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Inhibition of histone H3K27 demethylases selectively
modulates inflammatory phenotypes of natural killer cells
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Natural killer (NK) cells are innate lymphocytes, important in
immune surveillance and elimination of stressed, transformed,
or virus-infected cells. They critically shape the inflammatory
cytokine environment to orchestrate interactions of cells of
the innate and adaptive immune systems. Some studies have
reported that NK cell activation and cytokine secretion are con-
trolled epigenetically but have yielded only limited insight into
the mechanisms. Using chemical screening with small-molecule
inhibitors of chromatin methylation and acetylation, further
validated by knockdown approaches, we here identified
Jumonji-type histone H3K27 demethylases as key regulators of
cytokine production in human NK cell subsets. The prototypic
JMJD3/UTX (Jumonji domain—containing protein 3) H3K27
demethylase inhibitor GSK-J4 increased global levels of the
repressive H3K27me3 mark around transcription start sites
of effector cytokine genes. Moreover, GSK-J4 reduced IFN-v,
TNFa, granulocyte—macrophage colony-stimulating factor (GM-
CSF), and interleukin-10 levels in cytokine-stimulated NK cells
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while sparing their cytotoxic killing activity against cancer cells.
The anti-inflammatory effect of GSK-J4 in NK cell subsets, iso-
lated from peripheral blood or tissue from individuals with
rheumatoid arthritis (RA), coupled with an inhibitory effect on
formation of bone-resorbing osteoclasts, suggested that histone
demethylase inhibition has broad utility for modulating
immune and inflammatory responses. Overall, our results indi-
cate that H3K27me3 is a dynamic and important epigenetic
modification during NK cell activation and that J]MJD3/UTX-
driven H3K27 demethylation is critical for NK cell function.

Natural killer (NK)? cells are group 1 innate lymphocytes and
facilitate maintenance of tissue homeostasis following sensing
of target cells through coordination of activating receptors,
such as NKG2D, DNAM-1, NKp30, NKp46, NKp44, and inhib-
itory receptors such as killer immunoglobulin-like receptors and
CD94-NKG2A (1-3). Itis now recognized that in addition to their
critical sentinel functions in providing lytic effector roles, e.g
through clearance of virally infected or malignant, transformed
cells, NK cells contribute to inflammatory processes, as observed
in autoimmune diseases such as rheumatoid arthritis (RA) (4), by
shaping the inflammatory cytokine microenvironment.

NK cells are characterized by the expression of CD56, the
140-kDa isoform of neural cell adhesion molecule, and a lack of
expression of cell-surface CD3 (5). The plasticity and functional
heterogeneity of NK cells is not fully understood, but NK cells

3The abbreviations used are: NK, natural killer; IFN, interferon; TNF, tumor
necrosis factor; IL, interleukin; RA, rheumatoid arthritis; HDAC, histone
deacetylase; LNA, locked nucleic acid; RNA-seq, RNA sequencing; qPCR,
quantitative PCR; ATAC-seq, assay for transposable-accessible chromatin
using sequencing; ChIP-seq, chromatin immunoprecipitation followed by
sequencing; TSS, transcriptional start site; PRC, polycomb repressor com-
plex; GM-CSF, granulocyte-macrophage colony-stimulating factor; IMDM,
Iscove’s modified Dulbecco’s medium; TRAP, tartrate-resistant acid phos-
phatase; ChIP-PCR, chromatin immunoprecipitation followed by PCR;
ANOVA, analysis of variance; BET, bromodomain and extra-terminal family
protein; LTA, lymphotoxin A; LTB, lymphotoxin B; NCR, natural cytotoxicity
receptor; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium.
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can be grouped into at least three subsets based upon the
expression of CD56 and CD57, a known marker of replicative
senescence and terminal differentiation in CD8+ T cells (6, 7).
CD56%"#"CD57~ NK cells express high IFN-v levels and exert
a low cytotoxic effector function when compared with
CD56%™CD57" NK cells, which express low IFN-vy and pro-
vide a high degree of cytotoxicity. A third population of NK
cells, CD56"™CD57 " cells, is an intermediate population that
expresses moderate levels of IFN-vy and cytotoxic effector func-
tion. Following activation, NK cells mediate cytotoxic killing of
target cells through two major mechanisms that require direct
contact between NK cells and their target cells (8). The first
pathway involves target cell lysis mediated by cytotoxic mole-
cules (e.g. perforin and granzymes) that are stored in secretory
lysosomes (9). The second pathway involves the engagement of
death receptors with their ligands (e.g. FasL or TRAIL) that
results in caspase-dependent apoptosis (10). Moreover, NK
cells are poised to release cytokines and growth factors that can
initiate inflammatory responses mediated by both the innate
and the adaptive arms of the immune system (11).

The term “epigenetics” defines potentially heritable, chro-
matin-templated cellular phenotypes that are independent of
the underlying DNA sequence (12). More loosely, epigenetics is
frequently used to describe various chromatin modification
processes. Chromatin remodeling and post-translational mod-
ifications of N-terminal, unstructured tails of histone proteins
are mechanisms of importance in e.g. embryonic development,
cancer, or the immune response (13-16). Chromatin processes
have now been recognized as key components in the regulation
and signaling of functional states of the epigenomic landscape
thereby controlling gene transcription, DNA replication, and
repair (17). The dynamic nature of chromatin modification has
now been realized, and recognition of specific modifications by
several proteins has enabled the concept of a chromatin or “his-
tone code” (18). Presently, several classes of histone modifica-
tions have been identified (19), and of particular importance is
histone methylation, which plays a pivotal role in the mainte-
nance of both active and suppressed states of gene expression,
depending on the sites and degree of methylation (19-21). In
particular, the methylation of histone H3 at lysine residues —4,
—36, and —79 (H3K4, H3K36, and H3K79) is implicated in the
activation of transcription, whereas methylation of histone H3
at lysine —9 and —27 (H3K9 and H3K27) is correlated with
repression of transcription. Although lysine methylation was
initially considered a stable modification, it is now recognized
that the interplay between histone methylation and demethyl-
ation provides an important layer in tuning transcriptional
responses and programs. For example, the methyltransferase
EZH2 (enhancer of zeste homolog 2) catalyzes the S-adenosyl-
methionine— dependent trimethylation of H3K27, whereas sev-
eral members of the Jumonji domain—containing (Jmj) Fe>"
and 2-oxoglutarate— dependent oxygenases catalyze demethyl-
ation of methylated histone lysine residues in vitro and in vivo
(22-26). In particular, Jmj family members 3 (JMJD3 and
KDMS6B) and ubiquitously transcribed tetratricopeptide repeat
gene, X chromosome (UTX and KDM6A) were shown to be
specific demethylases of H3K27me2/3 (22, 23, 25). Whereas
UTX appears to be constitutively expressed in many tissues,
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JMJD3 is inducible by lipopolysaccharide, several cytokines,
and growth factors (27, 28). Both enzymes play important
roles in macrophage responses (27, 29), development, and
stem cell function (30). However, the enzymes appear to have
dual roles, by exerting their functions as scaffolding and being
catalytically active. Importantly, UTX is a component of tran-
scriptional complexes, such as Trithorax and MLL (mixed lin-
eage leukemia), which regulate gene activation through H3K4
methyltransferase and H3K27 demethylase activities (31).
Thus far, few studies have demonstrated a role for DNA meth-
ylation in regulation of NK cell IFN-+y secretion (32-34) and for
histone H3K27 methylation by EZH2 in NK cell development (35).
Considering the importance of epigenomic regulation in immune
cell function (36) and the apparent lack of chromatin regulation
data on NK cell function, we set out to identify epigenetic factors
involved in NK activation, leading us to investigate the role of his-
tone H3K27 demethylation in NK cell function in further detail.

