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ABSTRACT

xtra-nodal natural killer (NK)/T-cell lymphoma, nasal type
E(ENKTCL) is a highly aggressive lymphoma, in which the tumor

suppressor gene PRDN1 is frequently lost or inactivated. We
employed two different CRISPR/Cas9 approaches to generate PRDV 17
primary NK cells to study the role of this gene in NK-cell homeostasis.
PRDM17 NK cells showed a marked increase in cloning efficiency, high-
er proliferation rate and less apoptosis compared with their wild-type
counterparts. Gene expression profiling demonstrated a marked enrich-
ment in pathways associated with proliferation, cell cycle, MYC, MYB
and TCR/NK signaling in PRDAM 17 NK cells, but pathways associated
with normal cellular functions including cytotoxic functions were down-
regulated, suggesting that the loss of PRDA1 shifted NK cells toward
proliferation and survival rather than the performance of their normal
functions. We were also able to further modify a PRD/A1-deleted clone
to introduce heterozygous deletions of common tumor suppressor genes
in ENKTCL such as TP53, DDX3X, and PTPN6. We established an i vitro
model to elucidate the major pathways through which PRDAI1 mediates
its homeostatic control of NK cells. This approach can be applied to the
study of other relevant genetic lesions and oncogenic collaborations in
lymphoma pathogenesis.

Introduction

Extra-nodal natural killer (NK)/T-cell lymphoma, nasal type (ENKTCL) is a highly
aggressive lymphoma that is consistently associated with Epstein-Barr virus (EBV)
infection and predominantly affects middle-aged men in Asia and Central and South
America."? It typically presents as tumors or destructive lesions in the nasal cavity,
maxillary sinuses or palate. Despite a localized presentation in most patients, it tends
to relapse locally or at other extra-nodal sites, such as the skin, and the 5-year overall
survival of affected individuals is 40-50% with current therapeutic regimens.** About
80-90% of ENKTCL originate from the NK-cell lineage with the rest of cases derived
from T cells. Regardless of the cell of origin, the pathology, clinical behavior and treat-
ment are similar. Aggressive NK-cell leukemia, also EBV-associated and derived from
NK cells, is regarded as the leukemic form of ENKTCL.*

Our previous genomic analysis of ENKTCL,”® including identification of copy
number abnormalities, mutation analysis, and DNA methylation studies, suggested
that PRDM 1, located in 621, is a tumor suppressor gene that is frequently inactivat-
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ed by deletion, methylation and mutation. The minimal
common region of the 6q21 deletion contains a number of
genes (ATG1, AIM1, etc.) but apart from PRDAM1, they
have not been found to be mutated or methylated either
by us or others. We therefore prioritized PRDM1 for fur-
ther study, and functional analysis of the gene supports its
role as a tumor suppressor gene.*® PRDA1 has also proven
to be a tumor suppressor gene in diffuse large B-cell lym-
phomas’ and anaplastic large T-cell lymphoma.’
Accumulating evidence supports the concept that it is not
only critical for terminal effector cell differentiation in B
cells" but that it is also important in the homeostasis of T
cells and in T-cell’ effector differentiation. The level of
PRDMI1 increased progressively with NK-cell activation
with a corresponding drop in MYC level, termination of
proliferation and increased cellular apoptosis.® The precise
role of PRDM1 in this process is not clear, and the inability
to maintain human NK cells in long-term culture i vitro
with interleukin (IL)-2 or IL-15 is a major impediment to
further analysis. We are now able to perform long-term in
vitro cultures of primary, normal NK cells which allow suf-
ficient time for us to perform specific genetic manipula-
tions and functional studies with genome-edited cells and
single-cell clones using the recently developed clustered
regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 (Cas9) system for
targeted gene editing.!' Here, we report the functional
consequences of PRDAM1 gene knock-out (KO) in primary
NK cells from healthy donors and the implication of these
findings on NK-cell homeostasis and ENKTCL pathogen-
esis.

While PRDM1 is a frequently mutated tumor suppressor
gene in NK-cell lymphomagenesis,*? it is not sufficient by
itself to generate a lymphoma in a murine model, and
additional alterations are necessary. As many of the fre-
quent genetic and epigenetic changes in ENKTCL are loss-
of-function alterations, the CRISPR/Cas 9 system enables
highly efficient targeted gene editing'" to investigate these
abnormalities.'”'® Here, we demonstrated other potential
tumor suppressor genes that are readily modified and the
feasibility of inducing pairs of deletions to study coopera-
tive mutations in NK-cell lymphomagenesis.

