




XV 
 

 

Three-dimensional modeling and surface plasmon resonance (SPR) analysis of the 

N642H mutant shows stronger affinity for the phosphorylated tyrosine Y699 .........55 

AZD1480 inhibits STAT3/STAT5B mutant transduced NK cells ..............................57 

Activating STAT3 mutations coordinated with silencing of SOCS6 in NKTCLs .......58 

Discussion .................................................................................................................60 

Chapter IV: Role of Blimp1 in NK cells homeostasis and function ........................ 100 

Introduction .............................................................................................................. 101 

Results ..................................................................................................................... 104 

Establish a NK-lineage specific Blimp1 knock out mouse model .......................... 104 

Blimp1 has an effect on NK cell homeostasis and maturation in vivo .................... 105 

Blimp1 has an effect on NK cell proliferation and survival ..................................... 107 

Blimp1 has an effect on NK cell cytotoxicity .......................................................... 109 

Establish a NK-lineage specific Lmp1 knock in Blimp1 knock out double transgenic 

mouse model ........................................................................................................ 110 

NK cells were severely reduced in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice ................ 111 

Lmp1 expression altered NK cell subsets distribution ........................................... 112 

The decrease in NK cells in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice was due to 

Immunosurveillance.............................................................................................. 112 

Discussion ............................................................................................................... 115 

Chapter V: Summary and future directions ............................................................. 157 

Chapter VI: Reference ............................................................................................... 173  



1 
 

 

Chapter I 

Introduction 

 

 

 

 

 

 

 

 

 

 

 



2 
 

 

NK cell 

The lymphocyte is a subtype of white blood cell in a vertebrate’s immune system that 

plays an important role in immunosurveillance. Innate lymphoid cells (ILC) are group of 

innate immune cells that are derived from the lymphoid lineage but do not respond in an 

antigen-specific manner, as they lack somatic rearrangement of immunoglobulin and T 

cell receptor genes. There are three types of ILCs characterized based on cytokine 

secretion and transcriptional factor expression, NK cells are one of two group 1 ILC 

described to date. NK cells can kill pathogen-infected cells or malignant cells by 

releasing cytotoxic molecules such as perforin and granzymes. Upon degranulation, 

perforin can form pores on the target cell’s plasma membrane. Granzymes then enter 

the target cell through the pore and cleave caspase-3 and Bid, which results in apoptosis 

(Buzza and Bird, 2006). NK cells can also protect the host by augmenting and recruiting 

other immune cells via secretion of cytokines, such as TNFα, TNFβ and IFNγ, and 

chemokines such as MIP-1α, MIP-1β and RANTES (Fauriat et al., 2010). 

NK cell anatomical localization and maturation 

NK cells localize throughout lymphoid and non-lymphoid tissues. In most tissues, NK 

cells comprise a small fraction of all lymphocytes (Gregoire et al., 2007).  It is believed 

that NK cells develop from a common lymphoid progenitor (CLP) in the bone 

marrow(Kondo et al., 2001).  However, studies show that NK cells in thymus and 

secondary lymphoid organs such as lymph nodes, have distinct phenotypic and 

functional features compared to those in the spleen and peripheral blood. Both CD34+ 

HPCs and downstream NK cell developmental intermediates have been identified in 

liver, uterus and mucosa-associated lymphoid tissue (MALT). Taken together, it is 

commonly accepted that NK cell developmental intermediates originate in the bone 

marrow then traffic to extramedullary tissues such as lymph nodes, liver, spleen and give 
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rise to functionally distinct mature NK cell subsets.(Res et al., 1996, Di Santo, 2006). 

CLPs can differentiate into NK cell progenitors (NKPs), marked by the expression of 

IL2/IL-15 receptor beta chain (IL2RB), also known as CD122 (Di Santo, 2006). IL-15 

selectively promotes NK cell differentiation, proliferation and survival (Becknell and 

Caligiuri, 2005). The committed NKP then acquires functional receptors in an orderly 

fashion as they become functionally mature. In mice, NKPs first acquire NK1.1, 

CD94/NKG2A, and NKp46 followed by Ly49 receptors, DX5, and finally CD43 and Mac-

1 (CD11b)(Kim et al., 2002). In human NK cells, receptors are expressed in the following 

order: CD161, CD56, CD94/NKG2A, NKp46, and NKG2D, killer immunoglobulin-like 

receptors (KIR) and CD16 (Freud et al., 2006, Perussia et al., 2005).  Mature NK cells 

can be divided into different subsets based on the expression of surface molecules. 

In mice, 4 populations of NK cells with different expression of CD11b and CD27 

are present. NK cell differentiation is a 4-stage process following CD11lowCD27low to 

CD11lowCD27high to CD11bhighCD27high cells to the most mature CD11bhighCD27high cells 

(Chiossone et al., 2009). CD11lowCD27low double negative (DP) NK cells express low 

levels of NK maturation receptors and are considered to represent immature NK cells in 

various numbers in different lymphoid sites. CD11lowCD27high NK cells are the major NK 

–cell compartment in fetal and neonatal mice, whereas they are mainly found in bone 

marrow, lymph nodes and liver in the adult.  CD11low NK cells have high proliferation 

ability compared to CD11bhigh NK cells. CD11bhigh   NK cells are mostly present in 

peripheral sites such as peripheral blood, spleen and liver. CD11bhighCD27high NK cells 

have the greatest effector function.  CD11bhighCD27high cells are also mostly found in 

peripheral sites, but these cells have greater restriction by self MHC (Hayakawa and 

Smyth, 2006) 
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In human, two subsets of NK cells are identified by expression of CD56 and 

CD16. CD56high CD16dim   NK cells are the major component of the NK cell population in 

lymph nodes and tonsil; they secrete large quantities of cytokines upon stimulation, but 

they have low cytotoxic capacity. CD56dimCD16high NK cells account for around 90% of 

NK cell population in peripheral blood and spleen. They have high cytotoxic capacity but 

have relatively lower capacity for cytokine production (Yu et al., 2013).  Despite the 

differences in NK lineage markers between mouse NK cells and human cells, several 

experiments suggest that CD56high CD16dim   human NK cells and CD11low  mouse NK 

cells share similarities in localization (enrichment in lymph nodes), phenotype 

(expression of early NK markers such as IL7R and lack of effector markers such as Ly49 

and KIR) and better proliferation ability. 

NK cell activation 

NK cells, as a member of the innate immune system, can recognize and kill transformed 

or virus-infected cells. Unlike cytotoxic T cells, which recognize target cells in a MHC-I-

dependent manner, NK cells can response to cells that lack MHC-I through release from 

inhibitory receptors. Further studies show that besides inhibitory receptors, NK cell also 

process various activating receptors, and the interplay between inhibitory and activating 

receptors result in the proper response of NK cells to its targets. 

NK cells express a repertoire of inhibitory receptors that have different structures 

and ligands (Long, 2008), and NK cells are heterogeneous in their expression of 

inhibitory receptors.The most common inhibitory receptors are belonged to three 

families: killer cell immunoglobulin-like receptors (KIRs), leukocyte immunoglobulin-like 

receptors (LILRs) and  Ly49. Most KIRs are inhibitory and dominant but some are 

activating. They are present in human and nonhuman primates and are the main 
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receptor for MHC I molecules (HLA-A, HLA-B, HLA-C). KIRs are not present in mice, 

however Ly 49, which also have both activating and inhibitory isoforms, are the 

functional homologues of KIRs in mice. LILRs are recently discovered receptors, the 

inhibitory receptors are found on NK cells. KIRs and LILRs belong to the immunoglobulin 

superfamily which has Ig-like extracellular domains, whereas others, such as Ly49 and 

CD94-NKG2A receptors have a C-type lectin—like scaffold. The differences in their 

extracellular domains determin their ligand binding specificity. However, regardless the 

differences in their extracellular region, all the inhibitory receptors share a common 

immunoreceptor tyrosin-based inhibitory motif (ITIM) in their intracellular region. The 

inhibitory MHC I receptor interacts with MHC I molecules constitutively expressed on 

normal cells and suppress NK cell activation when engaged. Since MHC class I 

molecules are the main mechanism by which cells display viral or tumor antigens to 

cytotoxic T cells, some intracellular microbes and tumors cells adapt to downregulate 

their MHC I molecules on cell surface in order to avoid the killing by T cells. This causes 

NK cells losing the inhibitory signal and becoming more prone to activation. This 

"missing-self recognition" mechanism allows NK cells to be tolerant to self while able to 

kill stressed or infected cells (Yokoyama and Plougastel, 2003) 

Unlike T and B cells, instead of having a dominant activation receptor, NK cells 

process different activating receptors. There are three major activating receptors in both 

human and mouse NK cells: the ITAM-bearing NK receptors such as CD16 (FCGR3A, 

which binds to the Fc portion of antibodies and allows NK cells to kill through antibody-

dependent cellular cytotoxicity [ADCC]), the DAP10-associated NKG2D receptor, and 

the CD244 receptor(Moretta et al., 2001). Studies show that none of the activating 

receptor, except CD16, can activate NK cell alone. Only when the combination of 

several activating receptors transmit a activating signal that counterbalances the 

https://en.wikipedia.org/wiki/Microbes�
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inhibitory signal from inhibitory receptors, will the NK cell be activated (Lanier, 2008). NK 

cell’s effector functions are also dependent on the cytokine microenvironment and 

interaction with other cells such as T cells and macrophages. IL-2 and IL15 are potent 

activators of human and mouse NK cells and have been used for NK cell culture (Sun et 

al., 2009). 