Results

NK cell cytokine production is regulated by inhibitors of
chromatin methylation and acetylation

Our initial aim was to identify epigenetic pathways that are
important for mediating inflammatory NK cell responses.
Although NK cells secrete a number of pro-inflammatory cyto-
kines in response to activation, the hallmark of an NK cell is its
ability to secrete pro-inflammatory IFN-y when stimulated
using cytokines such as IL-2, IL-12, or IL-15 (37, 38). We used
the production of IFN-vy as hallmark of NK cell function in
assessing the effectiveness of screening with a focused library of
small molecule inhibitors, which consisted of targeting eight
major distinct mechanistic classes of chromatin and epigenetic
proteins (Table S1). We first prescreened the library in the
established IFN-vy producing Nishi NK-like cell line (39) (Fig.
S1). These data reveal a significant reduction of secreted IFN-vy
with three different classes of inhibitors targeting the JmjC
domain-containing histone demethylases, histone deacety-
lases (HDACsS), and bromodomains. We then tested a subset
of the library in IL-15-stimulated primary human NK cells
derived from the peripheral blood of healthy donors, again con-
firming strong inhibition of IFN-v production in these three
pathways (Fig. 14). These results were confirmed by IC,, mea-
surements for the compounds that potently inhibited IFN-y,
comprising the H3K27 demethylase inhibitor GSK-J4 (Fig. 1B)
(16), the HDAC inhibitor suberoylanilide hydroxamic acid
(vorinostat) (40) and the bromodomain and extra-terminal
(BET) family proteins inhibitor +JQ1 (41) (Fig. S2). These
experiments also included the use of negative control com-
pounds, ie. inactive regional isomers like GSK-J5 (16, 42),
which provide additional support for a specific on-target activ-
ity of GSK-J4. We observed that culturing NK cells with GSK-J4
led to a reduction in Ki67" NK cells, indicating that GSK-J4
may have a role in regulating proliferation (Fig. 1C). Because
reduced NK cell inflammatory function may also be indicative
of increased malfunction or even cell death, we next investi-
gated the cytotoxic effect of GSK-J4 on NK cells using annexin
V and 7-aminoactinomycin D staining as a marker for apoptosis
and cell death, respectively (Fig. 1D). We observed no altera-

J. Biol. Chem. (2018) 293(7) 2422-2437 2423


http://www.jbc.org/cgi/content/full/RA117.000698/DC1
http://www.jbc.org/cgi/content/full/RA117.000698/DC1
http://www.jbc.org/cgi/content/full/RA117.000698/DC1
http://www.jbc.org/cgi/content/full/RA117.000698/DC1

Epigenetic modulation of NK cell phenotypes

Jumoniji histone
demethylase

A

Bromodomain

Histone deacetylase

Histone methyltransferase
I 1

Histone
acetyltransferase
21 Lval —
demethyl i
en|1e_y|ase methylation
1_ —
5 0 T O W T T --I' []
I L, T
]
S
& -1
2
el
3
T -2
£
‘5 sk *%
[ =
[0}
2 -31
©
L=
o
kel *%
°
~ -4 >
(o2}
< ke
*%
_5_ %%
*%
*% %k
-6-
| § T T T T L] T T L] T T T T L} T T T T T L]  § T | T T L i T T L} T T T T L] T T T T T
P d > e A DA R o DO M Dy oo o D A W e R o DO WP o O
S PPt D PR F P S L TP SO0 BT R GBlV F € ST O F G F
S F VPP S N T Ko TR KGO Fo Ff Ol ¢ T FE L P PO ¥ O
RO &P < @0093 SNFES LTSS o P O et 7SS
N4 © [ © © X gt
) k2 N < P
4 e
&
o~ GSK-J4 C 8- DMSO GSK-J4
6000
. Ao GSK-J5 10 10°4
- E
£ 2 -
g 4000 B 10 6.02%. 10 1.05%
> ,i 44
. © 10°
L 20004 = * w
N 107
© 3
0+ a XL O!
0.01 0.1 1 10 100 O > P L -
GSK-J4/GSK-J5 concentration (M) Nt o 0 100 10* 108 100 104 10°
(¢ CD57-FITC »
D DMSO GSK-J4 GSK-J5
4 Q2 Q2 Q2
' 0.70 “ 038 © 059
a Ias Q3 :32;0 Q3 Q3
95.0 0.21 7198. : 0.95 i . 0.75
é 10" L ey vy 10" = Zprvsprepggrenreny ey g [0} NP s ) R .Y
~ 100 0 10 104 10° 105 0 10° 10 10°¢ -10° 0 10° 10* 10°
Anexin-V-FITC »

2424 | Biol. Chem. (2018) 293(7) 2422-2437

SASBMB



Epigenetic modulation of NK cell phenotypes

A B C msc
KDMBA KDM6B KDM5B TNF IFNG 0 JMJID3/UTX
% CJARID1B
15+ 15 15 159 % 159 50 1001
” |
Sq S sp 3 40+ !
g§< §Q 8O o . 8017
=) 1.0 1.0 1.0 ;:_) ° 1.0 né‘é 1.0 4 2 30 g &5 1
s3 T 85 ‘@ “ 1
gg g—_"_rﬁ 3'§ 8 \2 40 ]
0o® i o® 0= > 201 S 1
z g 05 05 05 2 2051 2 8054 2 ]
3 2 E5 55 E 0 20
14 x x € ] L
o o 3 e o0 RS 0.0° o0 O & o 0-0 - ° 0100 0% 10
) o7 KT N Q
° \\3/\-‘r «5\6\ S P S » TS IFN-y-APC-Cy7
& S N SR ¥ &K
N s N s S
D E Bl CDs6s"
3000+ [ cpseecDs7 CD5Bes CD564"CD57- CD569"CD57*
1054 ggzssngm B cDs56‘mCD57* 1004 1004
104 z 2000 . 80 so-E
> 60 - 60 -
10%4 £ 1 1
é £ 4000+ x 404 40 -
© 1 ]
5 ] E 204 20
X 01 850 \2 6 i " i
0 100 100 10° 0 O O O 0 100 10t 108 0 10 100 108
P& P P
IFN-y-APC-Cy7 ——p ‘b\\) ‘b\\) {b\\) IFN-y-APC-Cy7 R
O O O
& & &

