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Recent advances in embryonic stem cell {(ESC) derivation and genome editing offer efficient platforms for
genetic screening. In this issue, Li et al. and Leeb et al., respectively, expand such applications by generating
haploid rat ESCs for screening, mutagenesis, and CRISPR-Cas-mediated gene targeting and by developing a
forward genetic screen for interrogating haploid mESCs.

In the past three decades, mammalian
genetics and stem cell biology have
been developed in close synergy with
each other. Continuous technological
progress in mammalian genetics largely
depends on the availability of mouse em-
bryonic stem cells (ESCs). Many reverse
genetic approaches have taken advan-
tage of the pluripotency of genetically
engineered mouse ESCs to produce
animals with germline-transmitted muta-
tions. However, in forward genetic
screens, researchers have often em-
ployed the self-renewal property of
cultured mouse ESCs tfo streamline
mutagenesis and clone archival re-
sources, and in comparison to whole-
animal approaches, using mouse ESCs
thus offers significant flexibility and
cost reduction. If ESC-based genetic
approaches are to be extended to a
broader range of animal species and
applications, two major obstacles should
be addressed: low or variable rates of
germline transmission in different strains
and species and difficulties in pheno-
type-driven screening of recessive ge-
netic traits that are masked by the diploid
nature of mammalian genomes. In this
issue of Cell Stem Cell, 1.i &t . {2014}
(Figure 1A) and Lesk =t
(Figure 1B) demonstrate practlcal solu-
tions to these problems. It is noteworthy
that both studies are based on haploid
ESC technology.

In mammals, haploidy is normally
restricted to the post-meiotic stages of
germ cells and represents the end point
of cell proliferation, which means that
physiological haploidy is incompatible
with self-renewal. The recent advent of
haploid mouse ESC technologies has
drastically changed this situation. The
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original versions of haploid ESC lines
(Bling et al, 2011, Leeb and Wutz, 2011)
were generated by parthenogenetic
activation of unfertilized mouse oocytes
with chemicals such as strontium salt or
ethanol (Figre 1B). These haploid mouse
ESCs contain only the maternal set of
chromosomes and show pluripotency
as well as self-renewal capabilities.
Because these cells show an inherent
tendency toward spontaneous diploidi-
zation in culture, periodic purification by
flow sorting is necessary if cultures con-
taining a large majority of haploid cells
are to be maintained. Although haploid
ESCs appear to be inevitably diploidized
upon differentiation, they can give rise to
a wide range of cell types, including
germ cells in chimeric mice, both in vitro
and in vivo. Androgenetic haploid mouse
ESC lines containing only the paternal
chromosomes have also been generated
by removal of the maternal pronucleus
from zygotes and by introduction of
sperm into enucleated oocytes (Li &t al,,
Yang et ab, 2012). Thus, pluripo-
tency, self-renewal and haploidy can be
incorporated together in a single cell line.
Li et gl 2074) have successfully
extended the zygote-based strategy of
androgenetic haploid ESC derivation to
the rat, which in many ways is more
advantageous than the mouse as an
animal model of human physiology,
behavior, and disease. Only a few years
have passed since the first authentic rat
ESCs were isolated, and rat genetic tools
have still lagged behind those available
for the mouse. tal 20114 found that
their newly estabhshed rat androgenetic
haploid ESCs (RahESCs) are pluripotent
and self-renewable and can serve as a
“sperm-like” genetic tool (Figure 1A). In
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their study, Li et al. engineered the Ra-
hESCs by inserting a red fluorescent
protein (RFP) marker transgene and tar-
geting deletion of the Scn4b gene that
has been implicated in human long-QT
syndrome. Strikingly, intracytoplasmic
injection of the RahESCs into metaphase
oocytes, assisted by chemical activation,
led to production of fertile rats that inherit
the RFP transgene and Scn4b deletion.
This procedure is termed intracyto-
plasmic RahESC injection (ICAl) and is
reminiscent of the widely used intracyto-
plasmic sperm injection (ICSI) method,
which demonstrates the use of renewable
“sperm-like” cells for transgenic rat
production. Moreover, RahESCs provide
a desired platform for recessive genetic
screening, as exemplified by random
insertion of gene trap elements into the
haploid genome via piggyBac (PB) trans-
posons. RahESCs also demonstrated
potential multiple-site-specific targeting
of three Tet family genes when the authors
used the CRISPR-Cas9 system. Both
of these procedures ultimately gave
rise to homozygous mutants through
diploidization.

In the second study, ! al, 2014}
clearly demonstrate the power of reces-
sive genetic screening in haploid ESCs
(Figure 1B). The self-renewal property of
mouse haploid ESCs allows a random
mutagenesis screen to identify factors
that promote exit from the self-renewal
state itself. A haploid reporter ESC line
expressing destabilized GFP under the
control of the endogenous promoter for
Rex1, a known marker of pluripotency,
has been used to monitor the mainte-
nance of self-renewal. The ESCs were
mutagenized by random insertion of PB-
based gene-trap transposons and then

Leab et
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Figure 1. Haploid Embryonic Stem Cell System as a Versatile Genetic Tool in Rodents
(A) Intracytoplasmic rat androgenetic haploid ESC injection (ICAl) contributes to production of both transgenic (RFP*) and knockout (Scndb™ ™) mutant rats.

(B) Gene-trap mutagenesis of mouse parthenogenetic haploid ESCs allows loss-of-function genetic screening to identify genes (Zfp706 and Pum1) that promote
exit from the self-renewal state. Blue and red rectangles represent the paternal and maternal sets of haploid chromosomes, respectively. Yellow stars represent

mutations. SpB indicates the second polar body.

cultured in differentiation-permissive
conditions. After repetition of the differ-
entiation induction, fractions of GFP-
retaining cells were processed for positive
selection in the defined 2i/LIF medium, in
which only self-renewing stem cells can
grow. At the end, the candidate gene-
trap mutations responsible for the per-
sistent self-renewal were collectively
recovered by deep sequencing. These
results provided a proof-of-principle of
this elegant approach by isolating known
differentiation inducers, including multiple
components of the Fgf/Erk and GSK3/
Tcf3 signaling pathways. Moreover, the
authors identified and validated factors
not previously implicated in pluripotent
cell biology. These factors included the
small zinc finger protein Zfp706, which
represses the pluripotency factor Kif4,
and the RNA binding protein Pum, which
downregulates naive pluripotency circuit
genes in a post-transcriptional manner.
Historically, loss-of-function genetic
screening has been the most advanced

in yeast because of the availability of effi-
cient methodologies. Therefore, “yeast
envy” has motivated mammalian geneti-
cists to develop tools such as the engi-
neered diploid Bim mutant ESC line with
inducible loss-of-heterozygosity (Horie
et al. 2011) and the above-mentioned
haploid ESC lines. Most recently, three
independent groups have constructed
genome-scale single-guide RNA (sgRNA)
libraries of the CRISPR-Cas9 system for
human (Shaiem et al, 2014 Wang =t gl
2014) and mouse (Keike-Yusa ef al,
2013) cells. Lentiviral delivery of a library
leads to stable integration and expression
of sgRNA, mostly resulting in iterative
biallelic cleavage of target sites in diploid
cells until both alleles lose the target
sequences by misrepair. Because the
integrated sgRNA sequences serve
as DNA barcodes, this type of mutagen-
esis allows recessive loss-of-function
screening for both positive and negative
selection. The majority of mutations
generated by CRISPR-Cas9-mediated
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cleavage are relatively small deletions
(<20 bp) and could be insufficient to affect
the function of long noncoding genes and
other functional elements. Therefore,
CRISPR-Cas9 and other mutagenesis
systems, including gene trapping in
haploid cells, are mutually supportive.
The next goal would be to discover two
or more genetic components that are
codependent on each other, which would
correspond to the “synthetic lethal”
screening approach that is well devel-
oped in yeast. Nevertheless, with a variety
of emerging genetic tools, mammalian
geneticists are now overcoming their
“yeast envy.”
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The limited supply and expansion capacity of primary human hepatocytes presents major challenges for
pharmaceutical applications and development of cell-based therapies for liver diseases. Now in Cefl Stem
Cell, two papers demonstrate efficient direct reprogramiming of human fibroblasts into induced hepatocyies,
which exhibit metabolic properties similar to primary hepatocytes.

