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Natural killer (NK) cell-mediated tumor cell eradication could inhibit
tumor initiation and progression. However, the factors that regulate
NK cell-mediated cancer cell eradication remain unclear. We de-
termined that hepatocellular carcinoma (HCC) cells exhibit transcrip-
tional down-regulation of NK group 2D (NKG2D) ligands and are
largely resistant to NK cell-mediated eradication. Because the down-
regulation of NKG2D ligands occurred at the transcriptional level,
we tested 32 chemical inhibitors of epigenetic regulators for their
ability to re-express NKG2D ligands and enhance HCC cell eradica-
tion by NK cells and found that Enhancer of zeste homolog 2 (EZH2)
was a transcriptional repressor of NKG2D ligands. The inhibition of
EZH2 by small-molecule inhibitors or genetic means enhanced HCC
cell eradication by NK cells in a NKG2D ligand-dependent manner.
Collectively, these results demonstrate that EZH2 inhibition en-
hances HCC eradication by NK cells and that EZH2 functions, in part,
as an oncogene by inhibiting immune response.
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H epatocellular carcinoma (HCC) is the sixth most prevalent
cancer worldwide and the third most common cause of
cancer-related deaths (1, 2). Most HCC patients are diagnosed at
an advanced stage, which contributes to the very low 5-y survival
rate of ~10% (3-5). Several viral (hepatitis B and C) and nonviral
(fatty liver disease) etiological factors have been shown to drive
HCC initiation and progression (1, 2). Current therapies include
sorafenib and regorafenib, drugs approved by the Food and
Drug Administration for the treatment of HCC (6, 7). However,
sorafenib and regorafenib provide only marginal benefits to HCC
patients and cause significant therapy-related side effects (6, 7).
Similarly, although encouraging results have been obtained with
immunotherapies in certain cancers, such as Hodgkin’s disease
and melanoma (8, 9), success has been much more limited in other
cancer types, such as HCC (10). Therefore, an urgent need exists
to identify new therapies for the effective treatment of HCC.
Innate immunity plays an important role in inhibiting microbial
infections and serves as a first line of defense against tumor de-
velopment and progression (11-14). Among the cells of the innate
immune system, natural killer (NK) cells are key mediators of the
innate immune response (15). However, the potential utility of NK
cell-based cancer therapies has not been tested in a clinical setting,
and the factors that determine the sensitivity or resistance of cancer
cells to NK cell-mediated eradication remain largely unknown.
Nonetheless, a better understanding of the mechanisms underlying
NK cell-mediated eradication of cancer cells will facilitate more
efficient NK cell engineering and/or effective tumor cell targeting,
which could enhance NK cell-mediated tumor cell clearance.
Here, we show that HCC cells display widespread down-
regulation of NKG2D ligands that correlates with reduced NK
cell-mediated cytotoxicity toward HCC cells. Additionally, using a
chemical screen involving small-molecule inhibitors of epigenetic
regulators, we determined that Enhancer of zeste homolog 2
(EZH2), a polycomb repressive complex 2 protein, is an important
repressor of NK group 2D (NKG2D) ligands and regulator of NK
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cell-mediated eradication of HCC cells. Collectively, these studies
reveal a function of EZH?2 in regulating the ability of NK cells to
eradicate HCC cells and suggest that EZH2 might function, in part,
as an oncogene by regulating NK cell activity against HCC cells.