Figure 2. Combined knockdown of KDM6A and KDM6B histone demethylases reduces IFN-y and TNF-« production in human NK cell populations. NK
cells were cultured in the presence of IL-15 and JMJD3/UTX, JARID1B LNA target, and scrambled control (SC) oligonucleotides for 8 days. (n = 5). A, knockdown
efficiency of targets was confirmed by measuring the levels of KDM5A (UTX), KDM5B (JARID1B), and KDM6B (JMJD3) by qPCR (n = 5). B, combined knockdown
of JIMJD3/UTX reduces the expression of TNF-a and IFN-y mRNA levels, as confirmed by gPCR (n = 5). C, the expression of IFN-y protein was measured by flow
cytometry. NK cells were gated based on the expression of CD56 and CD57, followed by determination of intracellular IFN-y (n = 3). D, a representative figure
showing the gating strategy for CD56°"9"CD57~, CD569™CD57~, and CD569™CD57" NK cell populations. E, the median fluorescence intensity of IFN-y
among CD56°"9"CD57~, CD569™CD57 , and CD56%™CD57 " NK cell populations following knockdown of JMJD3/UTX as measured by flow cytometry. The
right panel shows a representative flow cytometry histogram of IFN-y expression in each NK cell population. The data are from three independent experiments.
The data represent the means = S.D.in A-D. *, p < 0.05; **, p < 0.01 (Kruskal-Wallis with Dunn’s multiple comparison test). MF/, median fluorescence intensity.

tions in programmed cell death following 48 h of culture with
GSK-J4; however, the HDAC inhibitors significantly increased
apoptosis. This effect was even present following the culture of
NK cells in the presence of very low concentrations of inhibitor,
and therefore we chose not to further investigate the role of
HDAC inhibitors (Fig. S2¢). However, the previously identified
capacity of GSK-J4 to suppress TNF-a production in stimu-
lated human macrophages (16, 27) prompted us to focus on the
effects of histone demethylase inhibition in NK cell cytokine
production.

Knockdown of the H3K27 demethylases JMJD3/UTX
suppresses IFN-y production in NK cells

GSK-J4 has been identified as a cell-permeable and potent
inhibitor of KDM6 demethylases (16, 27) and has ~5-20-fold
lower activity against KDM5 demethylase enzymes (16, 42). To

assess the specificity of the GSK-J4 compound on NK cell cyto-
kine production, we used locked nucleic acid (LNA) knock-
down of the H3K27 demethylases KDM6A/B (UTX and JMJD3,
respectively) and H3K4me3 demethylase KDM5B (JARID1B),
the targets for GSK-J4 (16, 42). LNA nucleotides are generated
with a methylene bridge connecting the 2’ oxygen and 4’ car-
bon, resulting in increased stability and affinity and leading to
efficient knockdown without the use of transfection or trans-
duction techniques (43). To mimic the pan-KDM6 activity of
GSK-J4, we used a dual JMJD3 and UTX LNA, which resulted in
significant knockdown for both JMJD3 and UTX mRNA when
compared with a scrambled control LNA, as confirmed by
quantitative RT-PCR (Fig. 24). Although KDM5B LNA treat-
ment resulted in efficient reduction of its target (Fig. 24), no
effect on IFN-vy expression was observed (Fig. 2B). In contrast,
knocking down JMJD3/UTX resulted in significantly reduced

Figure 1. Jumonji histone demethylase, BET bromodomain, and histone deacetylase inhibition prevent IFN-y release in human NK cells. A, NK cells
were isolated from peripheral blood, stimulated with IL-15, and cultured for 48 h in the presence of DMSO or small molecule epigenetic inhibitor, and
supernatant was then harvested. Levels of IFN-y were measured by ELISA, and log2-fold changes were determined against DMSO following normalization
against cellular proliferation as measured by an MTS assay (n = 9). Statistical significance was determined by ANOVA with Dunnett’s post hoc test. B, the IC,
values for IFN-vy release for inhibitors GSK-J4 and its inactive control molecule GSK-J5 were determined by culturing different concentrations of each inhibitor
with IL-15-stimulated NK cells following 48 h of culture. C, NK cells were isolated; stimulated with IL-15; and cultured with DMSO, GSK-J4, or GSK-J5 for 48 h;
stained with CD57 and Ki-67; and measured using flow cytometry. The data are from four independent experiments. Error bars represent standard deviation,
and statistical significance was determined by Kruskal-Wallis with Dunn’s multiple comparison test.*, p < 0.05. D, NK cells were isolated from peripheral blood,
stimulated with IL-15, and cultured in the presence of DMSO, GSK-J4, or GSK-J5 for 48 h. The cells were stained with annexin V-FITC and 7-AAD and then
analyzed using flow cytometry. In each panel, the lower left quadrant shows cells that are negative for both 7-AAD and annexin V, whereas the upper left
quadrant shows only 7-AAD-positive cells (necrotic). The lower right quadrant shows cells that are positive for annexin V (early apoptotic), and the upper right
quadrant shows annexin V- and 7-AAD-positive cells (late apoptotic).
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Figure 3. GSK-J4 inhibits pro-inflammatory cytokine production in human peripheral blood NK cell subsets. A, NK cells were isolated from peripheral
blood and stimulated with IL-15 for 24 h. Protein transport inhibitor (brefeldin A/monensin) was added for the final 4 h of culture, before staining for CD56,
CD57, and IFN-y, prior to running through a flow cytometer. The data represent the means = S.D. of three donors. The right panel shows a representative
histogram of IFN-y expression in one of three individual donors. B, the amount of IFN-y was determined in CD56°"9MtCD57~, CD569™CD57 ", and
CD569™CD57* NK cell populations following 48 h of DMSO and GSK-J4 treatment as measured by flow cytometry. The data represent the means = S.D. of
three donors. The right panels show representative flow cytometry histograms of IFN-y expression in each NK cell population. The data shown in the histograms
represent one of three independent experiments. C, NK cells were isolated from peripheral blood and cultured in the presence of DMSO, GSK-J4, or GSK-J5 for
48 h and then stained with anti-CD56 and anti-CD57 antibodies. The frequencies of CD56°"9MCD57~, CD569™CD57~, and CD569™CD57* were determined
by flow cytometry. The data shown are representative of 14 donors. D, NK cells were isolated from peripheral blood, stimulated with IL-15, and then cultured
for 48 h in the presence of DMSO or small molecule epigenetic inhibitors. The levels of secreted TNF-a, GM-CSF, IL-10, and IL-2 were measured. The data
represent means * S.D. of three donors. E, NK cells were isolated from peripheral blood, stimulated with IL-15, and then cultured in the presence of DMSO,
GSK-J4, or GSK-J5 for 24 h. The cells were then washed twice in media and cultured in the presence of autologous CD14+ monocytes for a further 24 h. The cells
were stained with CD14-APC and TNF-PE and then analyzed by flow cytometry. *, p < 0.05; **, p < 0.01 (Kruskal-Wallis with Dunn’s multiple comparison test).

expression of both IFN-y mRNA and protein expression fol-
lowing IL-15 stimulation (Fig. 2, B and C); furthermore, we also
observed reduced expression of TNF-a mRNA expression fol-
lowing knockdown of JMJD3/UTX (Fig. 2B). Similar to using
compound inhibition, the reduction in IFN-vy expression was
also observed in three different NK cell subsets following LNA
knockdown (Fig. 2, D and E). Collectively, these inhibition and
knockdown results highlight a critical role for the Jumonji his-
tone demethylases JMJD3 and UTX in regulating NK cell pro-
inflammatory function.

