

Reverse 2: 5’-GCTTGATATCGAATTCCTGCAGC-3’, where wild-type allele results in 

an 889bp product and Ptenfl/fl deletion generates a product either >889bp (F+R1) or 

<3709bp (F+R2). To determine the presence of the LSL cassette in p53, PCR 

amplification of conditional mutant p53 alleles on mouse-ear DNA using the following 

primers to generate a 270bp mutant band and a 166bp wild-type band. Forward: 5’-

CTTGGAGACATAGCCACACTG-3’; Reverse 1: 5’-

AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3’, Reverse 2: 5’-

TTACACATCCAGCCTCTGTGG-3’. For p53R172H recombination detection, the 

following primers were used on purified CD4+ T cells from mouse spleen to yield a wild-

type band of 290 bp and mutant allele of 330 bp: Forward: 5’-

AGCCTGCCTAGCTTCCTCAGG-3’, Reverse 5’-CTTGGAGACATAGCCACACTG-3’. 

Histology and immunohistochemistry (IHC) 

The spleen, thymus, lymph nodes, liver, and kidney were collected and fixed by 4% 

paraformaldehyde overnight followed by 70% ethanol for 72 hours until the tissues 

were processed. Mice lymphoid organs were then paraffin-embedded and sectioned 

into 5µm for hematoxylin and eosin (H&E) or immunohistochemistry (IHC) staining. 
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FFPE sections were prepared for staining using standard protocols for xylene and 

alcohol gradient for deparaffination. Antigen retrieval was performed in the pressure 

cooker (95°C for 30 min) using citrate buffer to remove aldehyde links formed during 

the initial fixation of tissues. Slides were incubated with primary antibodies, including 

anti-CD3 (MA1-90582, Invitrogen) at 1:100 dilution, anti-CD4 (ab183685, Abcam) at 

1:800 dilution, anti-CD8 (4SM15, Invitrogen) at 1:100 dilution, anti-CD19 (D4V4B, Cell 

Signaling Technology) at 1:800 dilution, anti-TdT (338A-74, Cell Marque) at 1:100 

dilution. All slides were examined by the Department of Pathology and Microbiology, 

UNMC. 

RNA-Sequencing (RNA-Seq) 

Total RNA was extracted using AllPrep DNA/RNA Mini Kit (Qiagen) from purified 4 

weeks of age CD4+ T cells of the spleen from wild-type, p53LSL-R172H/+, Ptenfl/+, Ptenfl/fl, 

p53LSL-R172H/+;Ptenfl/+, p53LSL-R172H/+;Ptenfl/fl mice. Library preparation was performed with 

150ng of total RNA using TruSeq RNA Library Prep Kit v2 (illumina®) and sequenced 

on a NextSeq 500 sequencer to obtain 20 million, 75 base pair paired-end reads. RNA-

seq reads were aligned to mm10 using the STAR RNA-seq aligner (v2.5.3). Gene 

counts were derived from the number of uniquely aligned unambiguous reads by 

HTSeq (v0.9.1). Transcriptional profiling was carried out on BRB-Array tools. The 

Ingenuity Pathway Analysis (IPA) was used for identifying gene sets and pathways that 

distinguished among different genotypes. 

Naïve CD4+ T cell isolation and culturing 
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The harvested spleen was disrupted and homogenized with the plunger of a 3ml 

syringe against a 70-µM cell strainer into a 50ml tube. Raise the strainer with 10 ml of 

cold RPMI with 4% FBS through the mesh, count for viable cell numbers using a 0.4% 

Trypan blue solution, and centrifuge at 1000 x rpm for 5 min at RT. Re-suspend the 

splenocytes in EasySepTM Buffer (Catalog #20144) at concentration of 1X10^8 cells/ml. 

Total CD4+ T cells from mice spleen were isolated by negative selection with magnetic 

beads using EasySepTM Mouse CD4+ T Cell Isolation Kit (Catalog # 19852, 

STEMCELLTM TECHNOLOGIES) according to manufactory’s instruction. Purity was 

determined by flow cytometry and ranged between 90-97%. Fresh isolated primary 

CD4+ T cells from 4-week age mice were plated in duplicates at a density of 1x10^6 

cells/ml in 48-well plates for all the in vitro experiments. Cells were cultured in RPMI 

1640 media supplemented with 20% FBS, 1% penicillin/streptomycin, 0.1% β-

Mercaptoethanol, 20ng/ml mouse recombinant IL-2 (Cat # 78081, STEMCELLTM) and 

Dynabeads® Mouse T-Activator CD3/CD28 (Cat #11452D, Gibco™) for a bead-to-cell 

ratio of 1:1. Cells were cultured at 37°C in a humidified incubator with 5% CO2 for 

certain periods before they were collected for analysis.  