The liver is a unique organ that performs
a broad spectrum of functions. It stores
reserves of iron, vitamins, and minerals
and detoxifies alcohol, drugs, and other
chemicals that accumulate in the blood-
stream. The liver also produces bile, albu-
min, and blood-clotting factors. Finally,
the liver performs an essential metabolic
activity by storing glycogen. These tasks
are managed by one cell type, the hepato-
cyte, which constitutes the main cellular
unit of the liver. Genetic disorders or in-
juries that prevent the liver from carrying
out these essential activities result in life-
threatening diagnosis and end-stage liver
diseases that require organ transplanta-
tion. Thus, generating large quantities of
hepatocytes as an alternative to liver trans-
plants is a major objective for drug devel-
opment and regenerative medicine. How-
ever, freshly isolated hepatocytes come
in limited supply, often from donated or-
gans that are of poor quality, and are
impossible to expand in large quantities
in vitro. Therefore, deriving hepatocytes
from stem cell populations such as human
pluripotent stem cells (hPSCs) presents an

attractive alternative to primary cells. Now
in Cell Stem Cell, two studies, from the
groups of Lijian Hui and Hongkui Deng,
demonstrate an additional approach by
directly reprogramming fibroblasts into hu-
man induced hepatocytes (hiHeps) (£
ot al,, 2014; Huang st gl, 2014).

hPSCs have been used advantageously
to produce hepatocytes for disease
modeling (Rashid et al. 2010) and for
developmental studies. However, genera-
tion of cells displaying all the functional
characteristics of mature hepatocytes
has been proven difficult. Indeed, hPSC-
derived hepatocytes uniformly express
fetal markers such as AFP and lack key
metabolic activity associated with adult
cells such as cytochrome p450, especially
CyP3A4. Importantly, recent improve-
ments involving 3D cultures (Ciyawa
et al, 2018), small molecule screens
(Shanetal, 2017), and also in vivo matura-
tion with coculture of endothelial cells
(Takebs et al, 2013 have resulted
in important functional improvements,
including the expression of inducible
CyP3A4 and diminished AFP expression.

The development of robust pluripotent
stem cell differentiation protocols has
been impaired by the lack of knowledge
concerning the mechanisms that regulate
the functional maturation of the human
liver after birth. Direct reprogramming ap-
proaches could bypass this last limitation
by avoiding the need to mimic a complex
path of development in vitro. Accordingly,
previous reports have shown that over-
expression of Gata4/HNF1alpha/Foxa3
or HNF4a/FoxA1/FoxA2/FoxA3 in mouse
embryonic fibroblasts, following genetic
ablation of p19, enables the production
of mduced hepatocyte -like cells (lHep)
(;mam ot al, 2011 Sekiva and Suzuld,
2011). These cells can be expanded
in vitro while displaying a limited meta-
bolic activity, and they retain the capacity
to colonize the failing liver of mice lacking
fumarylacetoacetate hydrolase (Fah—/-),
a common animal model of liver failure

The tworeports published in thisissue of
Cell Stem Cell have successfully extended
this approach to human fetal cells. Huzarng
{2614} report that overexpression of
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Epstein—Barr virus-associated T/natural killer-cell lymphoproliferative
disorder in children and young adults has similar molecular signature
to extranodal nasal natural killer/T-cell lymphoma but shows

distinctive stem cell-like phenotype
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Abstract

We performed gene expression profiling in Epstein-Barr virus
(EBV)-associated T/natural killer (NK)-cell lymphoproliferative
disorder in children and young adults (TNKLPDC) in order to
understand the molecular pathways deregulated in this disease
and compared it with nasal-type NK/T-cell lymphoma (NKTL).

The molecular and phenotypic signature of TNKLPDC is similar _
to NKTL, with overexpression of p53, survivin and EZH2. Dov’vn{
regulation of EZH2 in TNKLPDC cell lines led to an increase '
in apoptosis and decrease in tumor viability, suggest g\{that: B
EZH2 may be important for the survival of TNKLPDC cells and -

hence potentially a useful therapeutic target. Notab!y, our ger
expression profiling revealed adistinctive enri
related genes in TNKLPDC compared to NKTL Thiswa alidated
by a significantly higher expression of aldehyde dehydrogenase
1 (ALDHT) in TNKLPDC cell lines compared to NKTL- cell lines. The
novel discovery of cancer stem’ celf propertles in TNKLPDC has
potential therapeutic 1mphcatlons in thls group of disorders.

Keywords: EBV+ T/NK LPD in ch;ldren molecular signature,
cancer stem cell, EZH2 4

Introduction

Chronic active Epstein-Barr virus (EBV) infection of
T/natural killer (NK)-cell type (CAEBV-T/NK) and systemic
EBV-positive T-cell lymphoproliferative disease of child-
hood (STLPDC) are a group of diseases characterized by a
systemic EBV-infected, cytotoxic T or NK cell proliferation

[1,2]. According-to_ ‘the 2008 World Health Organization
(WHO) classxﬁcanon, STLPDC is defined as a monoclonal
disease of EBV- mfected T-cells while CAEBV is polyclonal
[1]. Since these entities show similar and overlapping
clilli?obamoldgiﬁz features, they have now been collectively
referred “to. as EBV-associated T/NK lymphoproliferative

~disorders-.of ‘childhood and young adults (TNKLPDC)
_{or EBV-associated T/NK lymphoproliferative disorders in
" non-immunocompromised hosts) [3-7]. Like many EBV-
“related T/NK lymphoproliferative diseases, TNKLPDC is
~ p,fevalent in children and young adults in East Asia, Central

and South America and Mexico [1,2].

The precise distinction of TNKLPDC from other EBV-
associated T/NK lymphomas occurring in adults, such as
nasal-type NK/T cell lymphoma (NKTL), can be notoriously
difficult because of significant clinicopathologic overlap.
Although classically a disease of childhood and young
adults, increasing reports of TNKLPDC in adults have been
documented, which may reflect a true increase in adult-
onset disease or improved recognition and diagnosis of the
disease [5,8,9]. In addition, even though CAEBV is a chronic
disease and patients with clonal expansion of EBV-infected T
and NK cells may remain stable for years without treatment,
a proportion of patients with CAEBV will progress to aggres-
sive lymphomas such as aggressive NK cell leukemia (ANKL)
and NKTL [8,9]. Isobe et al. recently described seven cases
of adult onset CAEBYV, which shares common features with
pediatric cases but with a poor prognosis, and five of seven
patients developed T/NK cell lymphomas and ANKL at a
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1 median of 5 years [9]. Furthermore, patients with NKTL can
2 also present with disseminated disease that becomes indis-
3 tinguishable from TNKLPDC.

4 The molecular abnormalities underlying TNXKLPDC and
5 its relationship with NKTL are poorly characterized because
6 TNKLPDC is uncommon, and research on this entity is
7 challenging as most of the tissue biopsies are bone marrow
8 biopsies containing a limited amount of tumor. In this study,
9 we performed, for the first time, gene expression profiling
10  (GEP)on TNKLPDC and compared the signature with that of
11 NKTL obtained in our previous study [10], with the objective
12 ofunderstanding the molecular pathways deregulated in this
13  disease and to determine whether the molecular signature of
14  TNKLPDC is distinct from NKTL.