Results

Hepatocellular Carcinoma Cells Exhibit Down-Regulation of NKG2D
Ligands. NK cells mediate innate immune responses against
pathogens and cancer cells and encode NKG2D receptors, which
are known to be important for the antitumor immunity exerted by
NK cells (16-18). The ligands recognized by these receptors are
called NKG2D ligands and include UL16-binding protein 1-6
(ULBP1-6), major histocompatibility complex class I chain-related
gene A (MICA), major histocompatibility complex class I chain-
related gene B (MICB), and two DNAX accessory molecule-1
(DNAM-1) ligands including CD112 and CD155 (19, 20).
Therefore, as a first step toward understanding the mechanism by
which HCC cells evade NK cell-mediated cytotoxicity, we mea-
sured the expression of these ligands in normal liver and in a panel
of seven different human HCC cell lines (SI Appendix, Table S1).
We found that a large majority of the HCC cell lines exhibited a
significant down-regulation of several NKG2D ligands compared
with normal liver samples (Fig. 1). For example, the HepG2/C3A
primary HCC cell line expressed significantly higher levels of
ULBP1, -2, -3, -5, and -6 and MICA, whereas the expression of
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Fig. 1. HCC cell lines exhibit widespread down-regulation of the NKG2D ligands. The expression of NK cell ligands was analyzed in human HCC cell lines and
normal liver samples using RT-gPCR. mRNA expression for indicated genes relative to normal liver mRNA in indicated HCC cell lines is shown. Data are
presented as mean + SEM; ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

ULBP4 and MICB were significantly lower in these cells com-
pared with normal liver samples (Fig. 1). However, the metastatic
SK-HEP-1 HCC cell line exhibited the down-regulation of all of
the NKG2D ligands (Fig. 1). Similar to SK-HEP-1 cells, PLC/
PRF/5 HCC cells exhibited the down-regulation of all NKG2D
ligands except ULBP3. MICA was either up-regulated or normal
in all HCC cell lines, except in PLC/PREF/5 cells, compared with
normal liver samples (Fig. 1). Notably, ULBP1 expression was
down-regulated in all HCC cell lines except HepG2/C3A cells
(Fig. 1). Conversely, the DNAMI1 ligands CD112 and CD155 were
expressed in all of the HCC cell lines at levels comparable to the
normal liver samples. SNU-387 showed higher fold-change in the
expression of both DNAMI ligands, whereas PLC/PRF/S cells
exhibited the down-regulation of the DNAM1 ligands (Fig. 1).
Collectively, these results demonstrated that several NK cell li-
gands known to be necessary for NK cell-mediated cytotoxicity
were down-regulated in HCC cells.