The demethylase inhibitor GSK-J4 reduces NK cell
inflammatory functions

Given the complex regulation of pro-inflammatory cytokine
secretion in NK cells, we next investigated whether reduced
IFN-v secretion was a consequence of an inhibition of cytokine
mRNA expression or of impaired intracellular transport. Using
flow cytometry, we found that GSK-J4, but not its inactive iso-

2426 J Biol. Chem. (2018) 293(7) 2422-2437

mer control compound, GSK-J5, reduced NK cell-derived
IFN-vy protein expression (Fig. 34). We next investigated the
relationship between IFN-vy production and GSK-J4 treatment
in different peripheral blood-derived NK cell populations (Fig.
3B). Consistent with previous studies, CD56""'¢"* cells produce
the highest levels of IFN-y when compared with the other
NK cell populations. Importantly, GSK-J4 treatment resulted
in a reduced IFN-vy production in all NK cell subsets
(CD56%M8hCD57 7, CD564™CD57%, and CD56%4™CD577),
whereas the control compound GSK-J5 had little effect. More-
over, GSK-J4 did not alter the NK cell population frequency, as
assessed by flow cytometry (Fig. 3C).

In addition to IFN-vy, we also found that GSK-J4 led to a
reduction in pro-inflammatory TNF-«a, GM-CSF, IL-2, and
anti-inflammatory IL-10 (Fig. 3D). In addition to producing
intrinsic TNF-«, NK cells can also induce TNF-« production in
CD14+ monocytes in a manner that is cell contact—dependent
(44, 45). Therefore, we next investigated the ability of NK cells
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Figure 4. GSK-J4 treatment reduces IFN-y expression in NK cells isolated from the tissue of rheumatoid arthritis patients. A, the frequency of CD56°"9",
CD569™mCD57~, and CD56%™CD57 " NK cell populations in peripheral blood from drug naive RA patients and healthy individuals (n = 9). B, the frequency of
IFN-y* NK cells isolated from RA patient peripheral blood. The right panels show representative histograms of IFN-y expression. C, the frequency of CD56°"'9",
CD569™mCD57~, and CD569™CD57* NK cell populations in synovial tissue samples and peripheral blood from RA patients. D, the frequency of IFN-y* cells
among total NK cell populations isolated from RA synovial tissue. The right panels show representative histograms of IFN-y expression. A and C, each dot
represents a single sample, and a horizontal bar indicates the average for each group. The data shown are from nine healthy individuals, nine drug naive RA
patients, and five RA synovial tissue samples. *, p < 0.05; **, p < 0.01 (Mann-Whitney U test). Band D, *, p < 0.05; **, p < 0.01 (Wilcoxon matched-pairs test).

to induce macrophage-derived TNF-« in co-culture experi-
ments. We found that NK cells pretreated for 24 h with GSK-J4
reduced the ability to induce TNF-« production in CD14+ co-
cultures (Fig. 3E). Overall, these data demonstrate that GSK-J4
is able to regulate a diverse set of NK cell inflammatory
functions.

NK cell cytokine production from chronic inflamed tissue is
reduced following GSK-J4 treatment

Having established a specific role for JIMJD3/UTX H3K27
demethylases in reducing inflammatory cytokine levels, we
next investigated these effects in a chronic inflammatory dis-
ease setting. In RA, NK cells are readily detectable in the syno-
vial tissue of patients at an early disease stage and constitute
~20% of all lymphocytes in the synovial fluid of established RA
disease patients (46, 47). Characteristically, the synovial joint is
enriched with CD565"€" NK cells that secrete significantly
higher levels of IFN-v following IL-15 stimulation when com-
pared with peripheral blood mononuclear cells from the same
patient (46). We therefore used this chronic inflammatory dis-
ease as a model of inflammation to investigate the ability of
GSK-J4 to reduce IEN-vy production. Interestingly, we observed
a significant increase in the frequency of CD56""#" cells in
treatment-naive RA patient peripheral blood when compared
with healthy individuals (Fig. 44). Mirroring the results from
healthy NK cells, we observed a significant reduction in the
frequency of IFN-ywhen RA NK cells were treated with GSK-J4
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(Fig. 4B). In agreement with literature (46), we also observed a
significant increase in CD56""¢" NK cell frequency in RA
synovial tissue explants when compared with treatment-na-
ive RA patient peripheral blood (Fig. 4C). When synovial NK
cells were cultured in the presence of GSK-J4, a reduction
in IFN-vy expression was also observed (Fig. 4D). Taken
together, this suggests that in addition to reducing acute
inflammation, GSK-J4 may also be beneficial in reducing
inflammatory cytokine hallmarks in a situation of chronic
inflammation.

NK cell-mediated osteoclast formation is regulated by
JMJD3/UTX

Thedata obtained thus farindicated arole for H3K27 demeth-
ylases in reducing inflammatory cytokine output in NK cells.
However, NK cells from RA patients are also involved in medi-
ating osteoclastogenesis, leading to bone erosion (4). Therefore,
we were interested to identify whether Jumonji demethylase
inhibition could impact this phenotype. To address this ques-
tion, we treated CD56""'8"* NK cells isolated from the periph-
eral blood of RA patients and cultured them in the presence of
DMSO, GSK-J4, or GSK-J5 for 24 h. NK cells were washed and
then co-cultured in the presence of allogeneic monocytes. Fol-
lowing 14 days of culture, the presence of multinucleated oste-
oclasts was determined. We found that NK cell pretreatment
with GSK-J4 resulted in significantly reduced osteoclast num-
bers (Fig. 5A4). A key factor for monocyte fusion and osteoclast
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formation is RANKL (receptor activator for nuclear factor as determined by RT-PCR and flow cytometry (Fig. 5, B and
kappa b ligand); accordingly we tested whether NK cell RANKL  C). This effect is specific to knockdown of KDM6A and
expression was altered upon GSK-J4 treatment. Indeed, KDMG6B, as evidenced by down-regulation of RANKL
RANKL expression was reduced both in RA patient and expression using the LNA knockdown approach (Fig. 5, D
healthy donor-derived NK cells following GSK-J4 treatment, and E). These data suggest that GSK-J4 can inhibit osteoclas-
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Figure 6. Transcriptional changes in NK cells isolated from peripheral blood in response to GSK-J4 treatment. A, principal component analysis of treated
samples. Red, control (DMSO) treatment; blue, GSK-J4 treatment following RNA-seq analysis. B, MA plot summarizing differential expression in NK cells
following GSK-J4 treatment. C, Venn diagram showing proportions of significantly changed (log2-fold) genes upon GSK-J4 treatment. D, heat map of gene
expression in three individual NK cell donors upon GSK-J4 treatment. E, biological classification of significantly changed genes. F, validation of selected genes
by RT-PCR analysis. The data represent the means = S.D. of nine donors. ANOVA was determined by Tukey multiple comparison test. *, p < 0.05; **, p < 0.01.

togenesis by reducing the expression of RANKL on the sur-
face of NK cells.