15

16 Methods

17

18  Caseselection

19 Patients with a diagnosis of EBV-associated T/NK-cell
20 lymphoproliferative disorder without known underlying
21 immune deficiency were identified from the archives of
22 the Department of Pathology, National University Hospital
23 (NUH) and Kurume University, from 2003 to 2014. Cases
24  were classified according to the 2008 WHO lymphoma
25 classification and nomenclature proposed following the
26 National Institutes of Health (N1H) consensus report in 2008
27  [3]. A total of 22 cases of TNKLPDC with adequate material
28  for work-up and fulfilling the diagnostic criteria were identi-
29 fied. The 22 cases included three cases of chronic active EBY
30 infection of T/NK type (CAEBV), 15 cases of systemic EBV-
31 associated T-cell LPD of childhood (STLPDC) and fourca:

32 with features borderline between CAEBV and %TLPDC. We
33  considered the presence of an abnormal karyotype and/or
34 monoclonal TCRG gene rearrangement as. indicative ofas
35 clonal proliferation {2]. The four cases were  difficult to- classxfy
36 accurately because of lack of clonahty &ata, whlch distin-
37  guish between CAEBV (polyclonal) and’ ;

38  clonal) as defined by the WHO'[1],

39 features of the cases are 1n(;1uded in

40 tobefoundonlineathittp:/ /mfor ahéalfhcafe com/doi/abs/
41  10.3109/10428194. 2014.}983099 Cases of extranodal nasal
42 uded. Four cases 6f TNKLPDC with ade-
43  quate formalin- fixed paraffin-embedded (FFPE) tissue and
44  good quality RNA were selected for GEP (cases 5, 7, 16, 17).
45  FFPE control tissues from normal skin and lymph nodeswere
46  included. This study was approved by the Domain Specific
47  Review Board of the National Healthcare Group, Singapore.
48

49  Gene expression profiling and analysis

50 Total RNA from human FFPE tissues wasisolated using a High
51  Pure RNA Paraffin Kit (Roche Applied Science, Mannheim,
52  Germany). We conducted genome-wide GEP on TNKLPDC
53 and normal control FFPE samples using an Hlumina WG-
54 DASL Assay (Whole Genome cDNA-mediated Annealing,
55 Selection, and Ligation) (Illumina, Inc., San Diego, CA)
56  [11,12]. Raw signals are extracted from Illumina Beadstudio
57  software, and normalized using a linear calibration method,
58  aswe have previously described [10]. Analysis of the data was
59  done by R/Bioconductor.

GLAL_A_983099.indd 2

In order to determine the similarity in GEP between
NKTL and TNKLPDC, we calculated the expression fold-
change for each gene as the mean expression of the gene
in TNKLPDC samples and mean expression in normal
samples. We plotted this fold-change between TNKLPDC
and normal versus the fold-change between NKTL and nor-
mal (obtained from our previous study) [10] to determine
the degree of Pearson correlation. To determine the genes
specific to TNKLPDC in comparison to NKTL and normal
tissues, we first selected genes with more than two-fold
change between TNKLPDC and normal tissues, which con-
stituted the candidate list of differentially expressed genes
in TNKLPDC. Then using significance analysis of microar-
rays {SAM) [13] we generated another list of genes that was
abnormally expressed between TNKLPDC and NKTL, with
cut-off fold-change > 2 and p-value < 0.01. The intersection
of the above two lists resulted.in a final list of genes that
were abnormally expressed ‘specifi ally in TNKLPDC com-
pared to NKTL and normal tissues

Immunohistochemnis 'y S
In order to validate xpresswn of p53, survivin and EZH2
in the tumor andnet. non~neoplas‘uc population, we per-
formed the followirig double stains: CD3/p53, CD3/survivin
and 'DS/EZH' on4 jim tissue sections of TNKLPDC sam-
ples usmg a Leica BondMax auto-stainer, and conditions are
listediin Supplementary Table IT to be found online at http://

'“»mformahealthcare com/doi/abs/10.3109/10428194.2014.

83099. Appropriate positive tissue controls were used. The
munohistochemical (IHC) expression of all the antibodies
was scored as a percentage of the tumor cell population by
ne of the authors (S.-B.N.), without knowledge of the clini-
copathologlc and GEP data. For p53 and survivin antibodies,
positive expression was defined as nuclear staining in 10%
or more of the tumor population, as previously described
{10]. For EZH2 antibody, positive expression was defined as
nuclear staining in 25% or more of the tumor population, as
previously described {14].

TNKLPDC and NKTL cell line culture for ALDH analysis and

DZNep treatment

Six NKTL cell lines (NK-92, HANK-1, NK-YS, SNK-1, SNK-6,
SNT-8) and five TNKLPDC cell lines (KAI-3, SNK-10, SNT-13,
SNT-15, SNT-16) were used in this study. NK-92 was pur-
chased from the American Type Culture Collection (ATCC).
HANK-1was obtained as a kind gift from Dr. Y. Kagami, NK-YS
and KAI-3 were from Dr. Y. L. Kwong while SNK-1, SNK-6,
SNT-8, SNK-10, SNT-13, SNT-15 and SNT-16 were from Dr.
N. Shimizu. Please refer to Supplementary Table III to be
found online at http://informahealthcare.com/doi/abs/
10.3109/10428194.2014.983099 for cellline culture conditions
and Supplementary Table IV to be found online at http://
informahealthcare.com/doi/abs/10.3109/10428194.2014.
983099 for clinical, phenotypic and genotypic features of the
TNKLPDC and NKTL cell lines.

ALDH analysis on NKTL and TNKLPDC cell lines
An ALDEFLUOR kit (Stem Cell Technologies, Durham,
NC) was used to examine the aldehyde dehydrogenase
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EBV associated T/NK lymphoproliferative disorder 3 [AQ3]

1 (ALDH) enzymatic activity in NKTL and TNKLPDC Madison, WI). Protein detection by Western blot was done 60

2 cell lines. A single cell suspension was prepared in to confirm the expression of EZH2 protein after treatment 61

3 ALDEFLUOR assay buffer containing ALDH substrate. with DZNep by electrophoretic transfer of equal amounts 62

4 As negative controls, each sample was treated with of sodium dodecyl sulfate-polyacrylamide gel electropho- 63

5 diethylaminobenzaldehyde (DEAB), a specific ALDH  resis (SDS-PAGE) separated proteins to polyvinylidene 64

6 inhibitor. This resulted in a significant decrease in the fluoride (PVDF) membranes (Bio-Rad, Hercules, CA), then 65

7 fluorescence intensity of ALDH+ cells and was used to incubation with the respective primary antibodies: EZH2 66

8 identify ALDH+ cells. The amount of intracellular fluores- (Cell Signaling Tech. Inc., Danvers, MA) and B-actin control 67

9 cence was measured using a BD LSRII (Becton Dickinson, (Santa Cruz, Dallas, TX), followed by exposure to horserad- 68

10 San Diego, CA) flow cytometer and analyzed using BD  ish peroxidase (HRP)-conjugated secondary antibodies 69

11 FACSDiva™ software. (Santa Cruz) and detection using chemiluminescence (GE 70

12 Healthcare, Uppsala, Sweden). 71

13 Treatment of TNKLPDC cell lines with DZNep Apoptotic cell death analyses were carried out follow- 72

14  Exponentially growing cells of KAI-3, SNK-10, SNT-15 and  ing DZNep treatment using Aunexin-V-allophycocyanin 73

15  SNT-16 cell lines were treated with the respective concen- (APC) and propidium iodide (PI) detection systems. 74

16  trations of an inhibitor of EZH2 (DZNep), and dimethylsul- Following treatment of cells with; respective concentra- 75