 

γδT cell 

Gamma delta T cells (γδ T cells) are a rare subset of T cells with a TCR composed of a 

γ  chain and a δ chain, in contrast to the mainstream alpha beta T cells (αβ T cells), 

which have TCRs that is made up of α and β TCR chains. γδ T cells are considered to 

be a bridge between innate and adaptive immunity in that as they express both natural 

killer receptors such as NKG2D and γδ T cell receptors (Kong et al., 2009). On one 

hand, γδ T cells rearrange TCR genes to produce recombinatorial and junctional 

diversity and develop a memory phenotype as other adaptive immunity cells and interact 

with T and B cells in the adaptive immune system; on the other hand, they can recognize 

targets in a MHC-independent manner and they also have phagocytic and cytotoxic 

functions that are used by NK cells or macrophages in the innate immune system (Wu et 

al., 2014). Compare to αβ T cells, γδ T cells display more diverse functions. Similar to αβ 

T cells, they can provide help for B cells(Vantourout and Hayday, 2013), secrete 

cytokines such as IL10, IL17, IFN-γ and TNFα to activate or recruit other cells and kill 

malignant cells (Kong et al., 2009). In addition, they can present antigen to αβ T cells as 

antigen present cells (APC) (Brandes et al., 2005), and they play a role in maintaining 

epidermal integrity by secreting different kinds of growth factors (Schilbach et al., 2000). 



7 
 

 

γδ T cells cell anatomical localization and maturation 

Both αβ and γδ T cells are developed from double negative (DN) CD3+ T cell precursors 

in the thymus. γδ T cells are mainly distributed in the skin and gut mucosa, within a 

population of lymphocytes known as intraepithelial lymphocytes (IELs)(Petermann et al., 

2010). In human, there are three major γδ T cell subsets: Vδ1, Vδ2 and Vδ3 T cells. Vδ1 

T cells are prominent in the intraepithelial location of mucosal surfaces. They maintain 

epithelial tissue integrity during damage, infection, or transformation by producing growth 

factors and cytokines. Vδ2 chain pairs almost exclusively with Vγ9 chain to form Vδ2 γ9 

T cells. They comprise up to 50-90% of the peripheral γδ T-cell population and can serve 

as professional APCs, as they express MHC-II and costimulatory molecules such as 

CD80 and CD86 upon activation. Vδ3 T cells comprise only 0.2% of circulating T cells, 

but they are more frequent in patients with leukemia and chronic infections. They can 

express T cell and NK cell markers such as CD4, CD8, CD56, CD161 and NKG2D. 

γδ T cells activation 

Some γδ T cells recognize phosphoantigens such as (E)-4-hydroxy-3-methyl-but-2-enyl 

diphosphate (HMB-PP), an immediate upstream metabolite of isopentenyl diphosphate 

(IPP), in killed microorganisms including bacteria such as Mycobacterium tuberculosis. 

Human cells also produce IPP, but in physiologically concentration it is not sufficient to 

activate γδ T cells. However, certain tumor cells produce higher concentrations of IPP 

and activate γδ T cells.  Cell-to-cell interaction with APC is required for the binding of γδ 

TCR and phosphoantigens, but antigen processing and MHC molecules are not required 

since γδ T cells use their TCR in a pattern recognition manner. Besides TCR signaling, 

activation of γδ T cells also requires other costimulatory molecules. Three major 

catergories of costimulatory molecules are used by γδ T cells: immunoglobulin (Ig) 

https://en.wikipedia.org/wiki/Intraepithelial_lymphocyte�
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expression profile studies shown that several pathways such as JAK-STAT, 

Angiogenesis, platelet-derived growth factor receptor (PDGFR), NOTCH, WNT, and 

NFκB signaling pathways are activated in NKTCL(Huang et al., 2010, Iqbal et al., Ng et 

al.). The activation of oncogenic pathways was usually due to activation of oncogens 

through amplification or activating mutation and/or inactivation of tumor suppressor 

genes by mechanisms like allele deletion, missense/nonsense mutations or DNA 

methylation. Some important pathways related to this study are described below. 

EBV infection and Lmp1expression 

A distinctive feature of NKTCL is the strong association with Epstein–Barr virus infection; 

EBV is positive in 100% of NKTCL cases by in situ hybridization(Chiang et al., 1996). 

EBV undergoes latency II infection in NK cells, in which they only express a restricted 

pattern of viral proteins limiting to EBNA1, LMP1, and LMP2 (Xu et al., 2001). EBNA1 is 

required for the maintenance of viral episomes and expressed in all latency phases. 

LMP2B can promote cell proliferation and survival. LMP1 is the main transforming 

protein of EBV. The N-terminal six-transmembrane domain (6TM) of Lmp1 regulates its 

own transcription and degradation through its activation of unfolded protein response 

and autophagy. Its C-terminal domain activate several downstream molecules such as 

nuclear factor-κB (NF-κB) and activating protein 1 (AP-1) and signal transducer and 

activator of transcription (STAT) , leading to NK/T-cell activation and proliferation(Chen, 

2012).Thus Lmp1 acts like a constitutively activated tumor necrosis factor receptor 

family member, in fact in B cell Lmp1 can substitute for the signaling of CD40(Graham et 

al., 2010), another member of TNF family. In vitro study shown that Lmp1 silencing in 

EBV+ NK cell line resulted in decreased cell proliferation and survival and a reduction in 

cell invasion and migration, suggesting the oncogenic role of Lmp1 in NKTCL(Sun et al., 

2015). 
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Aim of the dissertation 

In order to gain a better understanding of the molecular pathogenesis of NKTCL, we 

obtained and compared the global gene expression profile, global somatic mutation 

profile, and global methylation profile of normal NK cells, malignant NK cell lines as well 

as NKTCL patients, and identified potential tumor suppresser genes and oncogenes. 

Our previous GEP study shown JAK-STAT pathway was activated in NKTCL. It is 

important to investigate the underlining mechanism as this will give us an insight in 

potential therapeutic targets. This dissertation explores the underline mechanism of 

constitutive JAK-STAT actication in NKTCL and the effect of JAK-STAT activation on NK 

cell behaviors. In addition, this study compares the mutation profile of NKTCL and other 

γδ-T derived lymphoma; this will give us a better understanding of the ambiguous 

relationship between NK cells and γδ-T. Our previous study shown Blimp1 was 

frequently inactivated in NKTCL and in vitro experiments in normal malignant human NK 

cells indicated Blimp1 as a tumor suppressor gene in NKTCL. Explore the role of Blimp1 

in NK cells in mouse model will give us a better understanding as how Blimp1 affects NK 

cells in vivo and whether Blimp1 deletion alone or combine with other oncogenic 

alternations can lead to malignancies development in vivo. 
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Group Cell 

type 

Mediators 

produced 

Function 

Group 1 

ILCs 

NK cell IFNγ, 

Perforin, 

granzymes 

Immunity to virus and intracellular 

pathologens 

Tumor surveillance 

ILC1 IFNγ Inflammation? 

Group 2 

ILC 

ILC2 IL5,IL9,IL13 

amphiregulin 

Immunity to helminthes 

Wound healing 

Group 3 

ILCs 

LTi cell IL17,IL22, 

lymphotoxin 

Lymphoid tissue development 

Intestinal homeostasis 

Immunity to extracellular bacteria 

Ncr+ 

ILC3 

IL22 Homeostasis of epithelia 

Immunity to extracellular bacteria 

Ncr-ILC3 IL17, IFNγ Immunity to extracellular bacteria 
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Table 1-1: Summary of innate lymphoid cell subsets, mediators production and 

functions 

 

ILCs are further divided into three groups: group 1 ILCs, group 2 ILCs and group 3 ILCs, 

based on their ability to produce type 1, type 2 and TH17 cell-associated cytokines, 

respectively. LTi: Lymphoid tissue inducer cell 
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Material and method 

 

 

 

 

 

 

 

 

 

 



17 
 

 

Patient samples and cell lines 

The phenotypic characteristics of all NKTCL, δγ-PTCL and EATL type II cases (n=94), 

NK- and δγ T-cell lines (n= 9) used in this study are summarized in Table 2-1 and Table 

2-2. Culture conditions of NK and γδ-T cell lines were as described previously(Iqbal et 

al., 2009, Nagata et al., 2001). The DHL16 cell line was cultured in RPMI-1640 (Gibco-

Invitrogen) including 10% FBS; penicillin G (100 units/mL) and streptomycin (100 μg/mL) 

at 37 °C in 5% CO2. 

DNA and RNA extraction 

Extraction and purification of DNA and RNA from tumor cases were performed 

simultaneously using AllPrep DNA/RNA Mini Kit (Qiagen Inc., Valencia, CA) or ALLPrep 

DNA/RNA FFPE Kit (Qiagen Inc). Genomic DNA was isolated from NK or γδ T-cell lines 

using DNeasy Blood and Tissue Kit (Qiagen Inc.).   