The transcriptional profile of NK cells is altered following
inhibition of IMJD3/UTX H3K27 demethylases

The evident phenotypic consequences of inhibiting the his-
tone H3K27 demethylase activity on inflammatory NK cell
function prompted us to investigate global transcriptional
changes upon GSK-J4 treatment. Expression analysis was per-
formed by RNA sequencing (RNA-seq) in IL-15-stimulated
NK cells following a 15-h GSK-J4 treatment. These data reveal
a transcriptional signature that is comprised of 2200 genes with
significant log2-fold changes, of which ~60% are down-regu-
lated (Fig. 6, A—D) using a false discovery rate of 0.05. A path-
way enrichment analysis of the differentially regulated genes
(supporting information) shows that GSK-J4 impacts on sev-
eral processes, comprising cell cycle, cytokine production,
growth factor regulation, signaling, epigenetic, and chromatin
pathways, as well as metabolic pathways (Fig. 6E). This is in line
with our previous observations showing an anti-inflammatory
and anti-proliferative effect following GSK-J4 treatment.
Whereas pathways such as Notch signaling and glycolysis have
been previously shown to be important for NK cell function (48,
49), we observed a strong induction of metallothionein genes;
however, the reason for this remains enigmatic at this point.
Next, we validated the RNA-seq data by performing qPCR on

NK cells treated for 24 h with GSK-J4. This confirmed a large
metallothionein up-regulation and a reduction of inflammatory
cytokines IFN-vy, TNF-a, LTA, and LTB (Fig. 6F), demonstrat-
ing a robust NK cell transcriptomic change following H3K27
demethylase inhibition.

NK cell cytolytic function is unaffected following JMJD3/UTX-
driven H3K27 demethylation

Having identified that GSK-J4 inhibition leads to a strongly
altered inflammatory profile in NK cells, we next asked whether
this could impact on the cytolytic function of NK cells. Select-
ing genes that are associated with NK cell cytolytic function and
tumor cell killing revealed an informative pattern of gene
expression upon GSK-J4 treatment. In addition to the above
mentioned inflammatory cytokines, the transcriptomic data
also revealed down-regulation of genes involved in NK cell-
mediated killing, such as granzyme (GZMB), perforin, NCRs,
and UL16-binding proteins (ULBPs) (Fig. 7A). On the other
hand, up-regulated genes following GSK-J4 treatment repre-
sent signal transduction components such as IFN receptors,
various kinases, and phosphatases, as well as transcription fac-
tors (NFATcl and NFATc2) (Fig. 7A).

Next, we confirmed this transcriptional pattern by selecting
targets from the list of genes and performing qPCR and flow
cytometry analysis. This analysis revealed that NKp30 (NCR3),
NKp44 (NCR2), and NKp46 (NCR1), as well as granzymes

Figure 5. NK cells cultured with GSK-J4 reduce RANKL expression resulting ininhibition of NK-mediated osteoclastogenesis. A, CD56°"9" NK cells were
isolated from peripheral blood of RA patients and cultured in the presence of DMSO, GSK-J4, or GSK-J5 for 24 h, then washed in media, and cultured at a ratio
of 1:5 with monocytes for 14 days. Osteoclast staining for TRAP (purple) (top panels) and immunofluorescence (bottom panels) was performed using DAPI (blue)
and phalloidin (green) (20X magnification) (n = 5). B, NK cells were isolated from RA peripheral blood, stimulated with IL-15, and then cultured in the presence
of DMSO, GSK-J4, and GSK-J5 for 72 h. The expression of RANKL was determined using RT-PCR. C, protein expression was determined using flow cytometry. The
data represent means = S.D. of five donors. The right panels show representative histograms of three independent donors. *, p < 0.05 (Kruskal-Wallis with
Dunn’s multiple comparison test). D, NK cells were isolated from peripheral blood, stimulated with IL-15, and then cultured in the presence of locked nucleic
acid targeted toward both JMJD3 and UTX. Surface expression of RANKL on NK cells was measured by flow cytometry. E, expression of mRNA was determined
by RT-PCR. The data represent the means = S.D. of five donors. ¥, p < 0.05 (Mann-Whitney test).
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Figure 7. GSK-J4 inhibition leads to selective changes in genes associated with NK cell-mediated cell lysis but does not impair tumor cell killing ex
vivo. A, heat map of NK cell genes associated with lytic functions after treatment with GSK-J4 for 24 h. Genes discussed in the text are highlighted. B, gPCR
confirmation of selected NK cell effector genes. The data represent the means = S.D. of nine donors. *, p < 0.05 (ANOVA with Tukey multiple comparison test).
C, flow cytometry analysis of activating NK cell receptors (NCR1, NCR2, and NCR3) in different NK cell populations after GSK-J4 treatment. The data represent
the means = S.D. of four donors. *, p < 0.05 (ANOVA with Tukey multiple comparison test). D, gating strategy and flow cytometry of NK cell killing assays using
Jurkat cell lines. The data are representative of three independent donors. E, cell lysis of Jurkat (upper panel) or K562 (lower panel) measured by LDH release
upon GSK-J4 or GSK-J5 treatment. The data represent the means =+ S.D. of three donors.

(GZMB and GZMH), had expression patterns mirroring that of
the RNA-seq data (Fig. 7B). However, protein expression levels
revealed that only NKp46 was significantly reduced following
either 48 h of GSK-J4 treatment or JMJD3/UTX knockdown in
various NK cell populations, as shown by flow cytometry (Fig.
7C and Fig. S3).

The significantly altered transcriptional response for genes
involved in NK cell killing led us to next examine whether func-
tional NK cell killing was impaired. This was investigated by
using two different types of established NK cell killing assays:
the LDH release and the CD107 assay (50), with two different
cancer cell lines used as targets for killing (Jurkat and K562).
This revealed no significant differences in the ability of NK cells
to kill target cells following GSK-J4 treatment (Fig. 7, D and E,
and Fig. S3d). Despite the significant transcriptional change,
the impact of a 48-h GSK-J4 treatment on protein expression
appears modest and shows that GSK-J4 inhibition has no sig-
nificant impact on the ability of human NK cells to mediate
killing of cancer cells in these ex vivo systems.

2430 J Biol. Chem. (2018) 293(7) 2422-2437

A global increase in histone H3K27 methylation results in
reduced NK cell inflammatory function

Next we wanted to investigate the molecular mechanism
involved in inducing the transcriptional change observed fol-
lowing GSK-J4 treatment. Using the assay for transposable—
accessible chromatin sequencing (ATAC-seq) method to inter-
rogate chromatin accessibility, we observed no significant
global alterations following treatment of NK cells with GSK-J4
(Fig. 84). However, when looking at profiles across the promot-
ers of down-regulated and up-regulated genes (as determined
in Fig. 6), we observe an enrichment in up-regulated genes in
cells treated with GSK-J4. Intriguingly, visual inspection of
selected gene loci, such as that of IFN-y, TNF-a, and LTA/LTB,
also show a local increase in chromatin accessibility, despite a
clear down-regulation in mRNA expression (Fig. 8D).