17  foxide (DMSO) (0.1%) treated cell lines served as vehicle tions of DZNep and DMSO (0.1%) é’s vehicle controls and 76

18  controls. Treated cells were diluted in phosphate buffered incubation for 72 h, the cells were collected and washed 77

19  saline (PBS), sonicated and then pelleted by centrifugation in PBS. The staining of apoptotic cells by Annexin-V-APC 78

20  at 300g for 5 min. The cell pellet was then resuspended in was assayed using an APC-Annexin-V Apoptosis Detection 79

21  lysis buffer with a cocktail of protease inhibitors (Promega, Kit (BD Pharmingen; San Jose, CA) according to the 80
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58 Figure 1. Heatmap showing differentially expressed genes between EBV-associated T/NK lymphoproliferative disorder in children (TNKLPDC) and 117

59  nasal-type NK/T-cell lymphoma (NKTL). normal LN, normal lymph node. 118
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f~,,,ﬂEZ\:/HZ, p53 and survivin in cases of

Figure 2. Overexpression
TNKLPDC. Immunohistochendistry reveals overexpression of
EZH2 in case 19 (A, EZH2/CD3 double stain, EZH2 stains nucleus
brown and CD3 stains cell membrane/cytoplasm red, original
magnification X 600), p53 in case 15 (B, p53/CD3 double stain, p53
stains nucleus brown and CD3 stains cell membrane/cytoplasm red,
original magnification X 600) and survivin in case 18 (C, survivin/
CD3 double stain, survivin stains nucleus brown and CD3 stains
cell membrane/cytoplasm red, original magnification X 600). All
photographs were taken with a DP20 Olympus camera (Olympus,
Tokyo, Japan) using an Olympus BX41 microscope (Olympus).
Images were acquired using a DP Controller 2002 (Olympus)
and processed using Adobe Photoshop version 5.5 (Adobe Systems,
San Jose, CA).

manufacturer’s instructions, and the analysis was per-
formed on a BD LSRII (Becton Dickinson) flow cytometer,
using BD FACSDiva™ software.

GLAL_A_983099.indd 4

Results

Gene expression profiling revealed a similar molecular
signature between NKTL and TNKLPDC with up-
regulation of p53, survivin and EZH2 in TNKLPDC
We performed GEP on four cases of INKLPDC and compared
it to the signature of NKTL that we obtained in our previous
study. The expression fold-change for each gene between
TNKLPDC versus normal and the expression fold-change of
each gene between NKTL versus normal (obtained from our
previous study) [10] showed a significant correlation, with
Pearson correlation coefficient r=0.692, p<<2.2X 1071
indicating a high degree of similarity between TNKLPDC and
NKTL (Supplementary Figure 1 to be found online at http://
informahealthcare.com/doi/abs/10.3109/10428194.2014.
983099). Only a small number of genes were significantly
differentially expressed between TNKLPDC and NKTL.
There were 41 genes showmg offold or greater difference
in expression between, TNKLPDC and ‘NKTL, of which 28
were up-regulated and 13 were down regulated inTNKLPDC
compared to NKTL}\( 1gure .
Since TNKLPDC shares smnlal signature with NKTL
at the molecular 1 we mvestlgated whether a few of the
oncoproteins (p survivin and EZH2), which were identi-
fied by usto. '-régglated in NKTL in our previous study,
are ,>1m11ar1y ) )re‘\gtﬂated in TNKLPDC [10,14]. Indeed,
using THC do ble stains for p53/CD3, survivin/CD3 and

EZH2/C 3] we ‘also found overexpression of p53, survivin

nd EZH2 in 69% (11/16 cases), 63% (10/16 cases) and 65%
13/20 cases) of our cases of TNKLPDC, respectively, sup-
rting that NKTL and TNKLPDC share similar phenotypic

: . and molecular signatures and hence indirectly validating
“‘gur GEP results (Figure 2) (Supplementary Table V to be

found online at http://informahealthcare.com/doi/abs/
10.3109/10428194.2014.983099 for IHC results for p53,
survivin and EZH2).

Inhibition of EZH2 by DZNep induced growth inhibition
and apoptosis of TNKLPDC cell lines

We previously reported the overexpression of EZH2 in NKTL,
and depletion of EZH2 using a PRC2 inhibitor, DZNep,
significantly inhibited the growth of NK tumor cells {14].
Hence, we also treated the TNKLPDC cell lines with DZNep
[15,16]. Our results demonstrated that DZNep effectively and
dose dependently reduced protein levels of EZH2 in KAI-3,
SNK-10, SNT-15 and SNT-16 cell lines [Figure 3(A)], result-
ing in reduction of cell viability [Figure 3(B)] and an increase
in apoptosis as detected by Annexin-V analysis using flow
cytometry, in a dose-dependent manner [Figure 3(C)]
(Supplementary Figure 2 to be found online at http://informa
healthcare.com/doi/abs/10.3109/10428194.2014.983099
shows increased apoptosis following DZNep treatment).

TNKLPDC is enriched for gene sets associated with

hematopoietic and leukemic stem cells compared to NKTL
Despite the similarity of the molecular signature between
TNKLPDC and NKTL, we investigated whether there
are subtle differences between them. To achieve this, we
performed gene set enrichment analysis (GSEA). Using a
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Figure 3. Treatment with DZNep results in a dose-dependent decrease in cellular protein levels of EZH2 KAI 3 SNK 10, SNT-15 and SNT-16 cell
lines (A) and a corresponding reduction in cell viability (B) and increase in apoptosis (C) as detected by flow cytometry

cut-off false discovery rate of <20%, we identified 17 gene
sets enriched in genes down-regulated in TNKLPDC com-
pared to NKTL (negative enrichment score). Amongst the

17 gene sets, several gene sets of genes down-regulated in
stem cells were negatively enriched in TNKLPDC compq,re'q,
to NKTL, meaning that genes down-regulated in stem cells -

are also down-regulated in TNKLPDC compared to’ NKTL .
This suggests that TNKLPDC shares some molecular featureg,

with stem cells On the otherhand, gene sets of genes up- reg-

enuched in TNKLPDC compared to NKTL m amngﬁthat
they are also up-regulated in NKTL compal ed to: INKLPDC.
In other words, NKTL shows up 1egulan0n of genes in

invasive/advanced cancers (Tab I)¢ apared to TNKLPDC
(Supplementary Figure 3. to. be found. online at http://
informahealthcare. com/do abs/lO .3109/10428194.2014.
983099 shows GSEA en nchment plc«fs of gene sets related
to stem cell and mvaswe/ advanced cancers which are nega-
tively enriched in TNKLPDC ‘compared to NKTL). This result
is consistent with the different clinical presentation of the
two malignancies, with TNKLPDC having a leukemic pre-
sentation characterized by bone marrow involvement and
cytopenias, and NKTL, in contrast, manifesting mostly as
aggressive solid cancers.

To further verify that TNKLPDC may have a more stem cell
related phenotype based on the GSEA results, we performed
ALDH]1 assay in six NKTL cell lines (NK-YS, NK-92, HANK-1,
SNK-1, SNK-6, SNT-8) and five TNKLPDC cell lines (KAI-3,
SNK-10, SNT-13, SNT-15, SNT-16). ALDH enzymes are a
family of intracellular enzymes that participate in cellular
detoxification, differentiation and drug resistance through
the oxidation of cellular aldehydes [17]. ALDHI1-positive
cell populations are capable of generating tumor xenografts
[18], and ALDHI is used as a marker of cancer stem cells

GLAL_A_983099.indd 5

(CSCS) [l 9] The propcmon of ALDH1-positive cells in both
TNKLPDC and NKT L cell lines ranged from 0.2% to 10.2%,
in line w1th reports that leukemic stem cells constitute only

" a subfraction of the blast cell population [20,21]. In agree-

ment with the GESA result, there was a significant difference

m ALDHI expression in TNKLPDC compared to NKTL cell
~lines, with median of 8.15% of cells expressing ALDHI in
. TNKLPDC compared to 2.4% in NKTL (p = 0.04), suggesting

that there was a higher proportion of tumor cells with CSC
properties in TNKLPDC compared to NKTL [Figures 4(A)
and 4(B)]. Interestingly, the SNK-1 cell line, derived from a
24-year-old patient with TNKLPDC (CAEBV) who subse-
quently developed NKTL, also demonstrated a higher level
of ALDHI1 expression compared to cell lines derived from
patients with NKTL without a history of TNKLPDC.