Whole transcriptome sequencing and data analysis 

RNA-sequencing was performed on resting NK cells, NK-cells activated by IL2 or by 

K562-Clone9-mb21, 17 NKTCL cases and 3 NK-cell lines. Briefly, 100-bp paired-end 

libraries were prepared with the TrueSeq RNA preparation kit (Illumina Inc., San Diego, 

CA), and high-throughput sequencing was performed at the UNMC Next Generation 

Sequencing Core facility and Tufts University (TUCF) Genomics Core Facility using 

Illumina Genome Analyzer IIX or HiSeq 2000 Sequencing systems. FASTQC reports 

were evaluated for each sample to evaluate the quality of basic statistics. Two different 

pipelines were used to generate the SNVs.    The main pipeline used for SNV detection 

was described previously (Schmitz et al., 2012) with the following addition. In addition to 

the NCBI SNP database (dbSNP) and 1000 Genomes project (Abecasis et al., 2012), 

three normal NK samples were used to filter out the SNPs. The presence of the SNVs 
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was evaluated by visualizing the SNVs using Integrative Genomics Viewer software 

(IGV) (http://www.broadinstitute.org/igv). Finally, the Cosmic release v69 

(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) was used to annotate the 

variants observed in previous studies.  The secondary pipeline used for SNV detection is 

as follows: The read were aligned to the human reference genome (NCBI GRCh37) 

using the BWA aligner(Li and Durbin, 2009) with paired-end (sample) mode and with 

default options. After merging BAM files, PCR duplications were also removed. Then, 

GATK tool (DePristo et al., 2011) was used to realign indel-containing reads to the 

reference genome. After realignment, GATK UnifiedGenotyper was used to generate 

SNP and indel callsets for 24 (21 malignant and 3 normal NK samples) RNA-Seq 

samples, using a merged BAM file including all 24 datasets with specific IDs. Variant 

Quality Score Recalibration filter was applied using the GATK resource bundle 1.2 to 

help minimize false positives. Then, ANNOVAR tool(Wang et al., 2010), version 2013-

02-11, was used to annotate the detected SNPs and indels. For gene and filter 

annotation, the April 2012 version of the annotation database (hg191000g2012apr) and 

dbSNP version 137 was used. For comparison against the 1000 Genomes Project, the 

data 1000g2012apr was used. Lastly, the SNVs present in three normal NK samples 

were filtered out. The basic statistics of RNA-Seq are shown in Table 2-2. Furthermore, 

the number of SNVs and their annotations identified by the primary RNA-Seq pipeline for 

17 NKTCL cases are shown in Fig. 2-1. The RNA-sequencing data will be deposited into 

dbGaP (http://www.ncbi.nlm.nih.gov/gap/) database. 

Whole exome-sequencing and data analysis 

Trueseq DNA library kit (FC-121-2001, Illumina) was used to prepare libraries of a 

NKTCL case DNA and DNA from the peripheral blood of the same patient. Rapid 100-bp 

paired-end sequencing was performed with Hiseq2500 (Illumina) at the UNMC Next 

http://www.broadinstitute.org/igv�
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/�
http://www.researchgate.net/go.Deref.html?url=http%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fgeo%2F�
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Generation Sequencing Core facility.  Raw sequencing reads were mapped to the 

human reference genome hg19 using BWA. GATK was used for local realignment and 

base quality recalibration. Picard (http://picard.sourceforge.net) was used to mark 

duplicates. VarScan(Koboldt et al., 2009) called variants for paired NKTCL and the 

corresponding normal sample. In this study, only STAT3 and STAT5B mutation status 

was evaluated; the whole sequencing profile will be reported later.  

Whole genome amplification 

Whole genome amplification (WGA) of the NKTCL (n=20) or γδ-PTCL (n=4) and KAI3 

cell line was performed using the Repli-g kit (Qiagen Inc., Valencia, CA). 50 ng of tissue 

material was used as a template for amplification. The sensitivity of mutation detection 

was evaluated by applying Sanger sequencing on the G to A mutation detected in the 

intron4/exon5 splice junction of PRDM1 detected previously (Fig. 2-2A)(Iqbal et al., 

2009). Uniform linear amplification of genomic DNA from each NK sample was tested 

with PCR, which generated ~ 3 kb amplicons using KAI3 cell line or NKTCL cases (Fig. 

2-2B,C).In addition, WGA DNA from NKTCL cases was run on TAE-agarose gels, which 

showed  that WGA DNA contains large fragments (>10kb) (Fig. 2-2D).   

Compilation of the list of JAK/STAT pathway genes 

The list of genes in the JAK/STAT pathway was compiled using the following resources: 

1) The genes screened in NK or T-LGL cases in a recent report (Jerez et. al. Blood 

2012).2) The JAK-STAT pathway genes defined in Ingeniuty pathway analysis (IPA) 

program Ingenuity Systems [http:// www.ingeniuty.com], 3) JAK/STAT pathway genes 

shown in Cell Signaling Technology website (http://www.cellsignal.com/pathways/jak-

stat.jsp). 4) The genes shown to play a role in JAK-STAT pathway based on the 

literature.  

http://picard.sourceforge.net/�
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Mutation validation by Sanger sequencing 

Sanger sequencing was performed on DNA from cryopreserved or FFPE tissues, or 

cDNA if only RNA was available. Sequencing was focused on the SH2 domain of STAT3 

and STAT5B and the previously reported mutation hotspots for JAK3.  The genomic 

DNA sequences around the JAK3 A572V, A573V and V722I SNVs was obtained using 

UCSC (http: //genome. ucsc. edu/) genome browser. PCR primers covering SNVs were 

designed with the PrimerQuest software (IDT DNA technologies, Coralville, IA). The 

primers were optimized with gradient PCR, and the forward and reverse primers used for 

PCR amplification of WGA or FFPE gDNA or cDNA samples were used for Sanger 

sequencing. Analysis of the sequences was performed using Vector NTI 10.3.0 

(Invitrogen, Carlsbad, CA, USA) and Sequence Scanner Software v1.0 (Applied 

Biosystems Inc.).  

Promoter methylation analysis of SOCS6 

Methylation specific cut counting (MSCC) procedure was employed to determine the 

methylation level of SOCS6 as described earlier (Ball et al., 2009) in NKTCL cases (n= 

12) and malignant NK cell lines (n=2). We specifically concentrated on the HpaII sites in 

the promoter of SOCS6 (+/- 1 kb of TSS) whereas the complete methylation profile by 

MSCC will be published later. The library preparation and high throughput sequencing 

was performed at the epigenetic core facility by Illumina Genome Analyzer II X. R 

program scripts (http://www.R-project.org) were used to identify the average promoter 

MSCC cut count data.  To determine the significance of change in count data, an 

analysis for fit based on the Poisson distribution at the p=0.05 level was employed. 

Based on this analysis, a significant change was determined to be a four-fold or greater 

difference between two samples. 48h IL2 activated NK-cells were used as the standard 

to evaluate promoter methylation.  
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NK-cell isolation and activation for RNA-Seq 

Primary human NK cells were isolated from peripheral blood lymphocytes (PBL) using a 

human NK-cell isolation kit (Miltenyi Biotec, Auburn, CA) as described 

previously(Meinhardt et al., 2012). The purity of NK cells was evaluated by CD56-APC 

and CD3-PE double staining, and samples with >95% CD56+CD3- cells were used for 

RNA-Seq. Resting NK cells were cultured in the presence of 100 IU of IL2 for 48h to 

obtain activated NK cells. Higher levels of NK-cell activation were achieved by 

coculturing freshly isolated PBLs with engineered K562 cells, K562-Clone9-mb21, as 

described in detail before(Somanchi et al., 2011, Kucuk et al., 2013).  

q-RT-PCR 

Real-time PCR was performed using DyNAmo HS SYBR Green qPCR Kit (Thermo 

Scientific Inc) with CFX Connect (Bio-Rad, Hercules, CA) real time thermocycler. Melting 

curve analysis was performed to ensure amplification specificity.  The ΔΔCt method was 

used to calculate the relative mRNA expression level. Human RPL13A and mouse eEF2 

were used for normalization of gene expression in human and mouse samples 

respectively.  

STAT3 shRNA transfection in 293T cells 

The STAT3 shRNA was transfected into 293T cells as follows: 150,000 cells were 

seeded in 2 ml using 6-well plates in triplicate 24 h before transfection. 3 µg of PLVTH or 

PLVTH-S3S (STAT3 shRNA)(Piva et al., 2010) was transfected into 293T cells using 

Turbofect (Thermo Scientific,Waltham, MA) according to the manufacturer’s 

recommendations. 51 h post-transfection, cells were harvested for q-RT-PCR. 
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Western Blot 

Western blot was performed as described previously with the following modifications 

(Iqbal et al., 2009). RIPA buffer supplemented with a protease inhibitor cocktail (Sigma 

Aldrich, St Louis, MO) and phosphatase inhibitor cocktails 2 and 3 (Sigma Aldrich, St 

Louis, MO) was used to prepare the whole cell lysate. 20 µg protein/sample was used 

for Western blot.  BSA (Sigma-Aldrich, St Louis, MO) was used instead of non-fat dry 

milk during blocking. The primary antibodies used for Western blotting are as follows: 

STAT3 (Cell Signaling, Danvers, MA), STAT5 (3H7) Rabbit mAb #9358 (Cell Signaling 

Inc.,Danvers,  MA) ,phospho-STAT5 D47E7 Rabbit mAb # 4322 (Cell Signaling), 

phospho-STAT3 (Cell Signaling, Danvers, MA) and α-Tubulin (Sigma-Aldrich). 