Next, toinvestigate the targets of the Jumonji histone demeth-
ylases, we performed chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) with antibodies against
H3K4me3 and H3K27me3 histone marks. When the level of
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Figure 8. Genome-wide changes in H3K4me3 and H3K27me3 enrichment following NK cells treated with GSK-J4. A, average coverage of ATAC-seq
reads around the TSS of all reference genes following 24 h of DMSO and GSK-J4 treatment. Coverage plots showing the reads from ATAC-seq over the
down-regulated (bottom left panel) and up-regulated genes (bottom right panel) are also shown. B and C, average H3K4me3 and H3K27me3 coverage across
the TSS of all reference genes following 24 h of DMSO and GSK-J4 treatment. Coverage plots showing the reads from H3K27me3 and H3K4me3 over the
down-regulated (bottom left panel) and up-regulated genes (bottom right panel) are also shown. D and E, representative RNA-seq and ChIP-seq coverage
profiles of H3K4me3, H3K27me3 across the IFNG locus, and the TNF locus. For each gene, the coverage profile was normalized by dividing the average coverage
in that gene. Red, DMSO; blue, GSK-J4-treated. F, the ChIP-PCR results confirm the ChIP-seq results at the IFNG and LTA promoters. The data shown are for two

donors with triplicate measurements each.

enrichment of H3K27me3 across all transcriptional start sites
(TSSs) of the genome is considered, GSK-J4 treatment leads to
a global increase in H3K27me3 levels, with a small increase in
global H3K4me3 levels (Fig. 8, B and C). Interestingly, this pat-
ternbetween the down-regulated and up-regulated genes is con-
sistent for both marks, indicating complex global changes in
histone marks upon inhibitor treatment. However, upon visual
inspection of representative GSK-J4 inflammatory target genes,
such as LTA, TNF-«, LTB, and IFEN-v, we observe significantly
increased levels of the repressive H3K27me3 mark (Fig. 8, D
and E). This was accompanied by a concomitant decrease in
permissive H3K4me3 levels, reflecting the observed reduction
in RNA and protein levels seen previously (Fig. 6). Using ChIP-
PCR, confirmation of the levels of enrichment for H3K27me3
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was performed at the promoter sites of IFN-yand LTB (Fig. 8F).
Taken together, these genome-wide epigenomic experiments
reveal a significant redistribution and global increase of repres-
sive H3K27 marks that could explain the observed down-regu-
lation of critical NK-cell effector genes.

Discussion

The epigenetic mechanisms underlying the generation and
maintenance of functional NK cells remain only partially
understood. It is known that a number of transcription factors
such as STAT4, STATS5, and T-bet are responsible for the
expression of NK cell effector genes such as perforin, IFN-y,
and TNF-« (51). Despite this, the contribution of chromatin
factors that control the NK cell transcriptional circuitry is
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largely undetermined. Genetic analysis of a rare type of non-
Hodgkin lymphoma, the extranodal NK/T-cell lymphoma
nasal type (ENKL), highlights the general importance of chro-
matin modification and remodeling factors including BCL6 co-
repressor, the methyltransferase EZH2 and SUZ12, compo-
nents of polycomb repressor complex 2 (PRC2), for NK cell
pathophysiology (52). Among the epigenetic factors regulating
non-malignant NK cell biology, DNA methylation plays an
important role in the regulation of both IFN-vy and perforin
expression following IL-15 stimulation (32). Similarly, it has
been shown that NK cell function is also regulated by histone
acetylation, because HDAC inhibitors suppress IFN-vy expres-
sion following cytokine stimulation (53), a finding that is fully
confirmed by our screening data with a subset of experimental
and clinical HDAC inhibitors. Although our results suggest a
more cytotoxic role for this inhibitor class, it is possible that
HDAC inhibitors also suppress NK cell cytotoxic function
through down-regulation of NK cell activation receptors
NKp30, NKp46, and NKG2D (53, 54). Our finding that BET
bromodomain inhibitors potently down-regulate IFN-vy pro-
duction further supports the role of chromatin acetylation and
recognition of acetyl-lysine by reader domains in NK cell
biology.

In terms of histone lysine methylation, only a few recent
studies have highlighted the importance of this modification in
NK cell function. An inhibitory role of the H3K27 methyltrans-
ferase EZH2 in the development of CD122" NK cells from
hematopoietic precursors was postulated, with a concomitant
increase of NKG2D receptor expression upon EZH2 knock-
down (35), confirming the role of H3K27 methylation in lym-
phocyte lineage development. Genetic ablation of the histone
H3K4me3 demethylase KDM5A (JARID1A) leads to modula-
tion of NK cell function by down-regulating IFN-vy production
as a consequence of impaired STAT4 signaling and increased
levels of SOCS1 (suppressor of cytokine 1) (55), an effect that
was also observed by reduction of IFN-y production in the
Nishi NK-like cell line (Fig. S1) using the pan-KDM5 inhibitor
KDM5-C70 (56).

Our study now adds important novel aspects to the under-
standing of how histone H3K27 modification regulates NK cell
functions. First, the coinciding phenotypes of chemical inhibi-
tion of H3K27 demethylases UTX and JMJD3 (KDM6A and
KDME6B, respectively) validated with their simultaneous LNA
knockdown profiles clearly establish a role of histone H3K27
methylation in NK cell cytokine regulation. The phenotypic
consequences of cytokine repression are best explained by the
global increases of H3K27 methylation upon GSK-J4 treatment,
as demonstrated by the quantitative ChIP-seq data and further-
more reflected in the significant increases of this mark around
the transcriptional start sites of IFNG, TNF, and other inflam-
matory genes. Although not shown in our work, this increase in
repressive H3K27 marks presumably leads to an increased
binding of PRC1 (57), thus effectively down-regulating gene
transcription. However, the gene silencing mediated by PRC
proteins is undoubtedly more complex and not fully under-
stood (49), because the observed global increase in H3K27me
levels in NK cells does not lead to a global decrease in gene
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transcription, suggestive of an intricate selectivity mechanism
for PRC—mediated repression in NK cells.

Furthermore, the observed increases in gene transcription of
glycolytic genes upon GSK-J4 treatment (Fig. 6 and supporting
information) highlight a recently uncovered complex connec-
tion between metabolic regulation and cytokine production in
NK cells. In contrast to resting lymphocytes, cytokine-activated
lymphocytes, including NK cells, undergo a metabolic switch to
a significantly elevated rate of aerobic glycolysis (58). This is
accompanied by increased expression of glycolytic enzymes
and nutrient transporters (59). This increased flux through the
glycolytic pathway, controlled by mTORCI signaling, presum-
ably provides the necessary metabolic precursors for prolifera-
tion and effector functions (60). Interestingly, enhanced glyco-
lysis supports discrete NK cell effector functions, shown by
glycolysis inhibition experiments demonstrating down-regula-
tion of IFN-vy and perforin secretion, which is dissociated from
a TNF-a response (59, 61). Our KDM6 inhibition data provide
another layer of complexity in regulating NK cell biology, show-
ing increased RNA levels of glycolytic enzymes, whereas in gen-
eral, effector molecules are reduced without alteration of direct
cytotoxicity effector functions.

Like other lymphoid and myeloid immune cell populations,
NK cells apparently display a high degree of plasticity, reflecting
tissue origin and disease exposure (62). In all our investigated
NK cell subsets, isolated from either peripheral blood or RA
tissue, GSK-J4 inhibition leads to an IFN-vy suppression, irre-
spective of the tissue of origin. Moreover, other cytokines
including TNF-a, GM-CSF, and anti-inflammatory IL-10,
although only investigated in blood-derived NK cells, appear to
be down-regulated in a similar manner as IFN-v, suggesting a
similar repressive mechanism. Of particular interest is the
expression of RANKL found in the NK cell population of RA
patients, leading to an increased osteoclast formation with con-
comitant bone erosion, a hallmark of inflammatory disease in
RA (4). The observed inhibition of RANKL expression by
GSK-J4 in this pro-inflammatory NK cell subset, leading to a
decrease in osteoclastogenesis, thus lends credence to the con-
cept of a general anti-inflammatory phenotype of KDM6 inhi-
bition in human immune cells (16, 27).