Discussion

TNKLPDC is a group of poorly understood lymphoprolif-
erative disorders in children and young adults, which can be
difficult to distinguish from the disseminated form of NKTL.
The pathobiology is poorly characterized, and the disease is
often aggressive with no effective treatment. Various thera-
pies have been tried for the treatment of CAEBYV, including
antiviral, chemotherapeutic and immunomodulatory drugs,
with only limited success. These regimens are not effective in
achieving sustainable complete remission, and hematopoi-
etic stem cell transplant (HSCT) seems to be the only cura-
tive therapy for CAEBV at present [8].

We report, for the first time, that TNKLPDC shows a
similar molecular signature to NKTL. Furthermore, a
number of oncoproteins that we have previously shown
to be overexpressed in NKTL, such as p53, EZH2 and sur-
vivin, are similarly overexpressed in TNKLPDC. This is
not unexpected, as both entities are characterized by an
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1 Table L. Gene sets differentially enriched between TNKLPDC and NKTL showing 17 gene sets that are negatively enriched in TNKLPDC compared 60
2 to NKTL. 61
3 Name Description Size of gene sets  Enrichmentscore  FDRg-value o
4 VECCHI _GASTRIC_CANCER . Up-regulated genes distinguishing between 19 —0.7683091 0 63
- ADVANCED_VS_EARLY UP* two subtypes of gastric cancer: advanced
5 (AGC) and early (EGC) 64
6 GAL_LEUKEMIC_STEM_CELL_DN* Genes down-regulated in leukemic stem cells 61 - (.5313042 0.00122956 65
7 (LSCs), defined as CD34 + CD38— [Gene 66
1D = 947, 952} cells from patients with AML _
8 (acute myeloid leukemia) compared to 67
9 CD34 + CD38+ cells 68
j0 LMU_TUMOR_VASCULATURE_UP Genes up-regulated in endothelial cells 6 —0.927103 0.05146535 69
derived from invasive ovarian cancer tissue _
11 puUIZ TNC_TARGETS_DN Genes down-regulated in T98G cells 26 — 05973733 0.05591349 ‘0
12 (glioblastoma) by TNC [Gene 1D = 3371). 71
13 DAVICIONI_TARGETS_OF_PAX_ Genes down-regulated in RD cells (embryonal 10 - 0.7663204 0.05456302 72
FOXO1_FUSIONS_DN rhabdomyosarcoma, ERMS) by expression
14 of PAX3- or PAX7-FOXO1 [Gene ID = 5077, 73
15 5081, 2308] fusions off retroviral vectors 74
16  POOLA_INVASIVE BREAST.. Genes up-regulated in atypical ductal 62 0.08633608 75
CANCER_UP* hyperplastic tissues from patients with
17 (ADHC) breast cancer vs. those without the 76
18 cancer (ADH) 77
19  JAATINEN_HEMATOPOIETIC_STEM_ Genes down-regulated in CD133+ [Gene 0.07452668 78
CELL_DN* ID = 8842] cells (hematopoietic stem cells,
20 HSCs) compared to CD133 — cells 79
21 TURASHVILI_BREAST_LOBULAR_ Genes up-regulated in lobular carcinoma vs. 0.09243327 80
22 CARCINOMA _VS_LOBULAR _ normal lobular breast cells. 81
NORMAL_UP*
23 SCHUETZ_BREAST_CANCER_ Genes up-regulated in invasive ductal —0.4718207 0.08723507 82
24 DUCTAL_INVASIVE_UP* carcinoma (IDC) relative to ductal 83
25 carcinoma in situ {DCIS, non-invasivé) 84
AKI_HTLVI_INFECTION_DN Genes down-regulated in WE17/10 cells — 0.7377943 0.12973607 =
26 (CD4+ [Gene ID=920] T lymphocyies) 85
27 infected by HTLV1 (and thus displaying 86
28 low CD7 [Gene ID = 924]) ec ompared t6- 87
uninfected (i.e. CD7+) eells’
29 SANA RESPONSE_TO_IFNG DN ) 10 - 0.7334317 o.11817111 98
30 7aortic, 89
31 IENG [Gene 90
32 LEE LIVER CANCER MYC E2F1 UP  Genesup- reg}ilated in Hepatocellular 14 - 0.6603344 012351302 91
33 carcinoma (HCC) fromMYC and I:ZH 92
34 [ 93
35 TAKEDA_TARGETS_OF_NUP98_ - 9 ~ 0.7459078 0.13656901 94
36 HOXA9_FUSION_3D_DN* ID=947] homa opoetic cells by expression 95
37 of NUP98- HOXAE-) fusion [Gene ID = 4928, 96
38 32()5] off atetroviral vector at 3 days after 97
rarisductioft
39  VERHAAK AML WITH_NPMI_ nés.up-regulated in patients with acute 58 —0.452349 0.13712986 98
40 MUTATED_UP myeloid leukemia (AML) with mutated 99
y NPM1 [Gene ID = 4869]
41 MCCLUNG_CREB1_TARGETS D Genes down-regulated in the nucleus 6 —0.848532 0.15731472 100
42 7K " accumbens (a major reward center in the 101
43 brain) 8 weeks after induction of CREB1 102
[Gene ID = 1385] expression in a transgenic
44 R Tet-Off system 103
45  SMID_BREAST CANCER_RELAPSE_ Genes up-regulated in bone relapse of breast 16 —0.6191868 0.1730245 104
46 IN_BONE_UP* cancer 105
47 MCLACHLAN_DENTAL_CARIES_DN Genes down-regulated in pulpal tissue 57 ~0.4333106 0.17132571 106
extracted from carious teeth
48 TNKLPDC, Epstein-Barr virus-associated T/natural killer-cell lymphoproliferative disorder in children and young adults; NKTL, extranodal nasal natural killer/T-cell 107
49 lymphoma; FDR, false discovery rate. 108
50 *Gene sets of genes up-regulated in invasive/advanced malignancies. 109
*Gene sets of genes down-regulated in stem cells.
51 110
52 111
53 EBV-associated cytotoxic T/NK proliferation and share to NKTL cell lines, and this supports the validity of our GESA 112
54  similar clinical features. result. On the other hand, genes overexpressed in advanced 113
55 Despite the similarity, there are some subtle differencesin ~ malignancies were enriched in NKTL. This result is consistent 114
56 the molecular profile. Our GESA data revealed a distinctive  with the different clinical presentation of the two malignancies, 115
57 enrichment of stem cell related genes in TNKLPDC compared  with TNKLPDC having a leukemic presentation characterized 116
58  to NKTL. Indeed, the expression of ALDH1, a marker of stem by bone marrow involvement and cytopenias, and NKTL, in 117
59 cell properties, was significantly higherin TNKLPDCcompared  contrast, manifesting as aggressive solid cancers. 118
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Figure 4. (A) TNKLPDC cell lines show a higher proportion of cells )
expressing ALDH1 compared to NKTL cell lines. (B) TNKLPDC cell,
lines show a significantly higher proportion of cells expressing ALDII]
compared to NKTL cell lines (median expression of 8. 15% vs. 2.4%, |
p=10.04). . ;
The CSC hypothesis proposes that tumors arise ﬁom a
subset of cells (usually representing the mmonty ‘popula-
tion) with distinctive stem cell” properties ¢ ch g;cterized by

the ability to undergo self~renewal prohferatlon and multi-
potential differentiation [22, 23] A/role for CSCs has been
characterized for acute leukemlas [24] and CSCs also exist
in solid tumors, mcludmg braln, breast and colon [25]. In
acute myeloid leukeinia, only a subfraction of cells are pro-
posed to be leukemia stem cells (LSCs), while the majority
of cells are either transitional cells with limited proliferative
capacity or more differentiated end cells {21]. In general,
these CSCs are quiescent and resistant to conventional che-
motherapy that usually targets proliferating cells. Hence,
our discovery of potential CSC properties in TNKLPDC cell
lines has important therapeutic implications in this group of
disorders. In addition, this may also explain the success of
allogeneic HSCT in the treatment of TNKLPDC [26-28] and
why conventional chemotherapy, without HSCT, is often
unsuccessful in the treatment of TNKLPDC.