T cell proliferation assay 

For determination of growth curves by using the reducing power of living cells to 

quantitatively measure the proliferation of cells, the PrestoBlue® Cell Viability Reagent 

(Catalog # A13261, Invitrogen) was mixed with the cell medium in a 1:10 ratio and 4ul 

of the solution were dispensed into the 384-well plate containing the cells seeded. 
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Followed by 2 hours incubation at 37°C, fluorescence was measured using 560-nm 

excitation and 590-nm emission filters by Infinite® 200 PRO plate reader. Duplicate 

wells were analyzed for each condition, and results were expressed as mean ± SD 

with the data shown representative of 2 replicated experiments.  

Cell cycle analysis  

For cell-cycle analysis, cells were collected at indicated time points after seeded. Then 

cells were fixed in cold 70% ethanol, treated with 0.2mg/ml RNase and stained with 

50ug/ml Propidium iodide (PI) for 30 min in 37°C water bath. Cell-cycle profile was 

determined using the NovoCyteTM flow cytometer (ACEA Biosciences) and 

percentages of DNA content G0/G1, S, and G2/M phase cells were assessed by 

NovoCyteTM software (ACEA Biosciences).  

Cell apoptosis analysis 

Annexin V-APC and 7-AAD staining were used to detect and quantify apoptosis by flow 

cytometry. Cells were harvested at indicated time points after seeded, washed twice 

with cold 1XPBS and resuspended in 1X Binding Buffer (10mM HEPES/NaOH (pH 

7.4), 140mM NaCl, 2.5mM CaCl2) at a density of 1X106 cells/ml containing APC-

conjugated Annexin V (Cat # 561012, BD Pharmingen™) and 7-AAD (Cat # 559925, 

BD Pharmingen™). Cells were then incubated for 15 min at RT in the dark and 

processed for FACS within 1 hr of staining.  

Flow cytometric analysis 



169 

   

 

For the phenotypic analysis of lymphoid and myeloid cells, cell suspensions derived 

from mouse spleen, thymus, lymph nodes, and peripheral blood were re-suspend with 

5 ml of red blood cells (RBCs) using RBC lysis buffer for mouse (J62150, Alfa Aesar) 

and incubate 5 min at RT. Nucleated cell pellets were then re-suspended in 5ml of 

FACS staining buffer (1 X PBS, 0.5% BSA, 2mM EDTA) and counted for viable cell 

numbers using a 0.4% Trypan blue solution. Cells were then aliquoted at a density of 

1X10^6 cells/ml and incubated with the indicated antibodies for 30mins at 4°C. 

Antibodies against the following molecules conjugates the indicated fluorochromes 

were utilized: FITC anti-CD3 (Cat # 561798, BD Pharmingen™), APC anti-

CD45R/B220 (Cat # 553092, BD Pharmingen™), PE anti-CD335 (Cat # 560757, BD 

Pharmingen™), PE anti-CD4 (Cat # 557308, BD Pharmingen™), APC anti-CD8α (Cat 

# 553035, BD Pharmingen™), FITC anti-CD11b (Cat # 101205, BioLegend®), APC 

anti-Gr-1 (Cat # 108412, BioLegend®). All of the cytofluorimetric analysis of the surface 

markers were performed gating on viable (Cat # 13-0865, Ghost DyeTM Red 780) cells 

were performed using NovoCyteTM software (ACEA Biosciences). 

In vitro T helper cell differentiation 

Naïve CD4+ T cells were purified from spleens of 4- to 5-week-old 6 genotypes of mice 

by negative selection and magnetic separation as described above. Purity was 

determined by flow cytometry and ranged between 90-97%. Fresh isolated and purified 

naïve CD4+ T cells were plated in duplicates at a density of 1x10^6 cells/ml in 48-well 

plates and activated by 20ng/ml mouse IL-2 and Dynabeads® Mouse T-Activator 
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CD3/CD28 for a bead-to-cell ratio of 1:1. Th1 and Th2 differentiation conditions were 

set up by supplement the culture media with cytokines and blocking antibodies 

accordingly. Dissolve 5 x 10^5 naïve CD4+ T cells with 500 ul of Th1-polarized media 

supplemented with mouse recombinant IL-12 (20ng/ml, Cat # 78028.1), anti-IL4 

antibodies (10,000ngml, Cat # 504122). Th2-polarized media supplemented with 

mouse recombinant IL-4 (100ng/ml, Cat # 78047.1), anti-mouse IFN-γ (10,000ng/ml, 

Cat # 505834), anti-mouse IL-12 antibodies (10,000ng/ml, Cat #505308). Plates were 

incubated at 37°C with 5% CO2 for 96 hr before protein expression analysis. After the 

initial 48 hr culture, the addition of fresh media containing mouse recombinant IL-2 and 

neutralizing antibodies were added. All of the polarization cytokine antibodies were 

purchased from STEMCELLTM and the neutralizing antibodies were from BioLegend®. 