Whereas our data highlight the importance of reversible his-
tone H3K27 methylation/demethylation in NK cell function,
the question of a therapeutic utility of KDM6 inhibition in the
contexts of autoimmunity, infection, and immuno-oncology
remains an open one. The initial discovery of the anti-inflam-
matory effects of KDM6 inhibition in human stimulated
macrophages (16, 27) and our data on healthy and RA— derived
NK cells provides evidence that it might be possible to find a
therapeutic window for beneficial inflammatory modulation.

Experimental procedures
NK cell preparation and cell culture experiments

All of the cell lines used in this study were regularly tested for
mycoplasma infection by RT-PCR. NK cells were isolated from
venous blood, obtained from healthy volunteers, or from sin-
gle-donor platelet pheresis residues from the Oxford National
Health Service Blood Transfusion Service. Peripheral blood was
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obtained from RA patients attending the rheumatology clinic at
Northwick Park Hospital, London (approved study, Research
Ethics Committee (REC) Number 07/H0706/81). The human
biological samples were sourced ethically, and their research
use was in accord with the terms of the informed consents. The
patients were diagnosed according to the American College of
Rheumatology (ACR) Eular 2010 criteria. Mononuclear cells
were isolated by Ficoll density gradient centrifugation and
CD56" NK cells were isolated from peripheral blood mononu-
clear cells by negative isolation using Dynabeads (Invitrogen).
NK cell populations were cultured in IMDM (Gibco) supple-
mented with 5% heat-inactivated human serum, in the presence
of 50 ng/ml IL-15 at 37 °C in 5% CO,,. For isolation of mono-
cytes, the monocyte isolation kit (Miltenyi) was used. Mono-
cytes were cultured for 2 days in RPMI 1640 (Gibco) supple-
mented with 5% heat inactivated human serum in the presence
of inhibitors or controls. For osteoclast differentiation, co-cul-
ture experiments with monocytes and NK cells were carried
out. The cells were washed three times in IMDM before being
resuspended in IMDM supplemented with 10% human serum
and cultured at a 1:5 ratio of monocytes to NK cells. For patient
cells, NK cells were isolated directly from peripheral blood
using Dynabeads. For direct comparison, blood was obtained
from healthy volunteers and isolated in parallel. Following NK
cell and monocyte culture for 14 days, the cells were washed
three times with 200 ul of PBS, and adherent cells were fixed
with 4% paraformaldehyde in PBS for 5 min. After washing in
water, multinucleated osteoclasts were stained for tartrate-re-
sistant acid phosphatase (TRAP) as described (4). TRAP™
multinucleated giant cells were quantified by processing the
digital images using Image]. Immunofluorescence staining was
performed following the TRAP assay, and the cells were washed
twice in PBS, permeabilized in methanol at —20°C for 2 s,
washed twice in PBS, and washed once in PBS-BSA. Saponin
(0.2% in PBS) was then added to the cells for 10 min. The per-
meabilized cells were then incubated for 30 min with fluores-
cein-conjugated phalloidin (20 um), washed twice in PBS-BSA,
and washed once in PBS. The cells were visualized using a Zeiss
confocal microscope. In each experiment, pictures from differ-
ent samples were taken consecutively using identical micro-
scope settings.

NK cell-mediated cancer cell killing assays

1 X 10° NK cells were stimulated with IL-15 (50 ng/ml, Pep-
rotech) and cultured in the presence of GSK-J4 or controls for
24 h. The cells were washed twice in fresh medium before they
were added to the killing assay. In 96-well round-bottomed
plates, the target cells were incubated in 200 ul of medium with
1 X 10° pretreated NK cells at an effector—target ratio of 5:1 for
4 h. Assay medium was phenol red-free X-VIVO 15 supple-
mented with 10% human serum. The cancer cells used were
JURKAT (clone E6-1, ATCC), a T lymphocyte cell line, and
K562 (clone CCL-234, ATCC), a myelogenous leukemic cell
line. 50 pl/well of supernatant was then transferred to a 96-well
plate, and lysis was analyzed by measuring lactate dehydroge-
nase release using the Cytotox 96 assay kit (Promega), accord-
ing to the manufacturer’s instructions. Controls to measure
spontaneous LDH release from target and effector cells
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were included. The percentage of lysis was calculated accord-
ing to the manufacturer’s instructions using the formula:
((Experimental — Effectorg, ,iancous — Targetspontancous)’
(Targetyraximum — Targetspontancous) X 100. NK cell degranu-
lation assays were performed as previously described (50).
Briefly, NK cells were cultured with target cells at a 1:1 ratio in
the presence of the anti-CD107a antibody (H4A3, Biolegend)
and incubated for 1 h at 37 °C. Protein transport inhibitor (mix-
ture of brefeldin A/monensin, eBiosciences) was then added,
and the cells were incubated for 4 h at 37 °C. After staining with
anti-CD56 antibody, annexin V, and the addition of 7-AAD,
surface expression of CD107a was assessed by flow cytometry
on a Becton Dickinson LSR Fortessa®™ instrument. Data anal-
ysis was performed using the Flow]Jo program.

Cytokine secretion assay

NK or Nishi cells (39) cells were seeded at 200,000 cells/well
in 200 pl of culture medium in 96-well plates. Compounds were
dissolved in DMSO at concentrations described in Table S1 and
diluted to achieve the desired working solutions. Compound
effects were compared with cells cultured in 0.1% DMSO alone,
whereas wells filled with media served as a background control.
Following 24 h of stimulation with IL-15 (50 ng/ml, Peprotech),
IFN-+y secretion was determined in the cell culture supernatant
by ELISA (eBioscience) according to the manufacturer’s
instructions. CellTitre 96® cell proliferation assay (MTS) was
used to determine proliferation, according to the manufac-
turer’s instructions. Cell viability was determined by hemocy-
tometer cell counting. For electrochemiluminescence studies,
the human pro-inflammatory-9 ultra-sensitive kit from
Mesoscale Discovery measuring IL-6, IL-8, IL-10, TNF-q,
IL12p70, IL-183, GM-CSF, IL-2, and IFN-y was used. Mesoscale
Discovery plates were analyzed on the MS2400 imager
(Mesoscale Discovery). The assay was performed according to
the manufacturer’s instructions, and all standards and samples
were measured in triplicate.

Flow cytometry analysis

Cell surface marker expression was analyzed on a Becton
Dickinson LSR Fortessa™ flow cytometer after staining with
fluorochrome-conjugated antibodies. Intracellular staining was
performed using the fix/perm buffer set (Biolegend), according
to the manufacturer’s instructions. Antibodies used were con-
jugated anti-NKp30 (P30-15, Biolegend), anti-NKp44 (P44 —
8.1, BD), anti-NKp46 (29A1.4, Biolegend), anti-IFN-vy (485.B3,
Biolegend), anti-TNF-a (MAb11, eBioscience), anti-RANKL
(MIH24, Biolegend), anti-Ki-67 (16A8, Biolegend), anti-
CD107a (H4A3, BD), anti-CD57 (HCD57, Biolegend), anti-
CD56 (N901, Beckman Coulter), anti-CD14 (HCD14, Bioleg-
end), anti-CD16 (3GS8, Biolegend), and anti-CD3 (UCHT]1,
Biolegend). Annexin V/7-AAD staining was performed accord-
ing to the manufacturer’s protocol (Biolegend). The data were
analyzed using Flow]o v10.2 software.

