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Abstract

IL2 receptor signaling is crucial for human NK cell activation and gain of effector functions. The
molecular mechanisms involved in termination of L2 activation are largely unknown in human
NK cells. PR/SET domain 1 (PRDM1) was previously reported to decrease cell growth and
increase apoptosis in an IL2-dependent manner in malignant NK cell lines, suggesting the
possibility of downregulation of IL2 signaling pathway gene(s) through direct transcriptional
repression. Using ChIP-Seq, we identified a PRDM1 binding site on the first intron of CD25
(/L2RA), which codes for the L2 receptor subunit regulating sensitivity to IL2 signaling, in
primary NK cells activated with engineered K562 cells or IL2. Ectopic expression of PRDM1
downregulated CD25 expression at transcript and protein levels in two PRDM1 non-expressing
NK cell line. shRNA-mediated knock-down of CD25 in two malignant NK cell lines led to
progressive depletion of NK cells in low IL2 concentrations. By contrast, ectopic CD25 expression
in primary human NK cells led to progressive increase in cell number in CD25-transduced cells in
low IL2 concentrations. Altogether these results reveal a pivotal role of PRDML in inhibition of
IL2-induced NK cell expansion through direct repression of CD25 in activated human NK cells.
These observations provide additional support for the role of PRDML1 in attenuation of NK cell
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activation and growth, with implications on neoplastic transformation or NK cell function when it
is deregulated.
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1. Introduction

Interleukin-2 receptor (IL2R) is composed of three distinct non-covalently linked chains,
that is, IL2RA (CD25), IL2RB (CD122), and IL2RG (CD132) [1]. Among these proteins,
IL2RA is the receptor subunit that increases the affinity of the receptor to IL2 cytokine [2].
IL2 acts in an autocrine manner during development [3] and expansion of T cells [4]. It
initiates signaling by recruiting non-receptor tyrosine kinases such as JAK1 and JAK3 to the
intracytoplasmic domains of IL2RB and IL2RG, respectively [5]. Importantly, IL2 signaling
is involved in differentiation and homeostasis of regulatory T cells (Tregs), and it induces
cell growth and proliferation of effector T cells [6]. Preactivation with IL-12, IL-15, and
IL-18 was shown to upregulate IL2RA (CD25) expression leading to formation of high
affinity IL2R in human cytokine-induced memory-like (CIML) NK cells [7]. This
observation suggests the possibility that CD25 upregulation plays a key regulatory role in
human NK cell activation by increasing sensitivity of human NK cells to exogeneous IL2.

Natural Killer (NK) cells are involved in the eradication of neoplastic, virus-infected or
stressed cells [8]. They eliminate their target cells using a well-regulated cascade of events
involving direct cell-to-cell contact and release of cytotoxic molecules such as granzyme B
and perforin, which destroy their target cells through pore formation in the target cell
membrane and apoptosis activation [9]. NK cell activation includes rapid growth and
expansion as well as changes in cytokine secretion and cytotoxic capabilities [8]. NK cells
can shape the innate and adaptive immune system through secretion of cytokines such as
IFNy, TNFa to facilitate the eradication of virus-infected or transformed cells [8]. NK cell
effector activities can be primed with cytokines including type I interferons (IFNs), 1L12 [8],
IL2 [10], IL15 [11], IL18 [12] or IL21 [13], which are secreted or trans-presented by the
other cellular components of the immune system such as dendritic cells [14]. Of
significance, IL2-mediated activation of primary human NK cells showed pleiotropic effects
on promoting NK cell activation, which was determined by comparative analyses of gene
expression profiles of resting and ex vivo IL2 activated NK cells [15]. In particular, 1L2
activation induced several genes associated with enhanced cell proliferation, survival and
cytokine/chemokine secretion [15]. Interestingly, two recent reports showed an important
role of CD25 (IL2RA) in the defense against MCMYV infection underscoring the role of I1L2
signaling pathway in NK cell activation and growth [16, 17]. Most malignant NK cell lines
depend on exogenous IL2 in cell culture medium (Table 1), further emphasizing the
importance of 1L2 signaling in NK cell survival and proliferation [18, 19].

PRDM1 (BLIMP1) is a transcriptional repressor involved in the differentiation of B cells to
plasma cells through transcriptional repression of several genes associated with the B cell
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identity, function, and cellular proliferation [20]. PRDM1 is expressed in activated CD4*
and CD8* T cells, in which it regulates the homeostasis of activated T cells [21, 22].
Importantly, it represses several genes critical in T cell growth such as /L2and FOS[23],
and also genes involved in CD4* Th1 cell differentiation such as /FNG, TBX21 (TBET)and
BLC6[24]. Similar to B cells, it was shown to regulate the terminal differentiation of
effector CD8* T cells [25]. Importantly, sustained expression of CD25 was identified to be
responsible for proliferation and survival of Blimp-1-deficient CD8" T cells in the same
study. A core motif of GAAAG and its 5’ and 3’ nucleotide extended versions have been
identified as PRDM1 consensus binding site in a previous report [26].

PRDM!1 is located on chromosome 6921 locus that is frequently deleted in a variety of
malignancies including lymphomas and leukemias [27, 28]. Loss-of-function of PRDM1
due to deletion, mutation, or promoter methylation is frequently observed in B and NK cell
malignancies [18, 29, 30]. /n vitro or in vivo functional studies supported the role of
PRDML1 as a tumor suppressor gene in activated B-cell (ABC) type of diffuse large B-cell
lymphoma (DLBCL) [31, 32], and in natural Killer/T cell lymphoma [33, 34]. PRDM1 was
reported to be expressed in activated human NK cells [33, 35]. In human NK cells, PRDM1
was shown to directly repress the effector cytokines (i.e. /FNG, TNFA, TNFB) and CIITA
by binding to conserved motifs [35]. Interestingly, a recent study showed MIR155HG and
TERC IncRNAs as indirect transcriptional targets downregulated by PRDM1 in PRDM1-
transduced NK cell lines [36].