Although HSCT at present appears to be curative for
patients with CAEBV, it is not without life-threatening
complications. In this regard, identification of new thera-
peutic strategies and targets is greatly needed. Importantly,
we demonstrated EZH2 to be aberrantly overexpressed

GLAL_A_983099.indd 7
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in TNKLPDC. EZH2 is a H3K27-specific histone methyl-
transferase and a component of the polycomb repressive
complex 2 (PRC2), which plays a key role in the epigenetic
maintenance of the repressive chromatin mark and has been
implicated to play an oncogenic role in cancers [29]. Our in
vitro studies using DZNep, a compound capable of inhibit-
ing EZH2 by depleting PRC2 components [15], showed that
successful down-regulation of EZH2 in four TNKLPDC cell
lines led to a significant increase in apoptosis and decrease
in the viability of tumor cells. Although DZNep is not a spe-
cific inhibitor of EZH2 and may affect other molecules [30],
our results suggest that EZH2 may be important for survival
of TNKLPDC cells, and down-regulation/degradation of
EZH?2 could be a potential therapeutic strategy in TNKLPDC.
This is of interest, as EZH2 inhibitors are currently being
developed for clinical use [31,32];

In conclusion, our study showed that the molecular and
phenotypic signature of TNKLPDC is similar to NKTL, with
overexpression of p53, survivin and EZH2. Down-regulation
of EZH2 results in an increase in apoptosis and reduction in
cell viability, stxpponing the rationale for targeting EZH2 as
a potential therapeutic Sfrqtégf in the treatment of NKTL. In
addition, the- novel diSébveiy of potential CSC properties in
TNKLPDC cell lines has important therapeutic implications
in rhls _group, of chsorders, although this finding requires
further vahdauon in primary tumor samples in a larger

cohort of panents

ﬁcknowledgements

S.-B.N. is supported by a National University Health System

~Clinician Scientist Program award. This work was partially

supported by a grant from the Ministry of Education (MOE)
Academic Research Fund (AcRF) Tier 1 (WBS No. R-179-000-
046-112).

W.J.C. is supported by a NMRC Clinician Scientist
Investigator award. This work was partially supported by a
Singapore Cancer Syndicate Grant, and the National
Research Foundation Singapore and Singapore Ministry
of Education under the Research Centers of Excellence
initiative.

Potential conflict of interest: Disclosure forms provided
by the authors are available with the full text of this article at
www.informahealthcare.com/lal.

References

[1] Quintanilla-Martinez L, Kimura H, Jaffe ES. EBV-positive T-cell
lymphoproliferative disorders of childhood. In: Swerdlow SH,
Campo E, Harris NL, et al., editors. WHO classification of tumours of
haematopoietic and lymphoid tissues. 4th ed. Lyon: IRAC Press; 2008.
pp 278-280.

[2] Ko YH, Jaffe ES. Epstein-Barr virus-positive systemic
T-lymphoproliferative  disorders and related lymphoproliferations
of childhood. In: Jaffe ES, Harris NL, Vardiman JW, et al., editors.
Hematopathology. Philadelphia, PA: Elsevier Saunders; 2011. pp 492-505.
[3] Cohen JI, Kimura H, Nakamura S, et al. Epstein-Barr virus-
associated lymphoproliferative disease in non-immunocompromised
hosts: a status report and summary of an international meeting, 8-9
September 2008. Ann Oncol 2009;20:1472-1482.

11/26/2014 8:29:27 PM

-170-

60
61
62
63
64
65
66
67
68
69

72

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118



8 S.-B.Ngetal

1 [4] Kimura H, Ito Y, Kawabe §, et al. EBV-associated T/NK-cell
2 lymphoproliferative diseases in nonimmunocompromised hosts:
prospective analysis of 108 cases. Blood 2012;119:673-686.
3 [5] Ohshima K, Kimura H, Yoshino T, et al. Proposed categorization
4 of pathological states of EBV-associated T/natural killer-cell
5 lymphoproliferative disorder (LPD) in children and young adults:
overlap with chronic active EBV infection and infantile fulminant EBV
6 T-LPD. Pathol Int 2008;58:208-217.
7 [6] Wang RC, Chang ST, Hsieh YC, et al. Spectrum of Epstein-Barr
8 virus-associated T-cell lymphoproliferative disorder in adolescents
and young adults in Taiwan. Int ] Clin Exp Pathol 2014;7:2430-2437,
9 [7] Hong M, Ko YH, Yoo KH, et al. EBV-positive T/NK-cell
10  lymphoproliferative disease of childhood. Korean J Pathol 2013;47:
11 137-147.
[8] Fujiwara S, Kimura H, Imadome K, et al. Current research on
12 chronic active Epstein-Barr virus infection in Japan. Pediatr Int
13 2014;56:159-166.
14 [8] Isobe Y, Aritaka N, Setoguchi Y, et al. T/NK cell type chronic
_ active Epstein-Barr virus disease in adults: an underlying condition
15 for Epstein-Barr virus-associated T/NK-cell lymphoma. J Clin Pathol
16 2012;65:278-282.
17 [10] Ng SB, Selvarajan V, Huang G, et al. Activated oncogenic
pathways and therapeutic targets in extranodal nasal-type NK/T cell
18 lymphoma revealed by gene expression profiling. J Pathol 2010;223:
19 496-510.
20 [11] Fan JB, Yeakley JM, Bibikova M, et al. A versatile assay for high-
throughput gene expression profiling on universal array matrices.
21 Genome Res 2004;14:878-885.
22 [12] Bibikova M, Talantov D, Chudin E, et al. Quantitative gene
23 expression profiling in formalin-fixed, paraffin-embedded tissues
using universal bead arrays. Am J Pathol 2004;165:1799-1807.
24 [13] Tusher VG, Tibshirani R, Chu G. Significance analysis of
25  microarrays applied to the ionizing radiation response. Proc Natl Acad
26 Sci USA 2001;98:5116-5121.
[14] Yan], NgSB, TayJL, etal. EZH2 overexpression in natural killer/T-
27 cen lymphoma confers growth advantage independently of histone
28 methyltransferase activity. Blood 2013;121:4512-4520.
29 [15] Tan ], Yang X, Zhuang L, et al. Pharmacologic disruption
Polycomb-repressive complex 2-mediated gene repression selectivel
30 induces apoptosis in cancer cells. Genes Dev 2007;21:1050-1063. ™.
31 [16] Xie Z, Bi C, Cheong LL, et al. Determinants of sensitivity. I«

32 DZNep induced apoptosis in multiple myeloma cells:’
2011;6:e21583. 4

33 [17] Moreb ], Schweder M, Suresh A, et al Overe pressmn oszf

34 the human aldehyde dehydrogenase class 1 results in increage

37 Supplementary material avaliable on!'

Supplementary Tables I-V an Figuges, 3 showmg further

39 (Jata.