STAT3 shRNA expression in NK-cell lines 

The lentiviral construct used for STAT3 knock-down was described previously (Piva et 

al., 2010). Lentiviral transduction of NK-cell lines or DHL16 was performed following the 

protocol used for retroviral transduction(Kucuk et al., 2013) with the following 

modifications: 4 µg PLVTH or PLVTH-S3S was cotransfected with 2 µg of PMD2G and 2 

µg psPAX2 packaging constructs into the 293T cell line to generate lentiviral particles. 

Transduction was performed once rather than twice. Transduction efficiency was 

determined with fluorescence-activated cell sorting (FACS) 3 days post-transduction. 

Generation and expression of the STAT3 or STAT5B mutant constructs  

Wild type (WT) STAT5B was PCR-cloned with the high-fidelity PfuUltra II Fusion HS 

DNA Polymerase (Agilent Technologies, Palo Alto, CA) using NK92 cell line cDNA as 

the template and then cloned into the multiple cloning site (MCS) of the pMIG expression 

vector using NotI and SalI restriction sites. Similarly, WT STAT3 was PCR-cloned into 

pMIG from KAI3 cell line cDNA using NotI and SalI sites. Diagnostic mapping and full 
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insert sequencing was performed. These WT STAT3 or STAT5B constructs were used 

as templates for site-directed mutagenesis to generate the STAT3 or STAT5B mutants 

used for functional studies as described below apart from the STAT3-Y640F-pMIG 

construct, which was PCR-cloned with PfuUltra II Fusion HS DNA Polymerase using the 

cDNA from NKYS cells, which have the STAT3 Y640F mutation.   

STAT3 or STAT5B SNVs observed in NKTCL, γδ-PTCL or EATL type II samples (patient 

samples or cell lines) were generated using the Quick-Change Site-Directed 

Mutagenesis Kit (Agilent technologies, Santa Clara, CA) according to the manufacturer’s 

instructions using WT STAT3 or STAT5B-pMIG vectors. Diagnostic restriction mapping 

and full sequencing of the inserts were performed to ensure the presence of introduced 

mutation and absence of another SNV.   The primers used for site-directed mutagenesis 

(SDM) are as follows:  

STAT3-S614R-SDM-F: GAAAGCAGCAAAGAAGGACGCGTCACTTTCACTTGG 

STAT3-S614R-SDM-R: GTGACGCCTCCTTCTTTGCGGCTTTCACTGAATCTT 

 STAT3-G618R-SDM-F: GAAAGCAGCAAAGAAGGACGCGTCACTTTCACTTGG 

STAT3-G618R-SDM-R: CCAAGTGAAAGTGACGCGTCCTTCTTTGCTGCTTTC-3 

STAT3- D661Y-SDM-F: TGGGCTATAAGATCATGTATGCTACCAATATCCTGG 

 STAT3- D661Y-SDM-R: CCAGGATATTGGTAGCATACATGATCTTATAGCCCA 

 STAT3- A702T-SDM-F: AGCTGACCCAGGTAGCACTGCCCCATACCTGAAG 

 STAT3- A702T-SDM-R: CTTCAGGTATGGGGCAGTGCTACCTGGGTCAGCT 

 STAT5B-E579K-SDM-F: GGTTTGACGGTGTGATGAAAGTGTTAAAAAAACATC 

STAT5B-E579K-SDM-R: GATGTTTTTTTAACACTTTCATCACACCGTCAAACC 

STAT5B-N642H-SDM-F:  GGAAAGAATGTTTTGGCATCTGATGCCTTTTACC 



24 
 

 

 STAT5B-N642H-SDM-R: GGTAAAAGGCATCAGATGCCAAAACATTCTTTCC 

 STAT5B-Y665F-SDM-F: GCTTGGGAGACTTGAATTTCCTTATCTACGTGTTTC 

 STAT5B- Y665F-SDM-R: GAAACACGTAGATAAGGAAATTCAAGTCTCCCAAGC 

 STAT5B-I704L-SDM-F: GGATACGTGAAGCCACAGCTCAAGCAAGTGGTCCCTG 

 STAT5B-I704L-SDM-R: CAGGGACCACTTGCTTGAGCTGTGGCTTCACGTATCC 

Retroviral transduction of NK-cell lines was performed as previously described(Kucuk et 

al., 2011) with the following modifications: 4 μg of pMIG or pMIG vectors expressing WT 

or mutated STAT3/STAT5B gene was cotransfected with 4 μg of the packaging 

construct PCL-Ampho into the 293T cell line. A single transduction was performed. 

Transduction efficiency was determined with flow cytometry on GFP+ cells 2-4 days 

post-transduction. KAI3 cells were cultured in the presence of 20% FBS to increase 

transduction efficiency. 

SOCS6 cloning and expression in NK-cell lines 

The SOCS6 coding sequence (NCBI accession number: NM_004232.3) was PCR- 

amplified with the high-fidelity PfuUltra II Fusion HS DNA Polymerase (Agilent 

Technologies, Palo Alto, CA) from 48h IL2 activated human NK cell cDNA and cloned 

into the pMIG expression plasmid upstream of the internal ribosomal entry site using 

NotI and SalI sites. The construct was validated by diagnostic restriction mapping and 

Sanger sequencing of the inserts. Retroviral transduction of NK-cell lines was performed 

as previously described with the following modifications: 4 µg of pMIG or pMIG-SOCS6 

vector was cotransfected with 4 µg of the packaging construct PCL-Ampho into the 293T 

cell line. Single transduction was performed. Transduction efficiency was determined 

with flow cytometry on GFP positive cells 2-4 days post-transduction. YT cells were 

cultured in the presence of IL2 during transduction to increase transduction efficiency. 
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Conditioning primary human NK cells for retroviral transduction   

Primary human NK cells were expanded using a special ex vivo system that involves 

coculturing primary human NK cells with an engineered NK-cell target, K562-Cl9-mb21, 

which activates and induces proliferation of NK cells robustly as described before(Kucuk 

et al., 2013, Kucuk et al., 2011). The expansion procedure is briefly as follows: First, 

primary human NK cells were isolated by negative selection using EasySepTM Human 

NK cell enrichment kit (Stemcell technologies,Vancouver ,Canada). Then, primary NK 

cells were admixed in a 1:2 ratio with 100 Gr irradiated K562-Cl9-mb21cells, which 

express CD86, 4-1BBL and mIL21 on their surface, and cultured in NK-cell expansion 

medium (NKEM) (Somanchi et al., 2011). Cells were spun down at 400 g for 5 min, and 

the culture medium was renewed every three days with fresh culture medium, keeping 

the cell density at 250,000 cells/ml after every subculture. 9 days after coculture started, 

cells were immunostained with CD56-PE (Biolegend, San Diego, CA) and CD3-FITC 

(Biolegend) antibodies to determine the NK-cell purity by FACS. On the same day purity 

was determined, primary NK cells were transduced with WT or mutant STAT5B retroviral 

constructs.  

Determination of positive/negative selection of transduced cells using FACS 

STAT3 shRNA or STAT3/STAT5B mutant transduced NK cell lines were tracked by 

quantification of the GFP+ cells using flow cytometry after transduction to determine 

negative or positive selection of cells, respectively, because GFP was used as the 

marker of transduction. The following flow cytometers were used for determination of 

GFP+ cells: FACS Calibure (BD Biosciences), BD LSRFortessa (BD Biosciences) and 

Gallious (Beckman Coulter Inc.)  Autofluorescent cells, which emit both green and 

orange, represent false positive, untransduced cells, were filtered out through proper 

gating. During quantification of GFP+  cells in transduced primary NK cells, dead cells 
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were labeled and filtered out by staining the cells with 0.5ug/ml DAPI (Biolegend, cat.no: 

422801) for 10 min before flow cytometry. 