In the current study, we investigated whether PRDML1 inhibits IL2 signaling through direct
transcriptional repression of CD25 (IL2RA) in activated primary human NK cells and NK
cell lines using a variety of complementary approaches, and observed the following: 1)
PRDML1 directly bound to the first intron of /L2RA in primary human NK cells activated
with IL2 or genetically engineered K562 cells; 2) Ectopic expression of PRDM1a markedly
decreased CD25 mRNA and protein expression in two PRDM1 non-expressing NK cell lines
with ectopic PRDML1 expression; 3) Stable knockdown of CD25 inhibited NK cell line
growth in low IL2 concentrations; 4) Ectopic CD25 expression promoted NK cell growth in
primary human NK cells when cultured in low IL2 concentrations.

2. Results

2.1. CD25 transcript levels show association with proliferation of primary human NK cells

To address the relationship between CD25 mRNA expression and NK cell expansion
capacity, we cocultured peripheral blood lymphocytes with engineered K562 cells (i.e.
K562-C19-mb21) (Fig. 1A). Consistent with a previous report [33], we observed rapid
expansion of NK cells that stopped by day 15 of coculture, which was 3 days after
engineered K562 cells were eliminated (Fig. 1B). Interestingly, CD25 transcript levels in
these primary NK cells progressively decreased between 13 and 18 days of coculture (Fig.
1C), which suggests that high CD25 levels were associated with expansion capacity of
human NK cells. Western blot analyses showed PRDM1 expression in these coculture-
activated NK cells at days 12, 15, and 18 (Fig. 1D) as well as at days 10 and 13 (Fig. 1E).
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2.2. PRDML1 binds to the first intron of CD25 on activated primary human NK cells

PRDM1/BLIMP1 was reported to inhibit IL2 signaling pathway in vivo by directly
repressing IL2 and FOS in late stages of T cell activation [23]. Similarly, ectopically
expressed PRDM1 was reported to decrease proliferation and survival of human NK cell
lines in low IL2 concentrations, suggesting that it may be targeting gene(s) involved in 1L2
signaling pathway [33]. Unlike T cells, human NK cells do not produce IL2 by themselves
[37]; suggesting that other genes in IL2 signaling pathway may be targeted by PRDM1. To
address this question, we analyzed the ChlP-Seq data to identify PRDM1 binding sites on
activated primary human NK cell samples obtained through feeder stimulation (i.e.
NKCOD13, NKCOD14) or through stimulation with 1L2 (i.e. PBNKD®). Intriguingly,
ChIP-Seq peak callers revealed a statistically significant PRDM1 binding site in the first
intron of CD25 (/L2RA) in all three NK samples on the following genomic location: Chr10:
6092687-6093005 (human reference hg19) (Fig. 2A). This binding site included PRDM1
consensus sequences (GAAAGT) (Fig. 2B) as identified in previous studies [26]. To cross-
validate this ChIP-Seq result, we performed ChIP-gPCR in NKCOD14 cells that showed
enrichment of PRDM1 occupancy on Chr10: 6092687-6093005 compared to a negative
control site (Fig. 2C).

2.3. CD25 expression is upregulated in activated NK cells and malignant NK cell lines

Next, we evaluated CD25 mRNA expression in primary NK cells activated by IL2 for 2h,
8h, or 24h, and observed upregulation of its expression in NK cells stimulated for 24h (Fig.
3A). To address whether CD25 protein expression levels increase in L2 activated primary
NK cells, we determined surface CD25 expression on primary NK cells with flow
cytometry, which showed moderate upregulation of CD25 protein levels in IL2 activated NK
cells compared to those in resting NK cells (Fig. 3B). We then evaluated CD25 expression in
malignant NK cell lines, most of which were previously shown to have silenced or inactive
PRDML due to genetic and epigenetic aberrations [18, 33]. CD25 showed higher levels of
transcript expression in all malignant NK cell lines (n=9) evaluated compared to the levels in
resting NK cells (Fig. 3C). Using flow cytometry, we evaluated CD25 protein expression
levels, and observed CD25 overexpression in all malignant NK cell lines evaluated
consistent with the transcript levels (Fig. 3D,E).

2.4. Ectopic PRDM1 downregulates CD25 mRNA and protein expression in two PRDM1-
null NK cell lines

To address whether PRDML1 transcriptionally downregulates CD25 in PRDM1-transduced
PRDM1-null KHYG1 or NK92 cell lines [18], we used a retroviral construct in which
PRDM1a and GFP coding sequences are separated with IRES such that GFP expressing
cells represent transduced population with ectopic PRDM1 expression (Fig. 4A). We
transduced each of these two NK cell lines with empty vector or PRDM1a., and then
compared CD25 expression levels using DNA microarray, RNA-Seq, or flow cytometry in
FACS-sorted GFP* cells two days post-transduction (Fig. 4B). DNA microarray analysis
showed that CD25 mRNA expression significantly decreased in KHYG1 or NK92 cell lines
transduced with PRDM1a compared to those transduced with empty vector (Fig. 4C). RNA-
Seq analyses confirmed transcriptional downregulation of CD25 in NK92 cells transduced
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with PRDM1a compared to NK92 cells transduced with the empty vector (Fig. 4D). Next,
we performed qRT-PCR to cross-validate downregulation of CD25 in PRDM1a-transduced
NK cell lines, and observed significant downregulation of CD25 in both KHYG1 and NK92
cells with ectopic PRDM1a. expression (Fig. 4E). To address whether CD25 protein
expression levels decrease in these two PRDM1 transduced NK cell line, we evaluated
CD25 protein levels with FACS on GFP-gated populations. As expected, ectopic PRDM1
expression downregulated CD25 expression in both NK cell lines compared with empty
vector transduced cells (Fig. 4F). Importantly, PRDM1a did not repress IL2RB or IL2RG,
which are the two other subunits of the IL2R complex [1], in KHYG1 and NK92 cell lines
(Supplementary Fig. S1A, B). Ectopic expression of PRDM1a was shown at mRNA level
with RT-PCR (Supplementary Fig. S2B) and protein level with FACS (Supplementary Fig.
S2C) in these two NK cell lines.