Western Blot 

For western blot analysis, cells were washed twice in 1 X PBS and lysed on ice using 

Pierce™ RIPA Buffer (Prod # 89900, Thermo Scientific™) supplemented with Halt™ 

Protease and Phosphatase Inhibitor Cocktail (Prod # 1861281, Thermo Scientific™). 

Protein extracts obtained from mouse cells were clarified and concentrations were 

measured with Pierce™ Coomassie (Bradford) Protein Assay Kit (Cat # 23200, 

Thermo Scientific™). 30 μg of protein extracts were separated on Bolt™ 4-12% Bis-

Tris Plus Gels (Cat # NW04125BOX, Invitrogen™), transferred to a nitrocellulose 

membrane (Cat # 1620115, BIO-RAD) and blotted with antibodies raised against p53 

(32532, Cell Signaling), Pten (9188, Cell Signaling), GATA3 (sc-268, SANTA CRUZ), 
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T-bet (ab91109, Abcam). To reduce non-specific signal membranes were blocked in 

Odyssey® blocking buffer in TBS (927-50000, LI-COR). Membranes were incubated 

with indicated primary antibodies overnight at 4°C, washed in TBST (10 mmol/L Tris, 

pH 8.0, 150 mmol/L NaCl, 0.5% Tween 20) buffer and probed against mouse or rabbit 

IgGs (IRDye® 800CW, LI-COR) at room temperature for 1 hr. The detection of bands 

was carried out upon then Odyssey infrared imaging system (LI-COR, Biosciences). 

Adoptive transfer experiments 

6-11-week-old recipient mice (B6.SJL-Ptprca Pepcb/BoyJ, C57BL/6, Stock No: 

002014 | B6 Cd45.1, Jackson's Laboratory) were exposed to 6 Gy gamma-ray 

sublethal whole-body irradiation (WBI) using a RS-2000 Irradiator (LEVEL 3, 3 minutes, 

dose rate: 2.0 Gy/min) 18-20 hours prior to adoptive cell transfer (ACT). In water 

sulfamethoxazole/trimethoprim has been administrated to the recipient mice 7 days 

prior and 14 days post sublethal WBI. To construct a dose rate of 95mg/kg/24 hours, 

3.3ml of sulfamethoxazole/trimethoprim oral suspension stock was added to 250ml 

drinking water. CD4+ donor cells from the spleen of p53LSL·R172H/+, Ptenfl/fl, 

p53LSL·R172H/+;Ptenfl/+, p53LSL·R172H/+;Ptenfl/fl 4-5-week-old male or female mice were 

purified by EasySepTM Mouse CD4+ T Cell Isolation Kit (Catalog # 19852, 

STEMCELLTM TECHNOLOGIES) as described above. Recipient mice received 1-

3x10^6 CD4-enriched cells in 200ul sterile 1 X PBS by intravenous tail vein or retro-

orbital injection. For tail vein injection. For tail vein injection, the recipient mice were 

warmed up with a heated lamp for 5mins to achieve vasodilation for tail vein injection. 
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Spray the tail with the sterile alcohol prep pad to visualize the lateral tail vein and rotate 

the tail ¼ turn for easier injection. At the distal portion of the tail, insert the needle 

parallel to the vein 2 to 5 mm into the lumen. Inject tumor cells in the lateral tail vein 

with a 1 ml-syringe with a 28G1/2 needle (329461, BD). Inject the cell suspension 

slowly. The cell suspension should flow easily if needle is properly located. Withdraw 

the needle and apply pressure to prevent bleeding. Alternatively, the retro-orbital 

injection was performed instead of tail veil injection for adoptive cell transfer, especially 

when the tail vein injection is challenging. The retro-orbital injection was performed 

under inhalant anesthetic by isoflurane 4% for induction and 2.5% for maintenance. 

CD4+ T cells were administered slowly into the medial canthus through a 28G1/2 

(329461, BD) needle insertion. Withdraw the needle and apply pressure to prevent 

bleeding. 

Survival analysis 

The animal survival analysis was determined by Kaplan-Meier analysis. The statistical 

test was performed with the log-rank test. Statistical analysis was performed by using 

ANOVA multiple comparison of GraphPad Prism 7.04. P values were considered 

significantly different among groups, with * p<0.05, ** p<0.001, *** p<0.0001, unless 

otherwise indicated in the figure.  
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