Methods

Primary NK-cell enrichment

Primary NK cells were isolated from peripheral blood mononu-
clear cells of healthy donors (donor #1 and donor #2) using the
EasySep™ Human NK Cell Enrichment Kit (Stemcell, USA;
#19055) according to the manufacturer’s protocol. The purity of
isolated NK cells was determined by flow cytometry analysis with
FITC-labeled anti-human CD56 (Biolegend, USA; n. 362545) and
PE-labeled anti-human CD3 (Biolegend, USA, n. 300407) double
staining.

PRDM1 knockout mediated by CRISPR/Cas9 with
plasmid PX458-sgRNA4

The PX458-sgRNA4 plasmid was delivered into stimulated pri-
mary NK cells by electroporation using the Amaxa® Nucleofector®
II Device (Lonza, France) according to the manufacturer’s suggest-
ed U001 protocol (5 ug plasmid per 2x10° cells) (Figure 1A).
Cloning of the modified cells is described in the Omnline
Supplementary Methods. Sequential gene KO was processed similar-
ly but on identified PRDM 17 NK clone #3. The various guide RNA

used in these experiments are listed in Online Supplementary Tables
S1 and S2.

CRISPR/Cas9-mediated disruption of PRDM1 by
introduction of a fluorescent protein through
homologous recombination

Cas9/sgRNA ribonucleoprotein (RNP) complexes targeting
PRDAM1 exon 5 (Figure 1B), together with a double-stranded DNA
repairing template consisting of a fluorescent protein gene
(GFP/DsRed) flanked by long homologous arms of the PRDA1
gene, were electroporated into cells, allowing the edited cells, of
which both PRDM1 loci were disrupted, to be sorted by fluores-
cence activated cell sorting (FACS). Details of the experiment are
shown in Online Supplementary Figure S1 and Figure 1B. sgRNA2
used in this experiment is shown in Online Supplementary Table S1.

Other experimental methods

Cell lines used and cell culture methods, the CRISPR/Cas9
experiments, western blotting, cell proliferation and apoptosis
assays, cell cycle analysis, quantitative real-time polymerase (qQRT-
PCR), RNA-sequencing, next-generation sequencing, and statisti-
cal analysis, are described in the Online Supplementary Information.

Results

Generation of PRDM17- primary NK cells by two
different CRISPR/Cas9 methods
Generation of PRDM1”" clones #3 and #5 using PX458-sgRNA4
plasmid electroporation

With our feeder cell culture system, we successfully
cloned primary NK cells after single-cell seeding by FACS.
The expanded NK-cell single clones (G-2 and G-3) were
observed for approximately 3 weeks (Online Supplementary
Figure S2) and were enumerated for evaluation of cloning
efficiency. According to our grading system, as specified in
the Methods section, the GFP* cells (plasmid-transfected
cells) had significantly higher cloning efficiency (47.7% vs.
11.7%; P<0.05) than parental primary NK cells (Online
Supplementary Table S3). Sequencing analysis revealed that
66% (61 of 92) of the clones showed PRDM1 frame-shift
deletions around the target site within exon 4 (Online
Supplementary Figure S3), with the likelihood of their having
been four founders based on the pattern of deletions. Two
of these four founder clones with distinct homozygous
deletions (Figure 2A, B) were the most prevalent clones iso-
lated by single-cell cloning, indicating that homozygous
deletion of PRDM1 confers a growth advantage among
these clones. Clones #3 and #5 belonged to one of the
homozygous deletions and were chosen as the biological
duplicates in our subsequent studies. The loss of PRDA1
protein expression was confirmed by western blot analysis
in these clones (Figure 2C, upper panel). We also measured
the expression of the PRDMI target gene MYC in the edit-
ed cells and demonstrated that the expression of MYC was
upregulated (9-fold) upon PRDAM1 KO (Figure 2C, lower
panel).