2.5. CD25 knock-down leads to growth disadvantage in NK cell lines under low IL2
concentrations

Next, we evaluated whether downregulation of CD25 inhibits growth of human NK cell lines
cultured in low IL2 concentrations as CD25 was shown in NK cells to increase the
sensitivity of the IL2R complex such that NK cells can proliferate under low 1L2
concentrations in mice in the presence of viral infections [17]. To address this question, we
transduced KHYG1 cells with each of two different CD25 shRNA using a retroviral
expression vector that expresses sShRNA in mir30 backbone to stably knock-down CD25
expression (Fig. 5A). We then performed a GFP competition assay by tracking GFP* cells at
consecutive time points after transduction through FACS quantification (Fig. 5B). In
relatively high IL2 concentrations (50 1U), there was marginal reduction in CD25 shRNA-
transduced KHYGL1 cells (Fig. 5C). However, we observed progressive and significant
reduction of CD25 shRNA-transduced KHYG1 cells cultured in lower (25 1U) IL2
concentrations for 11 days reflected by the depletion of the GFP* cells from unsorted
population (Fig. 5D). Next, we transduced another PRDM1-null NK cell line, NK92 [18]
with empty vector or either of the two CD25 shRNA, and observed progressive depletion of
GFP* population in CD25 shRNA-transduced cells but not in empty vector transduced cells
when cultured with 25 1U (Fig. 5E) or 12.5 IU (Fig. 5F) of IL2 for 10 days. We tested the
efficacy of the CD25 shRNAs by gRT-PCR, and observed 60%-75% CD25 knock-down
efficiency in KHYG1 and NK92 cells (Supplementary Fig. S3A, B).

2.6. CD25-transduced primary human NK cells grow faster in low IL2 concentrations

To address whether CD25 expression promotes NK cell growth in low IL2 concentrations,
we ectopically expressed CD25 in primary NK cells obtained by coculturing PBL with
K562-CI19-mb21 cells using a retroviral construct in which IRES separates CD25 and GFP
coding sequences (Fig. 6A). We performed GFP competition assay on empty vector or
CD25-transduced primary NK cells, and determined the GFP positivity with flow cytometry,
which showed progressive increase in the percentage of GFP™ cells in NK cells with ectopic
CD25 expression whereas no significant change was observed for empty vector-transduced
NK cells (Fig. 6B, C).
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3. Discussion

Natural Killer cells undergo proliferation and acquire effector functions upon encounter with
virus infected [38] or metastatic cells [39]. Appropriate and timely termination of NK cell
activation is as important as rapid growth of NK cells during the early response of the host
against infectious agents. The mechanisms governing NK cell activation has been relatively
well-studied; however, the mechanisms responsible for limiting or terminating NK cell
activation are poorly understood. IL2 signaling plays a pleiotropic role in NK cell activation.
IL2 signaling was reported to activate a variety of effector functions of NK cells including
cytotoxicity [40, 41] and IFN-y production [42]. NK cells can be induced to proliferate in
response to 1L2 /n vivo [10]. A gene expression profiling-based study showed activation of
proliferative and survival pathways in ex vivo IL2 activated human NK cells [15].
Importantly, most NK cell lymphoma cell lines depend on exogenous IL2 to survive and
proliferate [18], and show high CD25 expression (Fig. 3C-E), underscoring the role of
CD25 in active 1L2 signaling. The fact that IL2 can induce CD25 mRNA expression in
primary human NK cells (Fig. 3A) suggests a positive feedback mechanism since a previous
report established CD25 (IL2Ra) as an inducible gene of the trimeric IL2 receptor complex
in T cells [43]. However, this positive feedback mechanism may not be very prominent for
physiological concentrations of IL2 as there is modest increase in CD25 protein expression
levels on plasma membrane of IL2 activated primary NK cells (Fig 3B). This observation is
consistent with a previous report that showed low proliferation capacity for human NK cells
even if they were cultured under very high (1000 U/ml) IL2 concentrations [44]. Our results
suggest a pivotal role for PRDM1 in decreasing sensitivity of human NK cells to 1L2
through direct transcriptional downregulation of CD25. This finding is also consistent with a
previous report that showed decreased cellular growth and increased apoptosis of malignant
human NK cell lines transduced with PRDM1 in low IL2 concentrations [33]. By contrast,
feeder activated primary human NK cells proliferated and survived better when PRDM1 was
silenced using shRNA or CRISPR/Cas9-based systems [33, 45]. Moreover, our observation
of promotion of growth of human NK cells by ectopic CD25 in low IL2 concentrations (Fig.
6C) is in line with a previous report showing induction of NK cell proliferation upon
selective upregulation of CD25 in mice in response to MCMV infection even in low IL2
concentrations [7].

PRDM1 (Blimp-1 in mice) is a master transcription factor required for terminal
differentiation of germinal center B cells to plasma cells through transcriptional repression
of genes involved in germinal center B cell function and proliferation [20]. It was shown to
regulate homeostasis and function of T cells [21, 22], and to promote CD8* T cell
differentiation through transcriptional regulation of several genes [46]. However, there are
only few direct PRDM1 target genes (i.e. /FN-y, TNF-a, and TNF-g) previously reported in
NK cells [35]. The current study extends the list of PRDML1 target genes by establishing
/L2Ra as a direct target gene in activated primary NK cells, which is transcriptionally
downregulated by PRDML1 in human NK cells. Given that PRDM1 protein occupancy on
CD25 gene was observed in NK cells activated with IL2 or feeder cells, PRDM1 may be
involved in termination of a variety of different NK cell functions through decreasing
concentrations of high affinity IL2 receptors on NK cells.
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PRDM1 was reported to be up-regulated ex vivo by IL2 in primary human NK cells [35].
Interestingly, induction of PRDM1 was slow and progressive in IL2 activated human PB NK
cells [33], suggesting that PRDM1 may act as a negative regulator of 1L2 signaling in later
stages of activation, thereby potentially contributing NK cell homeostasis and regulating its
effector functions. Consistent with this possibility, PRDM1 was shown /n vivoto directly
repress /L2and the /L 2activator FOSin T cells such that T cell proliferation rate and
survival decrease through activation-induced cell death (AICD) [23]. Similar to T cells,
PRDM1 may target IL2 signaling during termination of NK cell activation by specifically
targeting and decreasing cell surface expression of the alpha subunit of the IL2 receptor, but
not the other two subunits. Of note, the extend of CD25 downregulation by PRDM1 in NK
cells may be more remarkable than our observations in NK cell lines owing to difficulty in
achieving high levels of ectopic PRDM1 expression, as observed for PRDM1 [33, 34] and
other tumor suppressors genes [47].