ChIP-q-PCR 

10 million cells isolated from GFP-sorted, empty vector, STAT5B-WT or N642H-mutant 

transduced KAI3 cells were used for chromatin immunoprecipitation using ChIP-IT 

Express Enzymatic (Active Motif, Carlsbad, CA)  following the manufacturer’s 

recommendations.The procedure is  briefy as follows: The enzymatic digestion time was 

optimized as 10 min based on the TAE-agarose gel image. 10*106 cells /sample were 

fixed with 1% formaldehyde. After enzymatic fragmentation,   STAT5 (3H7) Rabbit  mAb 

#9358  (Cell Signaling Inc.,Danvers,  MA) and rabbit anti-IgG Control (Abcam Inc., 

Cambridge, MA) antibodies were used side-by-side for immunoprecipitations. 20 µg of 

chromatin/reaction was immunoprecipitated using dilutions of STAT5 or IgG antibody 

based on manufacturers’ recommendations. After elution of DNA , reversal of DNA 

crosslinks, and proteinase K  treatment,  q-PCR was performed using 2 µl of gDNA in 

replicate.  STAT5 immunoprecipated DNA levels were normalized to the levels of IgG 

immunoprecipitated DNA for each sample. STAT5 binding sites reported before for 

IL2Ra(Kanai et al., 2014), BCL2(Li et al., 2010),BCL-XL(Kanai et al., 2014), HIF2α(Fatrai 

et al., 2011)  and MIR155HG(Kopp et al., 2013) were evaluated. The sequences of 

ChIP-q-PCR primers used in this study are as follows:    

IL2Rα-ChIP-q-PCR-F: AAAACCAATTTCTTGGGATGG-3 

IL2Rα-ChIP-q-PCR-R: AGGGGAAATTCCGTTGAGTT 

BCL2 ChIP-q-PCR-F: ACTTTACATTTCTGTTGTGTTTACAGC 

BCL2 ChIP-q-PCR-R: ATTCATACATATGCACACGCACA 

BCL-XL ChIP-q-PCR F: AATTCAGCTGCCAGCCTCT 
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 BCL-XL ChIP-q-PCR R: CAACCGCTTCCTTTTCTGAG 

 HIF2α (EPAS1) ChIP-q-PCR F: CAGTGTCCTGAGACTGTATG- 

HIF2α (EPAS1) ChIP-q-PCR R: CTGTCAGACCCGAAAAGA 

AZD1480 treatment of mutant STAT3 or STAT5B transduced KAI3 cells  

25,000 KAI3 cells were seeded in 2 ml inside 24-well plates in replicates or triplicates 

and treated with 0, 0.5 µM, 1  µM or 2 µM of AZD1480 for 72 h. 72 h post-treatment, the 

total viable cell number in each well was quantified using a Vi-cell XR Cell Viability 

Analyzer (Beckman Coulter Inc.) according to the manufacturer’s instructions. Total cell 

number in each treated sample was normalized to that of the untreated control cells.  

Three-dimensional structural modeling of the STAT5B-N642H mutant  

The STAT5B structure was modeled on the available STAT5A structure (PDB ID: 1Y1U) 

using the program MODELLER(Sali and Blundell, 1993). There was little difference in 

the SH2 domains as these two proteins have extremely similar primary sequences. 

Then, the modeled STAT5B SH2 domain was compared to other proteins containing 

SH2 domains that had been co-crystallized with peptides (v-SRC, GRB2, SH2B, NCK2) 

which showed the site of the N642H was directly located in the key binding pocket of the 

phosphorylated tyrosine.   Phosphorylated self-peptide (STAT5B: VDG-PTR-VKPQ) was 

docked into the SH2 domain of WT-STAT5B or N642H-STAT5B, respectively. Protein-

protein docking was done with the FFT-based docking tool ClusPro(Comeau et al., 

2004) on a dedicated server. Key binding residues (STAT5B: R618, S620, N621, K600, 

N642) were specified based on previous peptide-SH2 domains co-crystallized structures 

(PDB ID: 2HDX, 1SHA, 2CIA, 1TZE). The best docking results were selected based on 

an electrostatically favored scoring function.  ClusPro docking server first clustered 1000 

ligand positions with the lowest energy score according to the 9 angstrom C-alpha 
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RMSD radius and then ranked the best model. With the energy-minimized protein-

peptide docked model, the binding energy of the complex was calculated with MolDock 

(Thomsen and Christensen, 2006).  

Wild-type and N642H mutant STAT5B cloning, expression and purification for 

surface plasmon resonance (SPR)  

For surface plasmon resonance, wild-type (WT) and N642H-mutant STAT5B  [residues 

between 128aa-717aa, NM_012448]  was PCR-cloned into the SMT3-pET28b+  plasmid 

using the BamHI and XhoI cloning sites. BclI instead of BamHI  restriction site was used 

in the forward primer to prevent digestion of STAT5B due to the presence of an internal 

BamHI site. A TGA stop codon was included in the reverse primer so that C-term His 

was not expressed. High-fidelity PfuUltra II Fusion HS DNA Polymerase (Agilent 

Technologies, Palo Alto, CA) was used to amplify  STAT5B insert from STAT5B-WT-

pMIG  vector. Diagnostic mapping and Sanger sequencing of the inserts and the 

integration sites were performed to check the quality of the clones. 

WT and mutant STAT5B expression was performed as follows: Plasmid DNA was 

transformed into BL21 (DE3) Codon Plus RIL competent cells (Agilent Technologies) 

and plated on LB agar plates with chloramphenicol (Cam) and kanamycin (Kan). Single 

colonies were selected and grown in LB media with Cam and Kan overnight at 37 °C. 6 

X 6 mL of overnight culture was used to inoculate 6 X 1L LB media with Kan and Cam. 

Cultures were grown at 37 °C to an optical density of 0.6, then flasks were moved to a 

pre-cooled shaker at 18 °C. Cultures were grown at 18 °C until they reached an optical 

density between 0.9-1.1. Protein expression was induced with a final concentration of 

500 µM IPTG, and cells were allowed to grow 16-20 hrs at 18 °C with continued shaking. 

Cells were harvested by centrifugation, resuspended in PBS and frozen at -20 °C until 

purification. 
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His6-SMT fusions of both WT and N642 mutant STAT5B were purified as previously 

published (Donaldson et al., 2013). Briefly, cells were thawed and lysed by French 

pressure cell with DNase I and PMSF. Lysates were clarified by centrifugation and 

filtration. Lysates were applied to Ni-NTA (Thermo Scientific HisPur) and washed with a 

PBS/ imidazole gradient. Eluted protein was dialyzed overnight at 4 °C into PBS in the 

presence of His6-ULP1 enzyme with 1 mM DTT. The dialyzed protein was incubated 

with Ni-NTA beads prior to concentration to remove uncleaved material, His6-SMT and 

His6-ULP1. The unbound material was then loaded onto the preparative grade superdex 

G200 gel filtration column (GE lifesciences) and exchanged into 50 mM Tris pH 8.0, 100 

mM NaCl, 1 mM EDTA, and 1 mM DTT on column. The peak eluting at ~190 mL was 

concentrated, aliquotted into small volumes, and stored at -80 °C.  

Surface plasmon resonance binding assay 

SPR studies were carried out with the GE Lifesciences Biacore T100 instrument at 25 

°C. STAT5B WT and N642H variant ligands were thawed and extensively dialyzed into 

HBS-N buffer (GE lifesciences). 50 µg/mL samples of protein were made by diluting the 

dialyzed stock samples into acetate pH 5.0 buffer immediately before immobilization. 

Both STAT5B proteins were coupled using EDC/NHS amine coupling chemistry with 

final immobilization levels of 5345.6 RU for WT and 5433.9 RU for N642H variant. 

Reference channels received a blank amine coupling protocol. The analyte, 

phosphopeptide (KAVDG (p) YVKPQI) (Anaspec, Fremont, CA) was prepared by 

dissolution in water and extensive dialysis into water. The peptide stock solution was 

stored at 4 °C prior to analysis. 2-fold dilutions of the phosphopeptide stock were 

prepared in HBS-EP+ (GE lifesciences) ranging from 100 µM to 0.78 µM immediately 

prior to analysis. Peptide samples were flowed over the immobilized ligand at a rate of 

30 µL/min with each concentration being run in duplicate. HBS-EP+ was used both as 
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running and regeneration buffer. KD values were calculated using BiaEvaluation software 

(Biacore AS, Uppsala, Sweeden) by fitting the binding isotherms to a 1:1 Langmuir 

model.  

STAT5B Triple flag tag vector construction  

A triple flag tag sequence was fused to C terminal of wild-type and mutant STAT5B and 

inserted into PMIG vector. For regulated STAT5B expression, triple flag STAT5 

sequence were inserted into pBMN-DHFR-YFP vector so that the sequence was fused 

with DHFR on its C terminal. The triple flag tag sequence used in the experiment is:GAC 

TAC AAGGAC CACGAC GGTGAC TAC AAGGAC CACGACATCGACTAC 

AAGGACGACGACGACAAGTGA (D Y K D H D G D Y K D H D I D Y K D D D D K Stop) 

CHIP-Seq assay 

10 million cells isolated from GFP-sorted, empty PMIG vector, STAT5B-WT-3xFlag or 

STAT5B-N642H-3xFlag-PMIG  transduced KAI3 cells were used for chromatin 

immunoprecipitation using ChIP-IT Express Enzymatic (Active Motif, Carlsbad, CA)  

following the manufacturer’s recommendations. The procedure is briefy as follows: The 

enzymatic digestion time was optimized as 10 min based on the TAE-agarose gel 

image. 10*106 cells /sample were fixed with 1% formaldehyde. After enzymatic 

fragmentation, Anti-Flag  mAb () #9358  (Cell Signaling Inc.,Danvers,  MA) and rabbit 

anti-IgG Control (Abcam Inc., Cambridge, MA) antibodies were used side-by-side for 

immunoprecipitations. 20 µg of chromatin/reaction was immunoprecipitated using 

dilutions of STAT5 or IgG antibody based on manufacturers’ recommendations. After 

elution of DNA, reversal of DNA crosslinks, and proteinase K  treatment,  q-PCR was 

performed using 2 µl of gDNA in replicate.  STAT5 immunoprecipated DNA levels were 

normalized to the levels of IgG immunoprecipitated DNA for each sample. STAT5 
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binding sites reported before for KAI3 cells were transduced with empty PMIG vector, 

wild-type STAT55-Flag-PMIG and STAT5B-N642H-Flag-PMIG. GFP positive cells were 

sorted 4 days after transduction. 1 x 10 7 cells were used for Immune-precipitation.            