Generation of bulk PRDM17~ NK cells through fluorescent
protein knock-in by homologous DNA repair using Cas9/sgRNA2
ribonucleoprotein electroporation

To avoid the selection process inherent in cloning and
potential spurious results due to off-target modification by
sgRNA4, we modified a recently described technology
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Figure 1. Schematic diagram of knock-out of PRDM1 in NK cells by the CRISPR/Cas9 system. (A) PRDM1 was knocked out by using a Cas9-sgRNA plasmid. The
plasmid with both Cas9-GFP and sgRNA is shown. This approach requires cloning of GFP* NK cells on irradiated feeder cells. Genome editing was evaluated by a
high resolution melting-polymerase chain reaction assay and the PRDM1 knock-out was confirmed by western blot and Sanger sequencing. (B) PRDM1 was knocked
out by electroporation of the Cas9/sgRNA RNP complex plus a homology directed repair (HDR) template with fluorescence protein gene. Double-stranded HDR DNA
templates with inserted GFP or DsRed open reading frame and about 300 bp homologous sequence of exon 5 at each side of the CRISPR/Cas9 cutting site of
sgRNA2 were prepared. FACS for GFP and DsRed double positive cells identified PRDM1 knock-out cells, which were confirmed by western blot and Sanger sequenc-
ing. Cas9: CRISPR-associated protein 9; GFP: green fluorescent protein; NK: natural killer; PBMC: peripheral blood mononuclear cells; NHEJ: non-homologous end
joining; CRISPR: clustered regularly interspaced short palindromic repeat; FACS: fluorescence activated cell sorting; PCR: polymerase chain reaction; KO: knock-out;

HDRT: homology directed repair template; RNP: ribonucleoprotein.

developed for primary T-cell CRISPR editing" for our pri-
mary NK-cell genome editing. We chose another guide
RNA for exon 5, sgRNA2 (Online Supplementary Table S1,
Figure 3A). A homologous DNA repair (HDR) template
encompassing an in-frame fusion of either GFP or DsRed
open reading frame followed by a strong stop signal from
SV40 poly (A) tail was included (Figure 3B, Ounline
Supplementary Figure S1). This approach utilized HDR that
introduced GFP or DsRed as markers of a disrupted PRDAV1
locus. Cells with two colors indicated bi-allelic insertion of
the fluorescent protein and the termination of PRDAN1
expression and could be FACS-sorted (Figure 1B).

After expansion of the GFP*/DsRed* double-positive NK
cells, we performed genotyping, qRT-PCR and western blot
to confirm the bi-allelic PRDA1 KO (Figures 3C and 4A-C,
Online Supplementary Table S4). The low PRDM1 expression
remaining in qRT-PCR (Figure 4C) and western blotting of
PRDM1” NK cells (Figure 3C) was from the contaminating
feeder cells (Online Supplementary Figure S4). When we used
the PRDAM 1 primers located in exon 2 and exon 3, upstream
of the sgRNA2 cutting site, to perform gRT-PCR, a high
level of expression was observed. As PRDM1 is an autolo-
gous repressor, the upregulation of PRDM1 transcripts
upstream of the truncation should not be a surprise and is
consistent with earlier observations (Figure 4D). MYC tran-
scription was upregulated in these cells (Figure 3C). These
results indicate that we had developed a separate method
of generating PRDMV 1" NK cells.

PRDM1”- NK cells showed growth advantage
compared with normal wild type NK cells
PRDM1”" NK cells had a growth advantage

As shown in Figure 5A, the PRDA1” NK clones #3 and
#5 had higher growth rates (>2 fold) compared with their
normal wild-type (WT) counterparts as measured by an
MTS assay. A similar effect was observed with
GFP*/DsRed" PRDM17 NK cells (Figure 5B). In fact, the
GFP*/DsRed" PRDM1” NK cells grew even better than
clones #3 and #5 and expanded 4.2-fold in 6 days, while the
WT NK cells expanded less than 2-fold. It must be noted
that the GFP*/DsRed” PRDM1" NK cells were relatively
younger (~20 days after CRISPR), whereas clone #3 and
clone #5 were examined ~90 days after CRISPR. A steady
decline in growth rate was observed in PRDA1” cells after
long-term in vitro culture.