In conclusion, in this study we showed for the first time that PRDM1 transcriptionally
downregulates CD25 in human NK cells through direct binding to the first intron of CD25
using a variety of complementary assays and approaches. This inhibition decreases
sensitivity of human NK cells to IL2 such that limiting IL2 concentrations would be
insufficient for sustained proliferation and activation of NK cells. Deregulation of this
mechanism may promote uncontrolled proliferation, together with the failure of regulation
of MYC [48], it may contribute to NK cell malignancies.

4. Materials and Methods

4.1. Malignant cell lines

Malignant NK cell lines and the multiple myeloma cell lines (i.e. U266B1 and IM-9) cell
line were cultured in RPMI 1640 (Gibco-Invitrogen, CA, USA) supplemented with 10%
FBS, penicillin G (100 units/ml) streptomycin (100 g/ml), and 2 mM L-glutamine at 37 °C
in 5% CO2. IL2-dependent NK cell lines were cultured in the presence of 5-7 ng/ml of
exogenous rhiL2 (R&D Bioscience, CA, USA). NK92 cells were cultured in 20% FBS.
U266B1 cell line was obtained from American Type Culture Collection (TIB-196™,
Manassas, VA). IM-9 cell line is a gift from Dr. Anna Scuto (City of Hope). Characteristics
of U266B1, IM-9, and NK cell lines (n=9) used in this study are shown in Table 1. 12.5-50
IU (1-4 ng/ml) of IL2 concentrations in NK cell culture medium were considered as low IL2
concentrations whenever applicable.

4.2. Exvivo activation of human peripheral blood NK cells with IL2

The peripheral blood samples were obtained as buffy coats belonging to healthy blood
donors in Blood Bank of Dokuz Eylil University. The IRB approval was obtained from
School of Medicine at Dokuz Eylul University with the following IRB approval number:
2018/13-23. PBMCs were isolated from buffy coats using Ficoll-Paque PLUS (GE
Healthcare, cat. no. 17144002) according to manufacturer’s instructions. Resting NK cells
were isolated from the peripheral blood of healthy human subjects using an NK-cell
isolation kit (Miltenyi Biotec, Auburn, CA) by applying negative selection as previously
described [49]. The purity of NK cells was determined via FACS as > 95% CD56*/CD3~
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unless otherwise stated. Resting NK cells were activated in the presence of 100 IU/ml of IL2
either for 2, 8, 24 hours or 12, 24, 36 hours to evaluate CD25 transcript expression and
protein expression, respectively. CD25 protein expression analysis in IL2 activated primary
human NK cells was performed on CD56%/CD3~ gated NK cells as they were < 95%
CD56"/CD3". Five day IL2 activated peripheral blood NK cells were used as positive
control for western blood, whereas 6 day IL2 activated NK cells were used for the ChIP-Seq
experiment. NK cells activated with IL2 for 5 or 6 days were referred as PBNKDS5 or
PBNKDG. IL2 activated NK cells were cultured in a humidified incubator at 37°C and 5%
Co2.

4.3. Activation of human peripheral blood NK cells with genetically modified feeder cells

Primary human NK cells were induced to proliferate using a special ex vivo system that
involves coculturing peripheral blood lymphocytes (PBLs) with the engineered NK cell
target (i.e. K562-CI9-mblL21). The K562-CI9-mbIL21 cells were generated from the K562
cell line through genetic engineering to express additional activation molecules (i.e. 4—
1BBL, CD86, and membrane-bound IL21), on the cell surface so that NK cells expand
rapidly and for an extended period in the presence of IL2 [50]. The full procedure of human
NK cell activation through coculturing PBLs with engineered K562 cells are shown in Fig.
1A. Purity of NK cells was evaluated by staining cocultured cells with CD56-PE (Biolegend,
San Diego, CA) and CD3-FITC (Biolegend) antibodies using flow cytometry in the 12" and
14t day of coculture. Pure NK cells with ~95% CD56*, CD3~ phenotype were used in
subsequent experiments. Activated primary human NK cells obtained from 13 and 14 days
of coculture were referred as NKCOD13 and NKCOD14.

4.4. Western Blot

Western blot was performed as reported previously [18, 33]. Briefly, whole cell extracts
from equal number of NK cells cocultured with the engineered K562 cells for 12, 15 and 18
days were resolved in 10% SDS-PAGE gel and transferred to a PVDF membrane. Peripheral
blood NK cells activated with IL2 for 5 days (PBNKD5) and KAI3 cells were used as
positive and negative controls, respectively [18, 35]. ECL Plus kit (GE Healthcare Bio-
Science, NJ, USA) was used to visualize the expression. Anti-PRDM1 (Novus Biologicals,
Littleton, CO, USA) antibody was used to detect PRDM1 expression, and a-tubulin (Sigma
Aldrich, St Louis, MO) was used as the loading control. The same western blot experiment
was repeated with primary NK cells derived from 10 or 13 days of coculture by using the
same procedure with the following modifications: GAPDH was used as the loading control.
To evaluate expression of PRDM1 and GAPDH, Blimp-1/PRDI-BF1 (C14A4) Rabbit mAb
#9115 (Cell Signaling, Danvers, MA, USA) and GAPDH (14C10) Rabbit mAb #2118 (Cell
Signaling) were used, respectively.

4.5. ChIP-Seq

For NKCOD13 and PBNKDS6, chromatin immunoprecipitation was carried out using the
enzymatic ChIP Kit (Magnetic Beads, Cell Signaling, Leiden, The Netherlands), according
to the manufacturer’s instructions. Briefly, ChIP was performed using 1077 cells for each
reaction. For crosslinking, cells were fixed and neutralized using 1% formaldehyde and 125
mM glycine, respectively. To digest the crosslinked chromatin into fragments of 150-900
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bp, micrococcal nuclease was used. Diluted DNA fragments (1:5) were incubated with 2ug
1gG (Cell Signaling Technology, USA) or PRDM1 (C14A4, Cell Signaling Technology,
USA) antibodies. After overnight incubation, PRDM1 antibody-bound chromatin was
captured using protein A coated magnetic beads. Crosslinked DNA was eluted from the
beads through incubation at 65°C for 30 min and then incubated with proteinase K at 65°C
for 3h to reverse the crosslinking. Spin columns were used for the DNA purification.