Donor vector and sgRNA generation for STAT5B mouse 

The loxp flanked wild type STAT5B- STAT5B N642H construct was inserted into 

Bluescript vector by Gibson assembly. Primers with 20bp overhang were used to amplify 

each sequence. 5’ homology arm, mouse wild type STAT5B exon16, 3’ homology arm 

were amplified from mouse genome. Huamn N642H STAT5B exon 16 was amplified 

from patient sample. Sequence containing two paired of loxP sites were amplified from 

vector MSCV- FLIPi-P2G-Thy1.1-PTEN vector (Addgene). Primers for Gibson assembly 

are as follows:  

STAT5BMM5'FLANK-F:,CCGGGCTGCAGGAATTCGATGGACGGAATTACACTTTCTG 

STAT5BMM5'FLANK-R: 

GTTATAGACTAAGGAAGGAATGGTCATTCTTAGGTGGCAATGTTAGCAGCAACACC

TGCCATTAATTAGAG 

5'2XLOXP-SPACER-F: 

TTCCTTCCTTAGTCTATAACTTCGTATAGGATACCTTATACGAAGTTATGGTGAACC

GCATCGAGCTGAAG 

5'2XLOXP-SPACER-R: 

GTAAACCTTGATAACTTCGTATAATGTGTACTATACGAAGTTATCACGAACTCCAGC

AGGACCATGTG 

STAT5BHU-EX16-FLANKS-F: ACGAAGTTATCAAGGTTTACATCTGCCC  
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STAT5BHU-EX16-FLANKS-R: 

GGACTTCTTGGGTTATTTTTAAATGGAGATTTCTATTG STAT5BMU-EX16-FLANK-F: 

AAAAATAACCCAAGAAGTCCCCGTTGGC  

STAT5BMU-EX16-FLANK-R : CCCAGCCATCGCCCTGGGTATTGCCTGA  

3'2XLOXP-F: TACCCAGGGCGATGGCTGGGTTCATGGTG 

3'2XLOXP-F: 

ACGAATTTGTGTATTTCCTAAGAATTTTACGACAATATGATAAGCTTGGCTGCAGG 

STAT5BMU3'FLANK-F: 

TAGGAAATACACAAATTCGTGAGAAAGAAAGACTTCACACACATCTTGATGCTGGCT

CTG 

STAT5BMU3'FLANK-R: ACGGTATCGATAAGCTTGATGGATACTCTAGGAAACTCAG 

sgRNA sequence was cloned into T7-promoter containing pUC57-sgRNA 

expression vector using Bsal sites as described previously(Shen et al., 2014). Vector 

were linearized DraI and in vitro–transcribed using the MEGAshortscript Kit (Ambion, 

AM1354). sgRNAs were purified by MEGAclear Kit (Ambion, AM1908).  To test sgNRA 

efficiency, sgRNA sequence were cloned into CAS9 expressing vector pSpCas9 (BB)-

2A-GFP. 3T3 cells were transfected with sgRNA containing pSpCas9(BB)-2A-GFP 

plasmid, DNA were isolated 2 days posttransfection and Cas9 mediated edition was 

tested with SURVEYOR assay (Invitrogen) (Cong and Zhang, 2015) STAT5B sgRNA 

sequence are as follows:  

STAT5B-CRISPR1-SENSE: GCAATGTTAGCAGCAACACC  

STAT5B-CRISPR1I-ANTISENSE: GGTGTTGCTGCTAACATTG  

STAT5B-CRISPR2- SENSE: TGACCATTCCTTCCTTAGTC 
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Discussion 

In this study, we showed that Blimp1 plays an important role in NK cell homoeostasis 

and functions. A previous study using Blimp1GFP/GFP, Rag2-/-γc-/- reconstituted chimeric 

mice showed that Blimp1 is a important player in the transcription network controlling NK 

cell maturation. However in their study, Blimp1 was deleted in all hematopoietic cells, 

which is not the case in real NKTCL cases, where Blimp1 deletion is NK cell specific. In 

addition, chimeric mice lack other lymphocytes such as T cells and B cells. NK cells 

depend on cytokines from the microenvironment, IL2; a cytokine primarily secreted by 

CD4+ T cells has long been used for NK cell culture in vitro, suggesting an interaction of 

NK cells and other lymphocytes. Therefore chimeric mice cannot fully reflect the 

interaction of NK cells and their microenvironment. Thus in our study, we established a 

NK-lineage specific Blimp1 knockout mouse model. 

NK cells are believed to develop from common lymphoid progenitors (CLP) in 

bone marrow or other extramedullary sites such as lymph nodes and thymus (Kondo et 

al., 2001)14,15. In mouse, CLP develop into NK progenitors (NKP) as they acquire IL2/IL-

15 receptor beta chain (CD122), identified as Lin-CD122+ cells(Di Santo, 2006). NKPs 

then express functional receptors following the order NK1.1, CD94/NKG2A, NKp46, 

Ly49 receptors, DX5, CD43 and Mac-1 (CD11b) (Kim et al., 2002), and become 

functional mature. In our study, the cre-mediated Blimp deletion was under the control of 

the Ncr1 (NKp46) promoter, thus Blimp1 was knocked out starting after the NKP stage. 

Consistent to the finding in the chimeric mice study, NK cell maturation was disrupted in 

Ncr1-cre, Blimp1f/f mice. Peripheral maturation of NK cells is known to be a 4-stage 

process marked by the expression of CD27, a member of the TNF-receptor superfamily, 

and CD11b, a protein subunit of integrin alpha-M beta-2 (αMβ2). NK cells were reduced 

in peripheral lymphoid sites such as peripheral blood and spleen. In contrast, NK cells 
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Figure 4-3: Cre-mediated Blimp1knockout in mice 

NK cells were isolated from the spleens of Ncr1-cre, Blimp1f/f and control mice (3 

mice/phenotype) using a negative selection NK cell isolation kit. DNA was extracted from 

isolated NK cells and attached remaining cells. (A) Blimp1 deletion was tested by PCR 

using genomic DNA. A 200bp band indicates wild type Blimp1, a 250bp band indicates 

floxed Blimp1, and a 400bp band indicates deleted Blimp1. The band indicating Blimp1 

deletion was only detected in the Ncr1-cre, blimp1f/f NK cells. (B) Quantification of 

Blimp1 deletion by q-PCR using genomic DNA. 
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Figure 4-4: Blimp1 has an effect on NK cell homeostasis in vivo 

Single cell suspensions were prepared from blood, spleen, lymph nodes and bone 

marrow in one femur. The lymphocyte profile was analyzed by FACS. NK cells were 

gated as CD3-NK1.1+, T cells were gated as CD3+ and different subsets were analyzed 

by CD4 and CD8 staining, B cells were gated as CD3-CD45R+.(A) Upper panel 

: absolute NK cell number in different lymphoid sites. Lower panel: percentage of NK 

cells in total lymphocytes in different lymphoid sites. (B) Absolute number of B cells, 

CD4+T cells and CD8+T cells in different lymphoid sites. LN: lymph node, BM: bone 

marrow 
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Figure 4-5: Blimp1 has an effect on NK cell maturation in vivo 

NK cells were gated as CD3-NK1.1+. Different subsets were analyzed by the expression 

of CD27 and CD11b. (A) Comparison of the percentage of CD11b- and CD11b+ NK 

cells in different lymphoid sites in Ncr1-cre, Blimp1f/f mice and control mice. (B) NK cell 

subset distribution in different lymphoid sites in Ncr1-cre, Blimp1f/f mice and control 

mice. 
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Figure 4-6: Blimp1 has an effect on NK cell proliferation and survival 

(A)In vitro cultured NK cells were stained with 0.4% trypan blue and live cells were 

counted using an automated cell counter (Invitrogen). Right panel: 105 freshly isolated 

NK cells were seeded into a 24-well plate and cultured in  medium containing 1000U/ml 

IL2. Live cells were counted at the indicated time points. (B) NK cells were expanded in 

media containing IL2 for 4 days; then 105 day4 NK cells were seeded into a 24-well plate 

and cultured in the medium containing 1000U/ml IL15. Live cells were counted at the 

indicated time points. (C) 105  day4 NK cells expanded in IL2 containing medium were 

seeded into plate bottom 96-well plate with or without IL2 for 24 hours. Apoptotic cells 

were stained with Annexin V and 7-AAD and analyzed by flow cytometry. (D) Expression 

of known Blimp1 target IL2Ra was tested by q-RT-PCR in resting NK cells and IL2 

activated NK cells. 
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Figure 4-7: Acute PolyIC stimulation restores NK cells in peripheral blood 

Mice were injected ip with 200µg polyIC. Peripheral blood samples were collected before 

and 1 day and 3 days after injection. NK cell frequency in peripheral blood (A), NK cell 

subset distribution (B) and B cell (C) and T cell (D) frequency in peripheral blood were 

analyzed by FACS (4 mice/ genotype). 
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Figure 4-8: Chronic PolyIC stimulation restores NK cells in spleen 

4 mice/ phenotype were injected ip with 200µg poly IC every other day for 4 weeks. 