GLAL_A_983099.indd 8

’ -[30] Mxranda TB:

resistance to 4-hydroperoxycyclophosphamide. Cancer Gene Ther
1996;3:24-30.

[18] Huang EH, Hynes MJ, Zhang T, et al. Aldehyde dehydrogenase 1
is a marker for normal and malignant human colonic stem cells (SC)
and tracks SC overpopulation during colon tumorigenesis. Cancer Res
2009;69:3382-3389.

[19] Liang D, Shi Y. Aldehyde dehydrogenase-1 is a specific marker
for stem cells in human lung adenocarcinoma. Med Oncol 2012;29:
633-639.

[20] Hwang K, Park CJ, Jang S, et al. Flow cytometric quantification
and immunophenotyping of leukemic stem cells in acute myeloid
leukemia. Ann Hematol 2012;91:1541~1546.

[21] Kummermehr JC. Tumour stem cells—the evidence and the
ambiguity. Acta Oncol 2061;40:981-988.

[22] Dick JE. Stem cell concepts renew cancer research. Blood
2008;112:4793-4807.

[23] Jordan CT. Cancer stem cell biology: from leukemia to solid
tumors. Curr Opin Cell Biol 2004;16:708-712.

[24] Hope K], Jin L, Dick JE. Human acute myeloid leukemia stem
cells. Arch Med Res 2003;34:507-514.
[25] Ailles LE, Weissman IL. Cancer étem cells in solid tumors. Curr
Opin Biotechnol 2007;18:460-466.
[26] Gotoh K, Ito Y, Shibata-W: andbeY ct al Clinical and virological
characteristics of 15 patients with “chronic ‘active Epstein-Barr virus
infection treated with hematopoxenc sterm. ceH transplantation. Clin
Infect Dis 2008;46:1525-1534. .,
[27] Sato E, Ohga S, Kuroda H, ‘et al, Allogenelc hematopoietic stem
cell transplantation ‘“for in-] arr virus-associated T/natural
killer-cell lymphopxo iferativ sqgl/se in Japan. Am | Hematol 2008;

al. Excellent outcome of allogeneic
) CT. with reduced-intensity conditioning for the
o} of chromc actlve EBV infection. Bone Marrow Transplant

Cortez CC, Yoo CB, et al. DZNep is a global histone
nethylation inhibitor that reactivates developmental genes not
lenced by DNA methylation. Mol Cancer Ther 2009;8:1579-1588.

l] McCabe MT, Ott HM, Ganji G, et al. EZH2 inhibition as a
herapeutic strategy for lymphoma with EZH2-activating mutations.
Nature 2012;492:108-112.

“[32] Knutson SK, Wigle TJ, Warholic NM, et al. A selective inhibitor

of EZH2 blocks H3K27 methylation and kills mutant lymphoma cells.
Nat Chem Biol 2012;8:890-896.

11/26/2014  8:29:28 PM

-171-

60
61
62

64
65
66
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118



1 Supplementary material for Ng S-B, et al. Epstein-Barr virus-associated T/natural killer-cell lymphoproliferative disorder 60
2 in children and young adults has similar molecular signature to extranodal nasal natural killer/T-cell lymphoma but shows 61
3 distinctive stem cell-like phenotype, Leukemia & Lymphoma, 2014; doi: 10.3109/10428194.2014.983099. 62
4 63
5 64
6 65
= 66
8 Supplementary Table 1. Clinical data of 22 cases of TNKLPDC. 67
9 No Diagnosis* Sex  Lthnicity  Age(yrs) Tissuetype GEP Treatment Follow up TCRPCR BMkaryotype 68
10 1 CAEBV M Indonesian 3.4 BM No  HLH-P Alive PC N 69
11 CAEBY M Chinese 13.1 BM No  HLH-P, AHCT  Dead (AHCT PC N 70
12 complications) 71
3  CAEBV M Vietnamese 24.8 BM No  Chemo Alive PC N
13 4 STLPDC ¥ Chinese 5.3 BM No  HLH-P, AHCT  Alive MC N 72
14 5 STLPDC M  Chinese 1.4 Skin Yes  HLH-P,AHCT  Alive (graft rejection) MC N 73
15 6 STLPDC ¥ Indonesian 6.1 BM No  HLH-P Alive ) MC N 74
2 7  STLPDC M Chinese 16.7 LN Yes  Steroids, AHCT Dead S MC N
16 8 CAEBVvsSTLPDC M Japanese 4 liver No AHCT Alive L. NA NA 75
17 9 CAEBVvsSTLPDC F  Japanese 19 BM No  AHCT Alive . = NA NA 76
18 10 CAEBVvsSTLPDC F  Japanese 19 BM No  Chemo Alive : © . NA NA 7
11 CAEBVvsSTLPDC F  Japanese 39 Skin No  Chemo Dead e - NA NA
19 12 srLepe F Viemamese  16.4 BM No  HLH-P Dead’ _MC Abn 78
20 13 STLPDC F  Chinese 4.8 BM No HLH-P Alive. o MC N 79
21 14 STLPDC M  Indonesian 13.3 BM No HLH-P Dead MC Abn 80
15 STLPDC M Indonesian 20.9 BM No HLH-P Dead™. MC Abn
22 16 STLPDC F  Chinese 9.5 LN Yes  Supportive id PC Abn 81
23 17 STLPDC M  Chinese 18.7 LN Yes HLH-P MC N 82
24 18 STLPDC M Vietnamese 1 BM No  HLH-P . MC Mosaic 83
19 STLPDC M  Filipino 7.6 BM No HLH-P, NA N
25 20 STLPDC F Chinese 19.3 BM No HLH-P PC Abn 84
26 21 STLPDC F  Japanese 48 BM No Chemo, AHCT NA¥ NA 85
27 22 favour STLPDC M Others 18.3 BM No Suppornve } NA NA 36

28 Abbreviations; M, male: F, female: NA, not available; BM, bone marrow; LN, lymph niode; CAEBY; chromcacuve EBVinfection of T-NK type, STLPDC; systemic EBV+T g~
cell lymphoproliferative disorder of childhood; GEP, gene expression profiling; HLH-P, 2004 Histiocyti¢ Tymphohistiocytosis protocol; AHCT, Allogeneic hematopoietic
29 cell ransplant; Chemo, chemotherapy; TCR, T cell receptor gamma gene rLarrangemmt, PC, polyclonal; MC, monoclonal; N, normal; abn, abnormal. 88

30 4 EBV terminal repeats analysis revealed monoclonality. ) 89
31 * based on WHO classification and recommendation from NIH consensus meeung 2008 [1.2]. 90
32 L 91
33 92
34 93
35 S 94
32 Supplementary Table I1. Summary of immunohistochemical double stains conditions. 95
37 Antibody Soi}rcé Dilution Retrieval Incubation Chromogen 96
a8 EZH2/CD3 EZH2: Nobocdstra C 1:200 ER1-20’ 15’ DAB 97
~CPhs: “DAKO ™~ “ Polyclonal 1:70 ER2-20/ 15 AP
39 P53/CD3 P53:DAKO" DO-7 1:100 ER2-20’ 15’ DAB 98
40 s _CD3: DAKO, ¥ Polyclonal 1:50 - 15’ AP 99
41 Survivin/CD3 ™. “Survivin: Cell 71G4B7E 1:75 ER1-20 15’ DAB 100
ST Slgnalfmg
42 < . /CD3:DAKO Polyclonal 1:50 ER2-20 15’ AP 101
43 DAB, diaminohenzidine (brown stain); AP, alkaline phosphatise (red stain). 102
44 Ta 103
45 P 104
46 105
47 106
48 107
49 108
50 109
51 110
52 111
53 112
54 113
55 114
56 115
57 116
58 117
59 118
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Supplementary Table III Culture conditions of TNKLPDC and NKTL cell lines.
Cell Line Description of Disease Cytokine Dependency Culture Conditions
NK-92 NHL-LGL (adult) IL-2 o-MEM?
12.5% Fetal Bovine
Serum®
12.5% Horse Serum®
100 U/ml IL-2%
COSMEDIUM 001%
10% Human Serum®
100 U/ml IL-2¢
RPMI-1640}
10% Petal Bovine Serum®
100 U/ml IL-28
SNK-1 NKTL IL-2 Artemis 24
2% Human Serum’®
700 U/ml IL-2°8

HANK-1 NKTL iL-2

NK-YS NKTL IL-2

SNK-6 NKTL 1L-2 Artemis 2°
2% Human Serum?®
700 U/mlIL:Z
SNT-8 NKTL 1L-2 Art(,mxs 24

% Human Serum’

KAIL-3 TNKLPDC IL-2
SNK-10 TNKLPDC -2
SNT-13 TNKLPDC 1L-2

2% Haman Serum®
»700 U/miIL- 26
_-Artemis 2!