Library preparation was performed by obtaining DNA fragments through amplification
(New England Biolabs, USA) and barcoding as previously described [51]. Amplified
products were purified via Agencourt AMPure XP magnetic beads (Beckman Coulter, USA)
as reported previously [52]. After clean-up, concentration of the library was approximately
30 nM in 20 ul. Hyper Prep Kit (KAPA, USA) were used for end-repair, adaptor ligation and
amplification of PRDM1-ChIP enriched DNA and input DNA Library quantification was
tested by gPCR-based techniques. Cluster generation and sequencing were carried out using
the llumina HiSeq 2500 system with a read length of 50 nucleotides.

ChIP was carried out as described previously using NKCOD14 sample [53]. Briefly, ChIP
was performed using 6x108 cells and 1 g of specific antibody per immunoprecipitation.
The immunoprecipitated DNA was sonicated to fragments of 100-300 bp for ChIP-Seq
library preparation. Dynabeads protein A (Dynal Biotech ASA, OSLO, Norway) were
incubated with specific ChlP-grade antibodies and the sonicated DNA was pulled down by
incubating PRDM1-Ab-dynabead complex with the sonicated lysate overnight at 4°C. The
antibodies used were PRDM1 (Cell Signaling, Danvers, MA) and nonspecific rabbit 1gG
(Santa Cruz Biotechnology, Santa Cruz, CA). The immunoprecipitated DNA was incubated
with proteinase K (Roche, Basel, Switzerland) for overnight at 65°C. The ChIP-Seq library
was prepared with ChIP-Seq DNA sample prep-kit (IP-102-1001, IHlumina Inc., San Diego,
CA) using the immunoprecipitated fragments. The fragments with ligated adapters were
evaluated for quality control with the Agilent Bioanalyzer 2100. The immunoprecipited
DNA were sequenced using Illumina GAIIX sequencing system at UNMC Genomics Core
Facility.

4.6. Computational bioinformatics analyses for identification of PRDML1 binding sites

ChlIP-Seq peak identification analysis in NKCOD14 cells was performed as described
previously [36]. Briefly, CisGenome [54] and MACS [55] ChIP-Seq peak finder programs
were used, and statistically significant peaks were identified using the default parameter
settings with the following cut-off for significance: FDR<0.01 for CisGenome and p<10~>
for the MACS program. Similarly, MACS program was used to identify statistically
significant PRDM1 binding sites in NKCOD13 and PBNKD6 as previously reported [56].
Peaks with p<0.01 were considered statistically significant. In this study, PRDM1 occupancy
only on CD25 was investigated; the full list of PRDM1 binding sites in NKCOD13,
NKCOD14, and PBNKD3 samples will be reported later. The Integrative Genome Browser
(IGV) was used to visualize the binding of PRDML1 at the CD25 (/L 2RA) genomic region in
these three ChlIP-Seq samples [57].

We evaluated the statistical significance of the enrichment of the consensus PRDM1
sequences on the genomic region predicted to be occupied by PRDML1 in activated primary
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human NK cells through following pipeline. First, PRDM1 consensus sequence file was
downloaded from the JASPAR 2020 database (http://jaspar.genereg.net/). The matrix ID of
the evaluated PRDM1 consensus sequence file is MA0508.1. Secondly, The DNA sequences
for the predicted peak location (Chr10: 6092687-6093005) as well as + 5000 bp nearby
sequences were obtained from the UCSC Genome Browser. Thirdly, as a negative control
sequence with no PRDM1 binding on IL2RA based on ChlP-Seq, ~10.000 bp of DNA
sequence (chr10: 6065328-6075646) were obtained from UCSC Genome Browser. Fourthly,
the sequences as well as the PRDM1 consensus sequence file were uploaded into CentriMo
within MEME Suite (http://meme-suite.org/doc/centrimo.html), which is a bioinformatics
tool used for identification of consensus motives for transcription factor binding sites. After
that, we executed CentriMo program [58] to evaluate whether there is any significant
PRDM1 consensus sequence on the genome location predicted to be occupied by PRDM1
on /L2RA.

4.7. ChIP-gPCR

The same protocol used for chromatin immunoprecipitation preceding the library prepation
step in ChIP-Seq was used for ChIP-qPCR experiments with the following difference:
Immunoprecipitated DNA was sonicated to fragments of 100-500 bp for ChIP-qPCR. The
functionality of the PRDM1 antibody and the ChIP protocol were tested using U266B1 cells
by applying ChIP-gPCR on previously reported known targets of PRDM1 (i.e. C//TA plll,
Tapasin, and ERAPI) [59], which ensured the validity of the ChlP protocol used
(Supplementary Fig. S4A). Moreover, immunoprecipitated DNA of NKCOD14 sample was
analyzed by quantitative PCR using primers specific for the predicted ChIP-Seq peak
location of a previously known PRDM1 binding site on C//7TA plV in NKCOD14 sample
before ChIP-Seq library preparation (Supplementary Fig. S4B). A genomic location on
SLAMF7was used as a negative control site during ChlP-gPCR validation for the PRDM1
binding site identified on CD25in NKCOD14. ChIP-gPCR primers used in this study are
shown in Table 2A.

4.8. Retroviral transduction of NK cell lines

The functional and full-length isoform of PRDM1 (i.e. PRDM1a.) [60] was ectopically
expressed using the PRDM1a-FL-PMIG construct that was available from previous studies
[33]. Retroviral transduction was performed as described earlier [33] with the following
modifications: 4 pg of empty vector or PRDM1a-FL was co-transfected with 4 pg of PCL-
Ampho, the packaging vector, into the 293T cell line. Transduction efficiency was
determined with flow cytometry by determining the percentage of GFP* cells 2 days post-
transduction.

4.9. DNA microarray

Gene expression profiling was performed on two PRDM1a-transduced, GFP-sorted
KHYG1 and NK92 cell lines using HG-U133 Plus 2.0 chips (Affymetrix Inc., Santa Clara,
CA) according to the manufacturer’s recommendations. The raw data were uploaded into
BRB-array tools (version 4.2.1). The Robust Multiarray Average (RMA) method was used
to normalize the CEL gene expression values. Genes whose expression did not differ by at
least 1.5-fold from the median in at least 20% of the cases were excluded from the analysis.
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Normalization and filtering of the microarrays (n=8) representing PRDM1a or empty
vector-transduced NK cell lines were performed together with 63 additional arrays. The
GEP data of these 8 DNA microarrays used in this study have been deposited into NCBI
GEO DataSets with the following registration number: GSE157206. The GEP for the other
samples used for normalization were reported in previous studies [18, 61, 62].