Spleens were harvested and lymphocyte profiles were analyzed by FACS. (A) 

Percentage of NK cells among total lymphocytes in spleen. (B) Absolute numbers of NK 

cells in spleen within the lymphocyte gate. (C) Comparison of the percentage of 

activated NK cells in Ncr1-cre, blimp1f/f and control mice. (D) Representative pattern of 

NK cell subsets distribution in Ncr1-cre, blimp1f/f and control mice. 
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Figure 4-9: Blimp1 has an effect on NK cell cytotoxicity 

(A) RNA was extracted from freshly isolated NK cells and IL2 expanded NKcells at day 

7. Expression of known Blimp1 targets TNFα and TNFβ was tested by q-RT-PCR. (B) 

1000 CFSE labeled YAC-cells were cocultured with day 7 NK cells at the indicated 

effector-target ratios in 200ul medium containing 1000U/ml IL2  in a round-bottom 96-

well plate for 4 hours at 37°C. Killed cells were labeled with PI and analyzed by flow 

cytometry. 
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Figure 4-10: NK-lineage specific Blimp 1 knockout and Lmp1 knockin mice 

Blimp1f/f,Lmp1stopf/-  mice have Lmp1 coding sequence inserted into 

the Gt(ROSA)26Sor locus. The transcription of lmp1 was blocked by a loxP-flanked 

STOP fragment placed between the ROSA26 promoter and the LMP1 coding 

sequences. When bred with Ncr1-cre mice, the offspring had the STOP fragment 

deleted in Cre expressing NK cells, resulting in expression of lmp1. At the same time, 

Cre-mediated deletion of Blimp1 resulted in Blimp1 knock out in NK cells. 
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Figure 4-11: NK cells were reduced in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice 

Single cell suspensions were prepared from blood, spleen, lymph nodes and the bone 

marrow in one femur. The lymphcyte profiles were analyzed by FACS. NK cells were 

gated as CD3-NK1.1+. T cells were gated as CD3+ and different subsets were analyzed 

by CD4 and CD8 staining. B cells were gated as CD3-CD45R+.(A) Upper panel: 

absolute NK cell number in different lymphoid sites. Lower panel: percentage of NK cells 

in total lymphocytes in different lymphoid sites. (B) Percentage of B cells (upper panel) 

and T cells (lower panel) in different lymphoid sites. LN: lymph node, BM: bone marrow. 

Absolute numbers of cells in lymph nodes could not be determined in Ncr1-cre, 

Blimp1f/f, Lmp1stopf/- mice due to their small size. 
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Figure 4-12: NK cell subsets distribution in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice 

NK cells were gated as CD3-NK1.1+. Different subsets were analyzed by the expression 

of CD27 and CD11b. (A) Comparison of the percentage of CD11b- and CD11b+ NK 

cells in different lymphoid sites in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice   and control mice. 

(B) NK cell subset distribution in different lymphoid sites in Ncr1-cre, Blimp1f/f, Lmp1stopf/- 

mice and control mice. 

 

 

 

 

 

 

 

 

 

 

 



150 
 

 

 

 

 

 

 

 

 

 

 

 

 

A 



151 
 

 

 

 

 

 

 

 

 

 

 

B 

C 



152 
 

 

 

 

 

 

 

Figure 4-13: T cell depletion resulted in transient NK cell growth in Ncr1-cre, 

Blimp1f/f, Lmp1stopf/- mice 

Mice were injected iv with 5mg/kg anti-CD3 antibodies once a week. Peripheral blood 

was collected retro-orbitally every week after the second week for 3 weeks. The 

lymphocyte profile was evaluated by FACS. (B) NK cells were analyzed using mice with 

optimal T cell depletion (< 30%). 3 mice in the control group, 2 mice in the Ncr1-cre, 

Blimp1f/f, Lmp1stopf/-  group were used. Percentage of NK cells in total lymphocytes 

(Right panel) and absolute number of NK cells in peripheral blood are indicated as mean 

± SEM. (C) Representative pattern of NK cell subsets distribution. NK cells were stained 

with CD3-NK1.1+. Subsets were analyzed by the expression of CD27 and CD11b. 

 

 

 

 

 

 

 



153 
 

 

 

 

 

 

 

 

 

 



154 
 

 

 

 

 

 

 

 

Figure 4-14: T cell depletion in Ncr1-cre, Blimp1f/f, Lmp1stopf/- and control mice 

Mice were injected ip with 40µg anti-CD3 antibodies daily for 5 consecutive days every 

other week for 2 months. 4 surviving mice in each group were then euthanized and their 

lymphocyte profile was evaluated in peripheral blood, spleen, lymph nodes and bone 

marrow. T cells were stained with CD3. B cells were stained with CD45R. NK cells were 

stained with CD3-NK1.1+. The percentage of T cells, B cells and NK cells is indicated for 

each mouse. 
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Figure 4-15: Occurrence of NKT cells in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice bone 

marrow after two months T cell depletion 

Mice were injected ip with 40µg anti-CD3 antibodies daily for 5 consecutive days every 

other week for 2 months. 4 surviving mice in each group were then euthanized and their 

lymphocyte profile was evaluated in peripheral blood, spleen, lymph nodes and bone 

marrow. The frequency of NK cells (CD3-NK1.1+), NKT cells (CD3+NK1.1+) T cells 

(CD3+) and B cells (CD3-CD45R+) is indicated as mean ± SEM. 
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Chapter V 

Summary and future directions 
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Global gene expression, methylation and mutation profile studies enable us to gain a 

better understanding of the changes in the comprehensive signaling network in NKTCL. 

In this summary, I will describe our major findings including activating STAT3 and 

STAT5B mutations and inactivation of Blimp1 in NKTCL. 

Activating mutations in STAT3 and STAT5B were observed in lymphomas 

derived from NK cells and γδ-T cells. STAT3 mutations mainly were present in NKTCL 

cases and NK and γδ-T cell lines, whereas STAT5B mutations were frequently observed 

in γδ-T cell-derived lymphomas including PC- and HS-PTCL and enteropathy associated 

T-cell lymphoma (EATL) type II. All the mutations were present in the SH2 domain, 

which is required for STAT protein dimerization. Our experiments clearly showed that the 

mutated histidine within the SH2 domain of N642H STAT5B mutant bound to the 

phosphotyrosine of another STAT5B with a 5-fold higher affinity, resulting in a more 

stable N642H STAT5B homodimer or heterodimer that resistant to inactivation. 

Moreover, the mutant p-STAT5B dimers bound to their targets with higher occupancy 

and upregulated their expression. All of these resulted in the constitutive activation of the 

JAK-STAT pathway, which promoted NK cell proliferation, survival and transformation in 

NKTCL. The STAT3 and STAT5B proteins with activating mutations can still be 

regulated by upstream molecules. In our study we showed that JAK inhibitor treatment 

and SOCS6 overexpression can ablate the activating effect of mutant STAT3 and 

STAT5B in NK cells. The role of activating STAT5B mutation in NKTCL is summarized in 

Figure 5-1. 

The question that arises after determining that mutant N642H STAT5B bound to 

certain known targets such as IL2Ra, Bcl-2, Bcl-XL and MIR155, with higher occupancy 

is whether the N642H STAT5B can bind to different targets. In the future, alterations in 

target genes and the activity of signaling pathways will be identified by CHIP-SEQ and 
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GEP analysis respectively. In order to distinguish the endogenous STAT5B and ectopic 

wild-type or mutant STAT5B, NK cell lines will be transduced with vector containing 

triple-flag tag labeled STAT5B. A triple-flag tag was fused to the C-terminus of WT or 

mutant STAT5B, and the entire sequence was inserted into PMIG vector. We already 

showed that fusion of triple-flag tag at its C-terminus did not affect STAT5B’s 

phosphorylation and function. Western blot analysis showed that triple-flag wild-type and 

N642H STAT5B were phosphorylated upon IL2 stimulation (Fig 5-2A). CHIP-q-PCR 

using anti-flag antibody showed N642H STAT5B bound to its known target with higher 

occupancy (Fig 5-2B). 

To help identify the direct target genes of STAT 5B employing GEPanalysis, it is 

important to capture the changes immediately after STAT5B activation, as prolonged 

activation may result in secondary signaling changes. Thus, we established a regulated 

STAT5B expression system for future application. In this system, triple-flag wild-type or 

N642H STAT5B was fused to an engineered Escherichia coli dihydrofolate reductase 

(DHFR) on its C-terminus, resulting in the rapid degradation of the entire fusion protein 

until stabilized by the small molecule trimethoprim (TMP) (Fig 5-3). This allows us to 

regulate the expression of STAT5B rapidly at the protein level. 