2% Human Serum®
700 U/mlIL-28
Artemis 21
2% Human Serum®
700 U/ml IL-2°

CL,nasal-type NK/T cell lymphoma; TNKLPDC, T/NK-cell
USA; %, Stemcell Technologies, USA; 3, Cosmo Bio, Japan;
¢, Germany.

SNT-15 TNKLPDC 1Lé:

SNT-16 TNKLPDC

NHL-LGL, Non-Hodgkin lymphoma with large granular c:
lymphoproliferative disorders 1, Life Technologies;” Larstad
4, Nihon Techno Service, Japan; 5, PAA Labs, :

, C

Supplementary Table IV. Chn al, phuwtvpu, and genotypic features of TNKLPDC and NKTCL cell lines.

Cellline  Sex ngmal description of disease  sample CD56 EBV  lineage

NK-92 NHL-LGL ( adult) PB + + NK
SNT-8 € NKTL nasal + + YT
SNK-6 " Japanése NKTL nasal + + NK
NKYS Japanese NKTL PB + + NK
) “:Japanese NKTL LN + + NK
SNK-L . F S * Japanese NKTL with CAEBV PB + + NK
KAIZ - M Japanese MBH PB + + NK
SNK-10 ™ M- 17 Japanese CAEBV PB + + NK
SNT-13 b 13 Japanese CAEBV PB ND + T
SNT-15 15 Japanese CAEBV PB ND + T
SNT-16 13 Japanese CAEBV PB ND + of T

NHL-LGL, Non-Hodgkin lymphoma with large granular cells; NKTL, nasal-type NK/I-cell lymphoma; MBH, mosquito bite
hypersensitivity (part of spectrum of EBV+ T/NK lymphoproliferative disease of children and young adult); CAEBY, chronic
active EBV infection; PB, peripheral blood; LN, lymph node.
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Supplementary Table V. Immunohistochemistry results for p53,
survivin and EZH2 in TNKLPDC cases.

Case No. p53 score (%) Survivin score (%) EZH2 score (%)
1 1 1 2
2 7 6 75
3 1 1 NA
4 10 20 22
5 5 1 NA
6 30 85 50
7 32 73 10
8 NA NA 3
9 NA NA 28

10 NA NA 21

11 NA NA 2

12 90 90 74

13 80 85 85

14 90 9 95

15 90 1 87

16 95 95 90

17 12 85 29

18 47 80 80

19 98 90 85

20 NA NA 20

21 NA NA 47

22 7 80 40

Abbreviations: NA = not available.
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Expression fold change of genes between TNKLPDC vs normal

Supplementary Figure 1. Gene expression profiling showed a similar
molecular signature between TNKLPDC and NKTL. Scatterplot of
the expression fold-change for each gene between TNKLPDC vs
Normal and the expression fold-change of each gene between NKTL
vs Normal showed a significant correlation with Pearson correlation
r=0.692, p<2.2x 10715 indicating a high degree of similarity between
TNKLPDC and NKTL.
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CD137 Expression Is Induced by Epstein-Barr Virus
Infection through LMP1 in T or NK Cells and Mediates
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Abstract

To clarify the mechanism for development of Epstein-Barr virus (EBV)-positive T- or NK-cell neoplasms, we focused on the
costimulatory receptor CD137. We detected high expression of CD137 gene and its protein on EBV-positive T- or NK-cell
lines as compared with EBV-negative cell lines. EBV-positive cells from EBV-positive T- or NK-cell lymphoproliferative
disorders (EBV-T/NK-LPDs) patients also had significantly higher CD137 gene expression than control cells from healthy
donors. In the presence of IL-2, whose concentration in the serum of EBV-T/NK-LPDs was higher than that of healthy donors,
CD137 protein expression was upregulated in the patients’ cells whereas not in control cells from healthy donors. In vitro
EBV infection of MOLT4 cells resulted in induction of endogenous CD137 expression. Transient expression of LMP1, which
was enhanced by IL-2 in EBV-T/NK-LPDs cells, induced endogenous CD137 gene expression in T and NK-cell lines. In order to
examine in vivo CD137 expression, we used EBV-T/NK-LPDs xenograft models generated by intravenous injection of
patients’ cells. We identified EBV-positive and CD8-positive T cells, as well as CD137 ligand-positive cells, in their tissue
lesions. In addition, we detected CD137 expression on the EBV infected cells from the lesions of the models by immune-
fluorescent staining. Finally, CD137 stimulation suppressed etoposide-induced cell death not only in the EBV-positive T- or
NK-cell lines, but also in the patients’ cells. These results indicate that upregulation of CD137 expression through LMP1 by
EBV promotes cell survival in T or NK cells leading to development of EBV-positive T/NK-cell neoplasms.
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Introduction quito bites, or hydroa vacciniforme-like eruption accompanied by
clonal proliferation of EBV-infected cells [3,4]. Because most
reported cases were children or young adults, and were mainly of
the T-cell-infected type, the disorders were designated “EBV-
positive T-cell lymphoproliferative discases of childhood” in the
WHO classification, although adult and NK-cell types have been
reported [4-6]. The common clinical properties of EBV-T/NK-
neoplasms are the presence of severe inflammation, resistance to
chemotherapy, and a marked geographic bias for East Asia and
Latin America, suggesting a genetic context for disease develop-
ment [4]. Since these EBV-T/NK-neoplasms overlap [4],
common mechanisms are thought to exist in the background
and contribute to discase development.

It is well known that EBV infects B cells and makes the infected
cells immortal resulting in B-cell lymphomas. Similarly it is

Epstein-Barr virus (EBV) infection can be found in lymphoid
malignancies not only of B-cell lineage, but also of T- or NK-cell
lineages. These EBV-positive T or NK-cell neoplasms, such as
extranodal NK/T-cell lymphoma nasal type (ENKL), aggressive
NK-cell leukemia (ANKL), and EBV-positive T- or NK- cell
lymphoproliferative diseases (EBV-T/NK-LPDs), are relatively
rare but lethal disorders classified as peripheral T/NK-cell
lymphomas according to the WHO classification of tumors of
hematopoietic and lymphoid malignancies. ENKL is a rapidly
progressive lymphoma characterized by extranodal lesions with
vascular damage and severe necrosis accompanied by infiltration
of neoplastic NK or cytotoxic T cells [1]. ANKL is a markedly
aggressive leukemia with neoplastic proliferation of NK cells [2].

EBV-T/NK-LPDs is a fatal disorder presenting sustained
infectious mononucleosis-like symptoms, hypersensitivity to mos-
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suspected that EBV may also cause T- or NK-cell neoplasms.
However, why and how EBV latently infects T or NK cells,
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