PRDM1”* NK cells had an increased fraction of cells in the
S/G2M phase

We performed cell cycle analysis on PRDA 17 NK cells
(clone #3 and clone #3) at around 90 days of culture, and
cells undergoing DNA synthesis were measured by EdU
incorporation into DNA for 5 consecutive days.
Remarkably, 40% of the PRDM1” NK cells were in the
S/G2M phase versus ~4% in WT NK cells (Figure 5C, D) on
the 3 day after adding fresh feeder cells. This proliferation
was feeder-dependent, as the proliferating rates were

reduced after feeder cells had all died (Figure 5D), but the
PRDM17" clones demonstrated a more sustained prolifera-
tion. As observed on the 7% day, >20% of the total
PRDM17 cells showed EdU incorporation (decreased about
1.5-fold), whereas 1% of the parental cells showed EdU
incorporation. Similar results were obtained with
GFP*/DsRed* PRDM 17 NK cells. The proportion of EdU-
positive cells in PRDM 17 NK cells was 44.2% on the 3* day
and 17.8% on the 7* day (~2.5-fold drop), whereas the pro-
portions of EdU-positive WT NK cells were 23.7% on the
3“ day and 4.75% on the 7* day (~5-fold drop) (Figure 5E).
These results indicated that, compared with WT NK cells,
PRDM17” NK cells had a higher rate of proliferation and a
more sustained response to feeders, in agreement with the
findings from PRDMV 1™ clones #3 and #5. These results indi-
cated that PRDMI1 regulates cell proliferation and longevity
in the presence of feeder cell stimulation.

We also performed cell cycle analysis and observed that a
higher proportion of PRDM 17 NK cells were in the S/G2M
phase (22.9~28.5%) compared with WT control cells
(18.7%) (Figure 6D). Similar results were obtained with
GFP*/DsRed* PRDM 17 NK cells, of which 26.4% were in
S/G2M phase versus the 17.0% of WT NK cells in the
S/G2M phase (Figure 5F). Moreover, in both groups of NK
cells, we found there was a slightly higher ratio of the S
phase cell fractions (1.5~2.2-fold) in PRDM 17 NK cells than
in WT NK cells. These results unequivocally demonstrated
that PRDM1 regulates cell proliferation and growth in NK
cells.

PRDM1” primary NK cells had fewer apoptotic cells

Consistent with the above analysis, there were fewer
early apoptotic cells (Q3) in PRDM1” clones #3 and #5 than
WT NK cells at different days of observation after adding
fresh feeder cells (Figure 6A). Statistical analysis showed the
general trend of increase of early apoptotic cells in both
PRDM 17 and WT NK cells after feeder cell stimulation
(Figure 6B). This observation paralleled the decrease in
growth and proliferation of the cells. It is possible that as
the cells entered a more quiescent phase, apoptosis also
decreased. Similar results of fewer early apoptotic cells in
PRDM1” NK cells compared with their WT counterpart
were obtained with GFP*/DsRed* PRDM 17 NK cells (Figure
6C). However, the percentages of early apoptotic cells (Q3)
tended to get lower, not higher, with the days in culture
with feeder cells. This may be due to the fact that the cells
in the second batch were at a relative earlier phase of their
lifespan than the single clones #3 and #5, so the cells
responded better to the feeder cell stimulation.

Generation of dual-gene knockout NK cells and
off-target evaluation

Other than single-gene KO, we also introduced deletions
in genes often deleted or mutated in NK-cell lymphomas
(e.g. TP53, DDX3X and PTPN6). We obtained several
different dual-gene KO NK cells using the pSpCas9(BB)-2A-
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Figure 2. Sanger sequencing demonstrating the PRDM1 deletion in clones #3 and #5. (A) Guide RNA sgRNA4 sequence and schematic gene structure of PRDM1.
Light green boxes and numbers represent the exons of the PRDM1 gene. (B) TOPO cloning showed that both clones #3 and #5 harbored the same bi-allelic deletion,
a 79-bp deletion in one allele (comprising 35 bp from exon 4 [411-445] and 44 bp from the adjacent intron 3 and a 11-bp deletion in the other allele (413-424) (Ref:
NM_001198). (C) Western blot analysis of PRDM1 protein in clones #3 and #5 (upper panel). Parental wild-type natural killer (NK) cells were used as a positive con-
trol. NK lymphoma cell lines, NKYS and KAI3, were used as positive and negative controls, respectively. PRDM1 target gene MYC expression of PRDM1”" clone #5
versus wild-type NK cells was measured by quantitative reverse transcription polymerase chain reaction (QRT-PCR) (lower panel). The target gene expression levels
were normalized to RPL13A, and relative expression was calculated using the 2*-AACt method. The expression of MYC in WT NK cells was set at 1.0.