4.10. RNA-Seq

RNA-sequencing was performed on empty vector or PRDM1a-transduced NK92 cells. 100
bp paired-end libraries were prepared with the TrueSeq RNA preparation kit (Illumina Inc.),
and high throughput sequencing was performed in the UNMC Next Generation Sequencing
Core facility. The sequencing reads were aligned to hg19 with Bowtie [63]. Gene expression
analysis was performed with the Cufflinks and Cuffdiff [64] programs available inside the
Galaxy platform as described previously [36]. Briefly, sequencing reads from empty vector
or PRDM1a-transduced NK92 cells were assembled into transcripts using Cufflinks
program and BAM alignment files [65]. Cuffmerge program was utilized to annotate and
meta assembly the transcripts produced with the Cufflinks. UCSC human reference genome
annotation was uploaded to Galaxy and used for the annotation of the transcripts. Cuffdiff
program was applied to identify the differentially expressed transcripts with statistical
significance. The full profile of the RNA-Seq raw data files are available in NCBI Sequence
Read Archive (SRA) database with the following study number: SRP049695.

4.11. gRT-PCR

RNA isolation, reverse transcription and real time PCR were performed as described earlier
[33, 49]. Briefly, total RNA was isolated with RNeasy Kit (Qiagen Inc., Gaithersburg, MD),
and then reverse transcribed with Stratagene Superscript I reverse transcriptase (Life
Technologies Inc., Grand Island, NY) to generate cDNA. Dynamo HS SyBr Green qPCR kit
(Thermoscientific Inc., Waltham, MA) was used for the cDNA amplifications. AACt method
was used for relative quantification of the mRNA levels. Melting curves were evaluated to
ensure specificity of PCR amplifications. Primers used for qRT-PCR are shown in Table 2B.

4.12. Cell surface CD25 expression analysis with flow cytometry

Empty vector (PMIG) or PRDM1a-FL-PMIG transduced NK92 and KHYGL1 cells were
stained with CD25-PE (Biolegend, San Diego, CA) antibody according to manufacturer’s
instruction two days post-transduction. The level of CD25 expression on cell surface of NK
cell lines were determined with FACS Aria 11 flow cytometer using BD FACS Diva 8.0.1
software on GFP gated cells two days post-transduction. CD25 protein expression was
evaluated in six malignant NK cell lines and IM-9 cell line using the same flow cytometry
procedure except the following difference: CD25 expression was evaluated in all cells of the
exponentially growing cell lines. Peripheral blood NK cells were stained with CD56-PE,
CD3-APC, and CD25-PE Cy.7 antibodies (Biolegend, USA) following manufacturer’s
instructions to determine CD25 expression on CD56%/CD3™ gated cells.
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4.13. Intracellular PRDM1 expression analysis with FACS

Intracellular PRDM1 protein expression in PRDM1a-transduced NK92 and KHYG1 cells
was evaluated as follows: Empty vector or PRDM1a-FL-PMIG transduced NK cells were
FACS sorted with Aria 111 flow cytometer two days post-transduction. Before intracellular
staining of the sorted GFP* cells with PRDM1-APC antibody (R&D Bioscience, CA, USA),
cells were fixed and permeabilized using True-Nuclear Transcription Factor Buffer Set
(Biolegend, San Diego, CA) according to the manufacturer’s instructions. PRDM1
expression levels in transduced KHYG1 and NK92 cell lines were determined via flow
cytometer. FlowJo software was used for the analysis of flow cytometry data.

4.14. CD25 short hairpin RNA constructs in NK cell lines

Two 19-mer CD25 siRNAs were designed using the siDESIGN Center (Thermoscientific
Inc., Waltham, MA). The siRNA nucleotide sequences were blasted to the human genome to
ensure that they do not target other human genes. The siRNAs were converted to 97-mer
shRNA-mirs and PCR-amplified with the high fidelity Pfu Ultra Il Fusion HS DNA
polymerase (Agilent Techonologies, Santa Clara, CA) to directionally clone inside the
mir30-adapted retroviral vector, MSCV-LTR-mir30-PIG [66] (LMP) (Addgene plasmid
24071), which was digested with the Xhol and EcoRI restriction enzymes to remove FoxP3
shRNA following the manufacturer’s instructions (Thermoscientific Inc., Waltham, MA).
The empty MSCV-LMP vector was obtained by removing FoxP3 shRNA which generated
Xhol and EcoRI overhangs. The sticky ends were then blunted with the Klenow Fragment
(New England Biolabs, Ipswich, MA), and empty LMP was circularized by ligating blunted
ends with T4 DNA ligase (New England Biolabs, Ipswich, MA). The sense nucleotide
sequences of the siRNAs are as follows: CD25 15t siRNA: 5°-
AGGAAGAGTAGAAGAACAA-3”; CD25 2" siRNA: 5°-
CAGAGGAAGAGTAGAAGAA-3’.

4.15. Generation of the retroviral CD25 construct for ectopic expression

CD25 coding sequence (CD25-CDS) was placed into MSCV-IRES-GFP (PMIG) retroviral
construct by directional PCR cloning as described earlier [67]. Briefly, PCR cloning primers
were designed based on the coding sequence of CD25 (NCBI mRNA accession number:;
NM_000417.2). Notl and Sall restriction sites were included in the forward and reverse
primers, respectively. CD25 coding sequence was amplified from NKYS cell line through
high fidelity PCR using PfuUltra Il Fusion HS DNA Polymerase (Agilent Technologies, CA,
USA). Amplified PCR products were purified with QlAquick PCR Purification Kit (Qiagen,
Germany), and also digested simultaneously with Notl and Sall to generate sticky ends.
PMIG plasmid was then digested with Notl and Sall. The double-digested and purified
CD25 coding sequence (CDS) and PMIG were ligated using T4 DNA ligase (NEB,
Germany). Bacterial colonies obtained after heat shock transformation [68] and spread-
plating were screened with restriction mapping and Sanger sequencing. Sanger sequencing
primers are shown in Table 2C.