As our in vitro experiments provided strong evidence to support our hypothesis 

that activating STAT3 and STAT5B mutations were driver mutations leading to the 

development of NKTCL, our next goal is to test our hypothesis in vivo. Conditional 

STAT5B N642H knock-in can be achieved using the Cre-loxP system. Using the 

CRISPR/Cas9 system, exon 16 of STAT5B will be replaced by a construct in which the 

sequence of WT-STAT5B followed by the inverted sequence of STAT5B N642H is 

flanked by two loxP sites with opposite orientation. We designed two sets of sgRNAs 

targeting regions within intron 15 and intron 17 of the STAT5B gene. The sgRNAs 
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should guide Cas9n nickase to the specific region and generate nicks on both DNA 

strands, in this case, resulted in cutting out STAT5B exon 16 with its flanking sequences. 

The double-strand break then can undergo homology-directed repair (HDR) in the 

presence of the template containing homology arm and loxP sites flanking WT STAT5B 

exon16- inverted STAT5B N642H exon 16 sequences, results in the replacement 

STAT5B exon 16 with the loxP sites flanked  WT STAT5B exon16- inverted STAT5B 

N642H exon 16 sequence (Fig 5-4). The targeting donor vector WT STAT5B exon16- 

inverted STAT5B N642H exon 16- Bluescript was generated using Gibson Assembly. In 

its natural state, STAT5B encodes WT STAT5B, but when the STAT5B N642H f/- mice 

were crossed with Cre mice, Cre mediated inversion of the WT STAT5B exon16 -

inverted STAT5B N642H exon 16 sequence results in the expression of STAT5B N642H 

(Fig 5-5). SgRNAs were cloned into the PU57 vector for in vitro transcription using T7 

promoter. SgRNAs, Cas9n protein and the targeting donor vector will be injected into 

one-cell C57/Bl6 embryos. Pups with correct targeting will be identified by PCR and 

Southern blotting. Knock-in mice will then be bred to Ncr1-cre mice to determine the 

phenotypic effects of mutant STAT5B in NK cells and whether NKTCL develops. 

In vivo study of Blimp1 showed that loss of Blimp1 immediately after the pro-NK 

stage resulted in partial impairment of NK cell maturation. Compared to wild-type mice, 

NK cell frequency in Blimp1-deficient mice was higher in bone marrow but lower in 

peripheral blood, lymph nodes and spleen as the transition from immature CD11b- 

subsets to mature CD11b+ subsets was partially blocked. However, Blimp1-deficient NK 

cells had better proliferation, survival and cytotoxic ability than wild-type NK cells in vitro 

in medium containing IL2. Blimp1-deficient NK cells also proliferated better than wild-

type NK cells upon stimulated with dsRNA analog polyIC in vivo. However, we did not 

observe tumor develop in Ncr1-cre, Blimp1f/f mice. Since the development of NKTCL is 
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a multifactorial process, additional genetic alternations are needed to establish a NKTCL 

mouse model. Based on our recent finding, activating STAT3 and STAT5B mutations 

are potential driver mutations in NKTCL. Given the observation that IL2 and IL15 

activate STAT3 and STAT5B in NK cells, activating STAT3 and STAT5B mutations may 

provide the stimulation signal to NK cells as it in IL2 and IL15 stimulation in vitro. 

Therefore, we plan to cross Ncr1-cre, Blimp1f/f mice with STAT5B N642H knockin mice 

to generate a NK-lineage specific Blimp1 knockout STAT5B N642H knockin mouse 

model. 

To study the role of EBV infection in NKTCL. We generated a NK-lineage specific 

Blimp1 knockout Lmp1 knockin mouse model.  Lmp1-expressing NK cells were 

destroyed by T cells in the mouse model. NK cells were restored within two weeks in 

Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice after T cell depletion. However, after two weeks, 

Lmp1-specific T cells started expending and destroyed Lmp1-expressing NK cells.  In 

order to test whether the combination Lmp1 expression and Blimp1 inactivation lead to 

NKTCL development, we need to deplete T cells completely. Anti-CD3 blocking 

antibodies are known to be associated with cytokine-storm related side effects. 

Therefore, increasing anti-CD3 dose is not practical. Cyclosporin A, an 

immunosupression drug that selectively inhibits T cell function at least in part by 

suppressing transcription of NFAT target genes including IL2, can be used alone or with 

CD3 antibody to enhance T cell depletion. Alternatively, Ncr1-cre, Blimp1f/f, Lmp1stopf/- 

mice can be cross with TCRβ−/−;TCRδ−/− mice which lack T cells. To study the feature of 

NK cell subsets, each NK subsets will be sorted and injected into Rag2−/−γc−/−  mice 

respectively.  For in vitro functional study, NK cells will be isolated from Lmp1stopf/- and 

Blimp1f/f, Lmp1stopf/- mice and treated with a soluble TAT-Cre to create Cre-mediated 

deletion in vitro.  As mentioned in the discussion section, a large portion of the remaining 
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CD3+ cells were CD3+NK1.1+ NKT cells in Ncr1-cre, Blimp1f/f, Lmp1stopf/- mice.  A study 

showed that NKp46 is expressed on a minute fraction of NK-like T cells (Walzer et al., 

2007), and these NKp46-expressing NKT cells have higher proliferation and survival 

ability and propensity to become leukemic in IL-15 transgenic mice (Yu et al., 2011). To 

address the increase in NKT cells is due to the antigenic stimulation of Lmp1-expressing 

NK cells or intrinsic oncogenic effect of Lmp1, it is important to determine whether these 

CD3+NK1.1 NKT cells express NKp46, since Lmp1 expression is regulated by Cre 

under the control of the NKp46 (Ncr1) promoter. NKp46 expression can be detected by 

FACS. Lmp1 expression will be determined by q-RT-PCR on sorted CD3+NK1.1+ T 

cells. 

  



163 
 

 

 

 

 

 

 

 

 

 

 



164 
 

 

 

 

 

 

 

Figure 5-1: Summary of the functional effects of activating STAT5B N642H 

mutation 

STAT5B N642H mutation was frequently observed in γδ-PTCL. Mutant STAT5B, upon 

phosphorylation, can form a more stable dimer with prolonged activation. Mutant p-

STAT5B bound to its target genes with increased occupancy and upregulated their 

expression, resulting in increased cell proliferation and survival. 
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Figure 5-2: Triple flag fusion does not alter STAT5B function 

KAI3 cell were transduced with PMIG empty vector (EV) and vector containing wild-type 

STAT5B-triple flag or STAT5B N642H-triple flag construct.  Western blot analysis of total 

STAT5 protein and STAT5B-triple flag fusion protein was performed using anti-STAT5 

antibody and anti-flag antibody respectively. β-tubulin was used as loading control. (B) 

ChIP-q-PCR results for known STAT5 binding sites are shown for IL2Rα, BCL-XL, and 

BCL2 in EV, STAT5B-WT-triple flag or STAT5B-N642H-triple flag transduced KAI3 cells. 

Anti-flag pull-down normalized to IgG control as a fold difference is shown in the y-axis 

using a log scale. STAT5B consensus sites and their approximate distance to the TSS 

sites are indicated. 
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Figure 5-3: TMP-mediated dose-dependent expression of STAT5B using DHFR 

vector 

KAI3 cells were transduced with DHFR empty vector (EV) and vector containing wild-

type STAT5B-triple flag or STAT5B N642H-triple flag construct. Cells were treated with 

TMP at indicated concentrations for 12 hours. Western blot analysis of endogenous p-

STAT5 protein and DHFR-STAT5B-triple flag fusion protein was performed using anti p-

STAT5 antibody. The ~120kDa band indicates DHFR-STAT5B-triple flag fusion protein, 

the ~90kDa bind indicates endogenous p-STAT5 protein. 
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Figure 5-4: Schematics of the donor plasmid and targeting strategy for HDR-

mediated knock-in of loxP flanked WT STAT5B exon 16-inverted STAT5B N64H 

exon 16 sequences. 

Two sets of sgRNAs were designed to target a region in intron 15 and intron 16, 

resulting in the deletion of the entire exon 16 and a portion of the flanking introns. The 

donor template consists of upstream homology arm, two loxP sites with a spacer, 

inverted human exon 16 with N642H mutation, mouse wild type exon 16, two loxP sites 

and a downstream homology arm. The mouse STAT5B exon 16 will be replaced by the 

construct after homology-directed repair. 
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Figure 5-5: Schematic representation of conditional STAT5B N642H knockin by 

Cre/loxP system. 

The inverted mutant human exon 16 followed by mouse wild-type exon 16 was flanked 

by two pairs of loxP sites. Without Cre recombinase, wild type mouse exon16 will be 

transcripted. Two pairs of incompatible loxP sites were placed in head-to-head 

orientation. Cre-mediated recombination between either pair of loxP sites lead to an 

inversion resulted in transcription of mutant human exon 16. Another pair of loxP sites 

positioned in the same direction leading to the deletion of loxP sites within the flanked 

region so that the construct could no longer change. 
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