GFP plasmid vector based approach'® on PRDA1”NK clone
#3 (Online Supplementary Figures S5-S7). All the double mod-
ified cells we obtained harbored heterozygous deletions of
the second targeted gene, TP53, DDX3X or PTPN6. There
were no major changes in cellular characteristics or cloning
efficiency despite the loss of additional tumor suppressor
genes, suggesting that heterozygous deletion of these
tumor suppressor genes did not provide additional growth
or proliferation advantage to NK cells with PRDAM1 dele-
tion.

To evaluate whether the observed changes could be
largely due to off-target effects from CRISPR/Cas9 gene
editing, we performed custom capture and sequencing of
known driver mutations in lymphoma using a panel of 334
genes (Online Supplementary Table S5) but did not observe
any mutations or copy number abnormalities in
PRDM1-edited clones compared with the WT counterpart.
Thus, the changes observed in PRDM 17 cells were not due
to alterations of the exomes of any of the genes tested in the
panel (334 genes).

Gene expression analysis of PRDM1 knockout cells

To elucidate the functional alterations resulting from
PRDM1 deletion, we performed RNA-sequencing analysis
on PRDM41-deficient NK cells or clones and cell-age-
matched WT NK cells from the same donors, including two
biological replicates. We were able to detect the deletion of
exon 4 sequences and insertion of the GFP sequence in the
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RNA-sequencing analysis (Online Supplementary Figure S8A-
C), thus disrupting the PRDM1 open reading frame. The
truncated mRNA in PRDM1” clones were transcribed at
higher levels (>2-fold) compared with their WT counter-
parts, likely due to loss of negative autoregulation by
PRDMI1. As shown in Ounline Supplementary Figure S8A,
these truncated mRNA did not result in any PRDM1 pro-
tein expression. Initial analysis using hierarchical clustering
suggested that clusters were partly driven by distinct donor
profiles and that PRDM 1" clones tended to form tight clus-
ters (Figure 7A). Approximately 30% (3,684 of 12,633) of
transcripts were differentially expressed (1,419 downregu-
lated, 1,498 upregulated; P<0.05 and false discovery rate
<0.3) (Figure 7B). As anticipated, numerous genes and path-
ways associated with proliferation and cell cycle regulation
and progression (e.g., cell cycle control, chromosomal repli-
cation, centrosome maturation, RNA splicing, DNA repair,
S-phase and G2/M transition targets, E2F targets, MYC,
IRF4, E2F3 induction) were upregulated/enriched in the
PRDM1-deleted clones (Figure 7C).

Genes regulated by the DREAM complex (Dimerization
partner, RB-like, E2F4 and multi-vulval class B, master coor-
dinator of cell cycle-dependent gene expression) were
enriched upon PRDAM1 loss, suggesting that the DREAM
repressor complex converts into an activating complex in
the absence of PRDA1. Metabolic changes, such as glyco-
gen metabolism, also showed enrichment in PRDAI1” NK
cells. Various genes associated with NK-cell biology (TOX2,
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TLR4," CCR4,* VEGE® TP63 and IRF4) were upregulated
>20-fold in PRDM17” cells (Online Supplementary Figure
S8D). TOX2 is a critical transcription factor for NK-cell mat-
uration/development upstream of T-bet/TBX21, suggesting
that PRDM1 may regulate NK-cell development and func-
tion via TOX2.% Similar to a previous study in mouse NK
cells, there was a marked increase in the expression of IRF4
and its target genes upon PRDA1 KO.” In contrast to the
PRDM1 KO cells, the WT cells showed enrichment of
genes associated with the FOXO3 pathway, TP53/63, and
NK-cell-mediated cytotoxicity (Online Supplementary Figure
S8E). Several gene signatures associated with endosomal
sorting, lysosomes and secretion, and cell-to-cell communi-
cation (e.g., E-cadherin stabilization) were enriched in these
cells. Other than these, gene sets associated with quies-
cence and IL-12, P38 MAPK and TNEFR1 signaling were also
enriched (Figure 7D). The genes that were downregulated
included T-cell and NK-cell signaling and KIR3DL1-3 or
KIRSDL members, which generally transduce inhibitory
signals upon ligand binding (Online Supplementary Figure
S8F). A recent report indicated that several immune check-
point molecules in CD8" T cells,* including LAG-3, are
upregulated by PRDM1 alone or in combination with MAFE
We examined our data and found that the co-inhibitory
receptors/molecules LAG3, LILRB1, LILRB3, and CD244
were downregulated in PRDM 17 cells, which may thus
impair immune checkpoints in NK cells similarly to cyto-
toxic T-cells.