J Leukoc Biol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 13

4.16. Statistical analysis

The statistical significance of the ChIP-Seq peaks identified on the 15t intron of /L2RA
(CD25) for PBNKD6, NKCOD13, and NKCOD14 samples are based on the MACS
program. Briefly, MACS slides a window across the genome to identify significantly
enriched regions compared with the background, followed by merging the candidate regions
identified. It models the number of reads from a genomic region as a Poisson distribution
with dynamic parameter Ajocq. MACS assigns every candidate region an enrichment Pvalue
on the basis of Ajqca- The p value for the PRDM1 ChIP-Seq peak identified for PBNKD6
and NKCOD14 are less than 107>, and the one for NKCOD13 is less than 1072

CentriMo, the bioinformatics tool that searches for enriched consensus sequences of
transcription factors, applied the binomial test to compute the significance of the number of
sequences where the best match occured in a given region by assuming a uniform prior over
best match positions. CentriMo reported the location and significance of the best region for
the PRDM1 motif. The background model used during motif search normalized for biased
distribution of individual letters in evaluated sequences. We chose a 0-order Markov
sequence model from the letter frequencies in the primary input sequences. For our analyses,
CentriMo also performed comparative enrichment analyses since we provided negative
control sequences. As expected, the program identified a PRDM1 consensus site (i.e.
DRAAAGTGAAAGTGA) within the center of the predicted ChIP-Seq peak. The p value for
the identified peak was 1.1e-3.

The statistical method of the Cuffdiff program, which is a part of the Cufflinks package, was
used to evaluate the significance of downregulation of CD25 based on the RNA-Seq data.
Cuffdiff’s statistical model includes a linear statistical model to estimate an assignment of
abundance to each transcript that explains the observed reads with maximum likelihood.
This model reports a p value (i.e. g value) corrected for multiple testing. g<0.05 was
considered statistically significant for the RNA-Seq data.

gRT-PCR, DNA microarray, and FACS data were log-transformed before applying t-test to
approximate normal distribution. When the changes in the percentages of GFP+ cells in
empty vector versus a relevant gene (i.e. PRDM1 or CD25) or shRNA-transduced cells were
evaluated, a paired-t test was applied. P < 0.05 was considered significant. Microsoft Office
Excel (Microsoft, Redmond, WA) and Prism software package (GraphPad Software, San
Diego, CA, USA) were used for t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relationship between CD25 expression levels and the expansion capacity of human
primary NK célls.

A) The schematic diagram showing the strategy employed to expand the primary human NK
cells by coculturing PBLs with the engineered K562 cells. A modified version of a
previously reported (Somanchi et. al. JOVE 2011) procedure was employed to expand the
human NK-cells. Briefly, equal number of PBLs and 100Gr irradiated K562-CI9-mb21 cells
were seeded together in the presence of the NK-cell expansion medium (NKEM). Seven
days after the first induction, equal numbers of cocultured cells were mixed with the 100 Gy
irradiated K562-CI19-mb21 cells and cultured in the presence of the NKEM for 7 more days.
The purity of the NK cells was determined with CD56-APC and CD3-PE staining. B) The
proliferation assay on cocultured NK cells in the later stages of NK cell activation. NK92
cells were used as positive control. Data are means + SD of two independent experiments.
C) mRNA expression levels of the CD25 (IL2RA) in NK cells activated with engineered
K562 cells during the termination of NK cell activation. RPL13A was used to calibrate the
MRNA levels of CD25, and the initial time point of the assay was used to normalize the
calibrated expression values. Data are shown as means + SD. Each data point is
representative of replicate measurement of CD25 and RPL13A. The p value was calculated
with unpaired t test by comparing the values to those in d13. ns, not significant.\Western blot
analysis of PRDM1 expression in primary NK cells obtained by coculturing for 12, 15, and
18 days (D) or for 10 and 13 days (E). Five-day IL2 activated NK cells (PBNKD5) were
used as the positive control and PRDM1-null KAI3 cells were used as the negative control.
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Figure 2. PRDM 1 bindsto the 1% intron of CD25 in activated NK cells.
A) The IGV snapshots showing the ChIP-Seq peaks located on the PRDM1 binding site

identified downstream of the TSS of CD25 in PBNKD6, NKCOD13, and NKCOD14
samples. Horizontal gray bars indicate the predicted PRDML1 binding sites. The p value was
calculated by the MACS program on the basis of the dynamic parameter A jocq as described
in the Materials and Methods section. B) Genomic region of CD25 occupied by PRDM1 in
three primary NK samples. The nucleotide sequence for the PRDML1 binding site observed
in the CD25 ChIP-Seq peak region was displayed with PRDM1 consensus sites bolded and
underlined. The p value was calculated by CentriMo as described in the Materials and
Methods section. C) ChIP-gqPCR cross-validation of PRDM1 occupation on the 15t intron of
CD25in NKCOD14 sample.
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Figure 3. CD25 expression in normal and neoplastic NK cells.
A) CD25 expression was determined with qRT-PCR in primary human NK cells activated by

IL2 up to 24h. B) The bar graph showing CD25 protein expression levels in resting and 1L2
activated primary NK cells, which were determined as mean flourescent intensity (MFI)
values with flow cytometry on CD56*/CD3™ gated cells. Each data point is average of four
measurements derived from two independent experiments with biological replicates. The p
values were calculated with unpaired t test by comparing the values to those of Oh time
point. C) CD25 mRNA expression in 9 malignant NK cell lines were determined with gRT-
PCR. RPL13A was used as a reference gene to calibrate CD25 expression. CD25 mRNA
expression in resting NK cells were used to normalize the expression level in malignant NK
cell lines. The names of NK cell lines are shown below the bar graphs. Data represent means
+ SD. D) Representative FACS plots showing CD25 protein expression in malignant NK cell
lines. E) CD25 protein expression levels determined with flow cytometry as MFI values in
malignant NK cell lines are shown as a bar graph using logarithmic scale. IM-9, a multiple
myeloma cell line with no CD25 expression based on Expression Atlas database (https://
www.ebi.ac.uk/gxa/experiments/E-MTAB-2770/Results), was used as the negative control
sample. Data represent means + SD of two independent experiments of which each has
biological replicates.
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Figure 4. CD25 istranscriptionally downregulated by PRDM 1in PRDM la-transduced NK cell
lines.