Quantitative RT-PCR

First-strand cDNA synthesis was achieved by reverse tran-
scription of RNA using iScript™ reverse transcription super-
mix (Bio-Rad). cDNA served as template for amplification of
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genes of interest and housekeeping genes by RT-PCR, using
SYBR Green MasterMix (Applied Biosystems) amplified and
read using the ViiA™ 7 real-time PCR machine. The primers
used in this study are listed in Table S3. The Ct values were
normalized using RPLPO, ACTB, and 16S as internal controls.

Locked nucleic acid-mediated knockdown experiments

Knockdown experiments were conducted using locked
nucleic acids (LNA) antisense oligonucleotides designed and
synthesized as described previously (43) by Santaris A/S. Fol-
lowing synthesis oligonucleotides were purified by HPLC,
desalted using a Milliprep membrane, and verified by LC-MS.
NK cells were cultured at a concentration of 1 X 10° cells/ml
and stimulated with IL-15, and LNAs were added to the culture
medium at a concentration of 1 uM and then cultured for a
further 8 days.

RNA isolation and RNA-seq library preparation

RNA was isolated from NK cells using the Quick-RNA Mini-
Prep kit (Zymo) according to the manufacturer’s protocol. The
quality of the RNA samples was verified by electrophoresis on
Tapestation (Agilent). The RIN scores for all samples were in
the range of 7.5-9.5.

RNA-seq libraries were prepared using the NEBNext®
Ultra™ RNA library prep kit for Illumina® using TruSeq
indexes, according to the manufacturer’s protocol. The result-
ing libraries were sequenced on a NextSeq 500 platform (Illu-
mina) using a paired-end run 2 X 80 bp, to an average depth of
112 X 10° paired-end reads/sample (range 47 X 10° to 168 X
10°).

ChIP-seq and ChIP-PCR

Per chromatin immunoprecipitation experiment, 30 X 10°
total NK cells were used. For H3K27me3 ChIP, three indepen-
dent donors were pooled prior to sonication. All other ChIP-
seq assays were performed using single donors. For quantitative
ChIP experiments, 4 X 10° SF1 cells were spiked into the pool.
The cells were then cross-linked by formaldehyde treatment,
and chromatin was fragmented to 200—300 bp by sonication
using a Biorupter® Pico (Diagenode). Each lysate was immuno-
precipitated with 10 ug of the following antibodies: H3K4me3
(Merck Millipore) and H3K27me3 (Merck Millipore). The
ChIP was then performed for each antibody as described pre-
viously by Orlando et al. (63). Purified DNA was used for library
preparation using a NEBNext Ultra DNA sample preparation
kit (NEB) according to the manufacturer’s recommendations.
The samples were multiplexed, quantified using a Kapa library
quantification kit (KAPA Biosystems), and sequenced on a
NextSeq 500 (Illumina) platform (paired-end, 2 X 41 bp for
H3K4me3 and 2 X 80 bp for H3K27me3). Sequencing depth
was in excess of 20 million reads/sample, suggesting sufficient
coverage.

For ChIP-PCR, the following primer pairs were used to
amplify the IFNG and LTA promoter sites by PCR. The primers
used for IFNG were 5'-CTC TGG CTG GTA TTT AT-3' (for-
ward) and 5'-CAT CCC TGC CTA TCT GT-3' (reverse), and
those for LTA were 5'-GCC TTT GAC TGA AAC AGC A-3’
(forward) and 5'-GCC TTT GAC TGA AAC AGC A-3'
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(reverse). PCR amplification was performed with 2 ul of DNA
recovered from ChIP in a total volume of 10 ul or reaction
mixture containing 100 nM of each primer and 5 ul of SYBR fast
master mix (Applied Biosystems). The reactions were per-
formed with 40 cycles of denaturing at 95 °C for 3 s and anneal/
extension at 60 °C for 30 s using the ViiA™ 7 PCR system
(Applied Biosystems).

Assay for transposable-accessible chromatin using
sequencing

ATAC-seq was performed using 100,000 cells for the trans-
position reaction, which was performed as described by Buen-
rostro et al. (64) using in-house produced transposase. Subse-
quently, the samples were purified using the GeneJET PCR
purification kit (Thermo). PCR amplification was performed
using the following protocol: 3 minat 72 °C, 30 s at 98 °C and 11
cycles of 10 s at 98 °C, 30 s at 63 °C, and 3 min at 72 °C. The
samples were then purified using the GeneJET PCR purification
kit and eluted with 20 ul of TE buffer. Samples were then vali-
dated on a Tapestation (Agilent) to determine library size and
quantification prior to paired-end (2 X 41 bp) sequencing on a
NextSeq 500 (Illumina) platform.

Processing of next-generation sequencing data

A computational pipeline was written calling scripts from the
CGAT toolkit to analyze the next generation sequencing data
(65) and (https://github.com/CGATOxford/CGATPipelines).*
For RNA-seq experiments, sequencing reads were mapped to
the reference human genome sequence (GRCh37 (hgl9)
assembly) using hisat v0.1.6 (66). To count the reads mapped to
individual genes, the program featureCounts v1.4.6 (67) was
used. Only uniquely mapped reads were used in the counting
step. The counts table that was generated was then used for
differential expression analysis. Differential gene expression
analysis was performed with DESeq2 v1.12.3 within the R sta-
tistical framework v3.3.0 (68). To define differentially expressed
genes, a threshold of >2-fold change, and a false discovery rate
of <0.05 were used.

For analysis of ChIP-seq and ATAC-seq data, Bowtie soft-
ware v0.12.5 was used to align the reads to the human hg19
reference genome (69). Reads were only considered that were
uniquely aligned to the genome with up to two mismatches. For
quantitative ChIP, the number of reads mapping to SF9 cells
was determined for each sample. Bedtools version 2.2.24 was
used to generate bedgraph files from the mapped BAM files
using the scaling factor derived from the SF9 read count. Aver-
aged tracks for each condition were produced representing the
mean of the scaled values for biological replicates. Homer tag
directories were then produced using the raw read function,
and coverage plots around the TSS were plotted in R. MACS
software (v1.4.2) or SICER (v1.1) was used to identify enrich-
ment of intervals of H3K4me3 and H3K27me3 following ChIP-
seq and regions of open chromatin following ATAC-seq.
Sequencing of the whole cell extract was performed to deter-
mine the background model when analyzing ChIP-seq. For
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ATAC-seq, peak callers were run without a background.
Enrichment of reads around the TSS and enhancer sites was
calculated and plotted across the genome using the ngs.plot.r
package (70). For visualization as a University of California
Santa Cruz Genome Browser track, the bam files generated
from Bowtie were converted to BigWig files using bam2wiggle
(65).

Statistical analysis

All values are presented as means = S.D. Mann—Whitney U
test and Kruskal-Wallis with Dunn’s tests were used for multi-
ple comparisons. Wilcoxon matched-pairs test was used when
analyzing paired samples. p values lower than 0.05 were consid-
ered significant. All calculations were performed in R and
GraphPad prism. The sample size was chosen based on previ-
ous work in macrophages (16).

In the figures asterisks indicate p values as follows: *, p < 0.05;
**, p < 0.01. For RNA-seq, the Padj values were used to deter-
mine significance and are Tables S1-S3. In all situations, the
control and the treatment conditions were prepared and ana-
lyzed simultaneously from the same donor.

Data availability

RNA-seq, ATACs-eq, and ChIP-seq data sets are deposited
with the GEO database under accession number GSE89669.
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