We performed gRT-PCR on selected transcripts based on
their significant alteration on RNA-sequencing and their
potentially important biological functions, comparing
LAG3, GNLY, PRF1, TOX2 and CCR4 expression in bulk
donor #2 NK PRDNV 1" cells versus donor #2 NK WT cells.

The gRT-PCR results were concordant with our RNA-
sequencing results with higher levels of TOX2 and CCR4
and lower levels of LAG3, GNLY and PRF1 in PRDM 17 cells
(Online Supplementary Figure S8G). Furthermore, flow analy-
sis indicated a concordant decrease in LAG3 protein expres-
sion in NK PRDM17 cells (Online Supplementary Figure SSH).

Discussion

We and other groups have identified several frequent
mutations in ENKTCL, including a number of potential
tumor suppressor genes such as PRDM1, TP53, DDX3X
and BCOR™*% We also found that ENKTCL has a
marked DNA hypermethylation phenotype with inactiva-
tion of multiple tumor suppressors through this mecha-
nism.” Some of the tumor suppressor genes are inactivated
by a combination of genetic and epigenetic mechanisms,
including PRDM1 and DDX3X. The most common activat-
ing mutations involve the JAK/STAT3 pathway, affecting
~20-30% of cases.””'® This may be related to the critical
dependence of NK cells on IL-2 or IL-15, which signal
through STAT3, STATS5A and STATSB.” Interestingly, there
is frequent DNA methylation of PTPNé (SHP1), a negative
regulator of STAT3 and NK-cell receptor activation.”* As
PRDM1 is a commonly inactivated tumor suppressor gene
in ENKTCL, and as there is good evidence that PRDM1 reg-
ulates normal NK-cell as well as T-cell homeostasis,>* we
therefore focused on PRDA 1 deletion to elucidate the func-
tions of PRDM1 in normal NK cells and how these relate to
its tumor suppressor function.

The major challenge in deciphering the role of a genetic
aberration in the pathogenesis of a lymphoma is the fre-
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Figure 3. Schematic illustration of CRISPR/Cas9-mediated insertion of GFP or DsRed fusion tag to PRDM1 exon 5 through a homology directed repair template
to induce early termination of PRDM1 expression. (A) Guide RNA sgRNA2 sequence and schematic gene structure of PRDM1. Light green boxes and numbers rep-
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ured by quantitative reverse transcription polymerase chain reaction (right panel). Target gene normalization and relative expression levels were determined as
described in Figure 2.
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quent presence of a large number of genetic and epigenetic
changes in an established tumor as well as tumor hetero-
geneity. In addition, gene expression studies of the bulk
tumor contain signals from the stromal elements as well as
the tumor cells. We decided to develop an approach to
study selected lesions in the normal cellular counterpart of
the tumor, thereby determining the precise functional alter-
ation induced by a single lesion or a known combination of

lesions. A prerequisite of this approach in studying NK-cell
lymphoma is the ability to grow human NK cells 4 vitro for
a sufficiently long time to allow genetic manipulation and
functional studies. Normal primary NK cells have a limited
lifespan in vitro, but these cells can grow for >3 months with
a feeder cell line (modified K562 cell line) and IL-2, thus
allowing for genetic manipulations, selection and character-
ization of the mutants i vitro.
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haematologica | 2021; 106(9)



G. Dong et al.

We identified the tumor suppressor function of PRDA1
in NK cells by knocking down PRDA1 by shRNA transduc-
tion.® The recent development of CRISPR/Cas9 technology
provides a powerful and versatile approach to edit the
genome, thereby facilitating our understanding of the func-
tional alterations induced by specific genetic alterations.
Gene inactivation by methylation or mutation can be sim-
ulated by introducing small out-of-frame indels or knock-
ing-in mutations. We were able to successfully KO selected
tumor suppressor genes identified in ENKTCL, including
mono-allelic and bi-allelic deletions. KO experiments rely
on non-homologous end joining mechanisms and are very
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robust, but in the absence of a readily selectable marker, we
have to rely on cloning to select for modified cells. This is a
long and demanding process and may introduce a selection
bias. Therefore, we adopted another approach to knock-in
a fluorescent protein gene to disrupt the PRDA1 locus
while introducing a marker for selection. We were able to
knock-in a GFP or DsRed gene into the PRDM1 locus
through HDR so that mono- or bi-allelic KO cells could be
identified by single or double fluorescence, respectively.
This approach shortened the experimental time and gener-
ated a bulk population of PRDM 1™ cells to complement and
validate the observations from the cloning approach.
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Figure 5. Proliferation and cell cycle distribution of PRDM1”" NK cells versus wi
Solution. The growth curve shows the relative fold-change of OD490 compared