A) The retroviral vector used to ectopically express PRDM1a in PRDM1-null NK92 and
KHYG1 cell lines. B) Schematic representation of the approach used to determine changes
in CD25 expression in PRDM1a-transduced NK cell lines. GFP* cells were sorted from
NK92 or KHYGL1 cells 48h post-transduction. Demonstration of transcriptional
downregulation of CD25 in PRDM1la-transduced KHYG1 and NK92 cell lines by DNA
microarray (C), RNA-Seq (D) or gRT-PCR (E). RNA expression values of PRDM1a-
transduced NK cell lines were normalized to the values of the EV-transduced cells. FPKM:
Fragments Per Kilobase of transcript per Million mapped reads. For Cuffdiff RNA-Seq
expression data, FDR (i.e. g-value), which was obtained after Benjamini-Hochberg
correction of the p value is shown. For DNA microarray and qRT-PCR data, paired t test was
applied on log2 transformed expression values to obtain p values. F) Representative FACS
profiles showing the CD25 protein levels of GFP* cells in empty vector or PRDM1a
transduced NK92 or KHYGL1 cells. Each FACS plot is representative of two independent
experiments with two biological replicates in each experiment (n=4).
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Figure 5. Stable knock-down of CD25 resultsin decreased cell growth in low L2 concentrations
in malignant NK cell lines.

A) Schematic representation of the retroviral construct used to stably express CD25
ShRNAC(s) in the context of mir30 backbone. B) Representative FACS plots showing the
percentage of GFP* KHYG1 cells 3 (day 0) or 14 days (day 11) post-transduction with the
empty vector or each of two individual CD25 shRNA(s). Transduced KHYGL1 cells were
cultured in regular IL2 concentrations for 3 days after transduction. Three days after
transduction, transduced cells were switched to the NK medium having low doses (501U or
251U) of I1L2. Day 0 represents the day in which transduced cells were placed in medium
with low IL2 concentrations. Three days post-transduction, transduced cells were switched
to the NK medium having 50 IU (C) or 25 IU (D) of IL2. The same experiment was repeated
in NK92 cell line starting from Day 0 in which transduced NK92 cell line was switched into
culture medium with low IL2 concentrations. The percentage of GFP* cells was quantified
before and after empty vector or CD25 15t or 24 shRNA-transduced NK92 cells were placed
under culture with 25 IU (E) or 12.5 IU (F) of IL2. Data represent means + SD of two
independent experiments. The percentage of GFP* cells quantified for later time points were
normalized to the initial time point of GFP* cell quantification. Paired t test was calculated
for values in comparison to those of EV-transduced cells for each time point. .
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Figure 6. Ectopic expression of CD25in primary NK cellsleadsto cellular growth advantage
under low IL2 concentrations.

A) Schematic representation of the retroviral construct used for ectopic CD25 expression. B)
Representative FACS plots of empty vector or CD25-transduced cocultured primary NK
cells. The percentage of GFP* cells was quantified with FACS four days post-transduction
(day 0), and cells were then switched to NK cell culture medium with 12.5 1U IL2
concentrations. C) The bar graph showing the relative ratio of GFP* cells after
normalization to the levels at day 0 for empty vector (EV) or CD25-transduced cocultured
NK cells. EV: Empty vector. Data represent means + SD of two biological replicates. p
values were calculated using paired t-test as a comparision to empty vector-transduced
sample for each time point.
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Characteristics of the human cell lines used in this study

Table 1.

Page 25

Cell line | Sex Ethnicity Original description of CD56 | EBV PRDM1 protein Cytokine
disease expression status” dependency
KHYG1 F Japanese ANKL + - - L2
NK92 M unknown ANKL + + - L2
u266B1 M unknown multiple myeloma N/A - + -
IM-9 F Caucasian multiple myeloma N/A + N/A -

YT M Japanese ALL with thymoma + + - -
SNK-1 M Japanese ENKL + + N/A L2
SNK-6 M Japanese ENKL + + - L2
NKYS F Japanese ENKL + + + L2

HANK-1 F Japanese ENKL + + N/A L2

KAI3 M Japanese severe chronic active EBV + + - L2
infection

IMC1 M Native American ANKL + - N/A 1L2

N/A: Not available.

*e
‘PRDML1 expression data is based on Igbal et al. Leukemia 2009.
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Table 2.

Primers used for ChIP-gPCR, qRT-PCR and Sanger sequencing

A) Thelist of ChlP-gPCR primersused in the study

Forward primer

Reverse primer

B-globin 5-TTTTGTTCCCCCAGACACTCTT-3’ 5’-GGGTAATCAGTGGTGTCAAATAGGA-3’
SLAMF7 5’-GGCCAGGAAAGTGAAACAGA-3’ 5’-TCAGAGCTTAAGTTTGCCATGT-3’
CIITAplII 5’-TCAGTCCACAGTAAGGAAGTGAAATT-3" | 5’-GAAACAAGTGAGGGATCATCAAAAA-3’
Tapasin 5’-CCAGGCACCTTCACCTAACC-3’ 5’-CAGCCATGAAGCCTCCTCTT-3’
ERAP1 5’-GGATCCGCGTTCAGAAAGG-3’ 5’-CCAGGAAGGGAATTGGTAAATG-3’
CIITApIV 5’-GGCCACAGTAGGTGCTTGGT-3’ 5’-CTCGTCCGCTGGTCATCCT-3’

B) Thelist of qRT-PCR primersused to evaluate CD25 expression

Forward primer

Reverse primer

CD25

5’-AGCGAGCGCTACCCACTTCTAAAT-3’

5’-AGGGTGGAGAGAGTTCCATACCAT-3’

RPL13A

5’-ACCGTCTCAAGGTGTTTGACG-3’

5’-GTACTTCCAGCCAACCTCGTG-3’

C) CD25-PMIG Sanger sequencing primers

Forward

Reverse

CD25-Sanger-1%

5’-CACGCCAGCCCAATACTTA-3’

5-GGTGTCACTTGTTTCGTTGTG-3’

CD25-Sanger-2nd

5’-GGACTGCTCACGTTCATCAT-3’

5’-GCTTCTCTTCACCTGGAAACT-3’

CD25-Sanger-3'4

5’- GGATACAGGGCTCTACACAGA-3’

5’-GTGATGTGACTTCAGAGCTTCC-3’

TAPASIN and ERAPI primers were reported by Doody et. al. J/2007.

B-globinand CII/TAplll primers were reported by Tooze et. al. J/ 2006.

SLAMF7and CI/ITAp!V primers are based on Smith et al J/2010.

RPL13A gRT-PCR primers were reported previously by Kuglk et al PNAS 2011.
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