Id-type NK cells. Cell growth analysis was measured by CellTiter 96° AQueous One
to the first day. (A) PRDM1 was knocked out in NK cells (donor #1) using a Cas9-

sgRNA plasmid. (B) PRDM1 was knocked out of NK cells (donor #2) by Cas9/sgRNA ribonucleoprotein (RNP) and homology directed repair template (HDRT) electro-
poration. Cell proliferation was analyzed with the Click-iT™ Alexa Fluor 647-EdU Flow Cytometry assay during 5 consecutive days starting from the third day after fresh
irradiated feeder cells had been added. (C) Flow analysis of clones #3 and #5 on day 3 and day 7 and donor #2 cells. FITC anti-CD56 antibody was used to identify
NK cells. (D) Each staining of Alexa Fluor 647-EdU was performed in duplicate, and the figure shows the average. (E) Flow analysis of EdU assay on NK cells (donor
#2). GFP positivity (for PRDM1” cells). (F) Cell cycle distribution was analyzed by cell DNA content staining with propidium iodide/RNase or DAPI with flow cytometric
assay at the third day after fresh feeder cells had been added. The percentage of cells in each phase is shown in each box. Upper panel: corresponding WT cells and
PRDM1 knocked-out cells produced using the Cas9-sgRNA plasmid method. Lower panel: corresponding WT cells and PRDM1 knocked-out cells produced using the

Cas9/sgRNA RNP and HDRT method.

We were able to generate multiple homozygous
PRDM1 KO clones from different donors and demon-
strated that PRDA1 KO cells had a much higher cloning
efficiency, a faster growth rate and a higher percentage of
cycling cells than WT cells. There was also a modest
reduction in apoptosis. The KO cells were also able to
maintain their growth and proliferation for a longer peri-
od in vitro. These observations were largely validated
using the bulk population of PRDA1 KO cells, although
there were some differences, which may have been relat-
ed to the age of the cells in culture. When experiments
were performed with younger cells, they exhibited higher
growth and proliferation potentials. These observations
suggested that PRDM1 is a key negative regulator of NK
cells, and removing this control allows a striking increase
in cloning efficiency, proliferation, growth and lifespan.
This corroborated our previous observations® that pri-
mary NK cells could proliferate better with shRNA
knock-down of PRDAM1, and that the reconstitution of
PRDM1 through retroviral transduction into a
PRDM1-deficient NK-cell lymphoma line (KHYG) was
associated with G2/M arrest, increased apoptosis and a
strong negative selection pressure. This again strongly
supports our findings that knock-out of PRDA1 by
CRISPR/Cas9 in primary NK promotes cell proliferation.
In PRDM1 function rescue experiments, the rate of cell
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growth of pMIG-PRDAM 1 electroporated NK PRDAM 1 KO
cells was significantly repressed compared to that of cells
electroporated with empty vector (Online Supplementary
Figure S9). Thus, elimination of PRDAM1 likely con-
tributes to the malignant transformation of NK-cells.

To further understand the basis of the functional changes
induced by PRDM1 KO, we compared the gene expression
profiles of PRDAM1” and WT NK-cell clones. As expected,
there was a higher level of MYC and activation of the
MYC signature with the loss of PRDA1, since MYC is a
direct target of PRDM1. Many proliferation- and cell cycle-
related pathways were highly enriched, including upregu-
lation of many genes regulated by the DREAM complex.
Signatures associated with IL-6, IL-15 and IL-2 stimulation
were enriched, indicating that functional activities related
to these cytokines are normally repressed by PRDMI.
Similarly, TCR/NK-cell signaling was negatively regulated
in WT cells compared with KO cells, indicating that
removal of PRDM1 facilitates activation of these path-
ways. Additional mechanisms may contribute to driving
the cell cycle, proliferation and survival, including the
downregulation of the pro-apoptotic factor BIM and the
upregulation of additional factors such as TLR4, TOX2,
CCR4, VGEFA, MYB, BCAT1, FGFR1 and SIPR1. We
repeated the experiments with another gene editing
approach without subsequent cloning and obtained similar
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results, supporting the validity of the findings. Thus, the
loss of PRDM1 altered the transcriptome with upregula-
tion of MYC, MYB and many pathways associated with
growth and proliferation, including those associated with
cytokine stimulation and receptor signaling. On the other
hand, pathways associated with normal cellular functions
including cytotoxic functions were down-regulated, sug-
gesting that the loss of PRDA 1 shifted the cell toward pro-
liferation and survival rather than the performance of its
normal effector function. The loss of immune checkpoint
molecules may be more relevant in the i vivo setting, in
which the cells may be able to escape from extrinsic con-
trols, and could be relevant to lymphomagenesis.
CRISPR/Cas9 may generate off-target modifications that
could potentially compromise our data and interpretation.
We examined a number of clones for mutations using a cus-
tom capture platform (Online Supplementary Table S5) with
an extensive set of genes known to harbor lymphoma-asso-
ciated mutations and did not observe any mutations in
these genes. The observation suggested that the
CRISPR/Cas9 modifications did not induce off-target muta-
tions of known oncogenic drivers and that our observations
in the PRDAM1 KO cells were likely PRDM1-specific. Our
approach cannot exclude the editing of genetic loci not
examined. Therefore, we used a different approach to gen-
erate KO NK cells from different donors, with different
guide RNA, and without subsequent cloning. Since off-tar-
get editing is unlikely to be the same in different cells and
with a different guide RNA, critical findings were con-

firmed in our second approach with modification of a bulk
population.

One of our long-term goals is to study cooperative effects
of two or more mutations. With the PRD/1-deleted back-
ground, we were able to ;enerate double mutant (i.e.
PRDM17/TP53*", PRDM1”/DDX3X"", and PRDM1"/
PTPN6™") clones successfully using the plasmid/cloning
approach. The growth of the NK cells started to slow down
after prolonged in vitro culture. Therefore, to accelerate the
experiments and to reduce secondary changes that may
accumulate in prolonged culture, we tested the feasibility of
simultaneously editing multiple genes in NK cells. Although
it is feasible to modify two genes simultaneously, modify-
ing three genes simultaneously was very inefficient using
our current approach, probably partly because the cell can-
not tolerate multiple double-stranded DNA breaks. Using
the plasmid CRISPR/Cas9 KO strategy, we have only isolat-
ed heterozygous deleted clones, but with the current, more
efficient Cas9/sgRNA RNP electroporation procedure,
besides inserting a fluorescent protein gene in one allele,
70% of the other alleles were also modified by indels as
analyzed by an online software ICE (Synthego, CA, USA)
(Online Supplementary Figure S10). This suggested a more
promising homozygous gene editing by the RNP electropo-
ration method. The CRISPR/Cas9 technology is rapidly
advancing, and innovative approaches can be incorporated
in the future as they appear.

While the loss of function of PRDAM1 is frequent™® and
likely to be one of the early alterations in the development
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of NK-cell malignancies, it probably occurs after EBV infec-
tion of the NK cells. The ideal NK-cell lymphoma model
may need to be derived from EBV-infected NK cells. We
have not been successful in obtaining a viable expanding
population of EBV-infected WT or PRDAM1 KO cells using
EBV from Akata cells as reported.®*** Further studies will
need to be performed to find the appropriate conditions
and developmental stage of NK cells for EBV infection and
persistence.

In summary, we have reported a disease modeling
approach through the introduction of a tumor-driving
mutation into normal NK cells through genetic editing. We
examined the functional consequences of PRDA1 deletion
and elucidated the major pathways through which PRDM1
mediates its homeostatic control of NK cells. The recent
development of CRISPR/Cas9 and long-term culture tech-
nologies enables selected lesions to be introduced singly or
in combination into normal human NK cells. Associated
functional alterations can then be assessed in the absence of
the noise arising from the many other abnormalities present
in tumor samples. This provides a powerful approach to
dissect oncogenic interactions, thereby facilitating our
understanding of the mechanistic basis of their cooperativ-
ity in oncogenesis. Future development of the technology
will improve the range, speed and specificity of genetic
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editing, making this a feasible approach for studying func-
tional changes resulting from a combination of oncogenic
events and the essential changes necessary in the generation
of a lymphoma. This approach can be applied to the study
of T- and B-cell lymphomas and is particularly valuable in
the study of tumors for which authentic cell lines or animal
models are not available.
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