HCC Cells Are Largely Resistant to NK Cell-Mediated Cytotoxicity.
Several studies have shown that the expression of NKG2D li-
gands in cancer cells is associated with their eradication by NK
cells (17, 18, 21). In addition, increased expression of ULBP1,
MICA, and MICB correlates with better overall survival in HCC
patients (22, 23). We found that a large majority of the HCC cell
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lines down-regulated NK cell ligands, including the NKG2D ligands
(Fig. 1). To determine the correlation between NKG2D ligand ex-
pression and the sensitivity of HCC cells to NK cell-mediated cy-
totoxicity, we performed cell-based cytotoxicity assays using a panel
of seven human HCC cell lines and two previously described
methods for assessing NK cell-mediated cytotoxicity against cancer
cells (24, 25). The first method was based on measuring lactate
dehydrogenase (LDH) activity in the culture media after coculturing
HCC cells with NK cells. The results presented in Fig. 24 show that
the HCC cell lines exhibited varied sensitivity to NK cell-mediated
cytotoxicity. HepG2/C3A and SNU-423 cells showed the highest
sensitivity toward NK cell-mediated cytotoxicity (28.45 and 35.97%,
respectively). However, the SK-HEP-1, PLC/PRF/5, SNU-387,
SNU-475, and SNU-449 cells were almost twice as resistant to
NK-cell mediated killing compared with HepG2/C3A and SNU-
423 cells and showed only 18.1, 14.9, 17.28, 18.24, and 22.85% cy-
totoxicity, respectively, after incubation with NK cells (Fig. 24).
To validate these findings, we used a Calcein AM dye-based
fluorescent imaging method to measure NK cell-mediated cy-
totoxicity. The HCC cell lines were first labeled with Calcein AM
dye and then incubated with NK cells, and the resulting NK cell-
mediated cytotoxicity was quantitated using fluorescent imaging.
In accord with the LDH NK cell-mediated cytotoxicity assay, the
results of the Calcein AM NK cell cytotoxicity assay revealed
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Fig. 2. NK cells exhibit differences in the ability to eradicate HCC. (A) HCC cell lines were incubated with NK cells in a 96-well plate at a 20:1 NK cell:cancer cell
ratio. After incubating for 2 h, the supernatants were collected and LDH activity was measured. The percentage (%) of NK cell-induced cytotoxicity was
calculated and plotted. (B) The cells were stained with Calcein AM and seeded with NK cells in 96-well plates at a 10:1 NK cell:cancer cell ratio. After in-
cubation for 4 h, fluorescent images were captured using an inverted microscope. Images of indicated HCC cell lines showing loss of fluorescent cells (live cells)
are presented. Calcein AM-stained cancer cells without NK cells served as the control. (C) HepG2 cells expressing shRNAs against ULBP1, -2, -5, or -6 and control
nonspecific ShRNAs were analyzed for NK cell cytotoxicity using an LDH activity cytotoxicity assay. The percentage (%) of NK cell-induced cytotoxicity in
HepG2 cells was calculated and plotted for the indicated shRNAs. (D) ULBPT, -2, -5 or -6 ligands were ectopically expressed in SK-HEP-1 cells and analyzed for
NK cell-mediated cytotoxicity using an LDH activity-based cytotoxicity assay. FG12 vector-transfected cells served as the negative control. The percentage (%)
of NK cell-induced cytotoxicity in SK-HEP-1 cells was calculated and plotted for the indicated vector or ligand. Data are presented as mean + SEM; ns, not
significant; *P < 0.05; and **P < 0.01.
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Fig. 3. Pharmacological and genetic inhibition of EZH2 results in the up-regulation of NK cell ligands on HCC cells. (A) SK-HEP-1 cells were treated
with DMSO or the EZH2 inhibitor GSK343 (3 pM) for 48 h. Immunoblotting for the EZH2-mediated H3K27TriMe mark was performed using DMSO or
GSK343-treated cells. Histone H3 was used as a loading control. (B) SK-HEP-1 cells were treated with DMSO or the EZH2 inhibitor GSK343 (3 uM) for
48 h. NK cell ligand mRNA expression in GSK343-treated cells relative to DMSO-treated cells is shown. (C) PLC/PRF/5 cells were treated with DMSO or
the EZH2 inhibitor GSK343 (3 pM) for 48 h. Inmunoblotting for the EZH2-mediated H3K27TriMe mark was performed using DMSO- or GSK343-treated
cells. Histone H3 was used as a loading control. (D) PLC/PRF/5 cells were treated with DMSO or the EZH2 inhibitor GSK343 (3 pM) for 48 h. NK cell
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either a NS shRNA or EZH2 shRNAs were analyzed for the expression of the indicated ligands by RT-gPCR. NK cell ligand mRNA expression is plotted
relative to NS shRNA-expressing cells. Data are presented as mean + SEM; ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
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that SNU-423 and HepG2/C3A cells were more sensitive and the
SK-HEP-1, PLC/PRF/5, SNU-387, and SNU-475 cells were less
sensitive to NK cell-mediated cytotoxicity (Fig. 2B). Collectively,
these results demonstrate that HCC cells are largely resistant to
NK cell-mediated cytotoxicity.

ULBP1 Is both Necessary and Sufficient for NK Cell-Mediated Cytotoxicity
Against HCC Cells. After determining the expression of the NK cell
ligands in HCC and NK cell-mediated cytotoxicity against HCC
cells, we also assessed if NK cell-mediated cytotoxicity correlated
with the expression of the NK cell ligands and found that HepG2/
C3A cells exhibited the highest sensitivity to NK cell-mediated cy-
totoxicity and expressed ULBP1, -2, -3, -5, and -6 and MICA (Fig.
1). However, the HCC cell lines that were more resistant to NK cell-
mediated cytotoxicity showed a general down-regulation of ULBP],
-2, -5, and -6 (Fig. 1). Based on these results, we hypothesized that
NKG2D ligands, in particular ULBP1, -2, -5, and -6, might de-
termine NK cell-mediated eradication of HCC cells. Our rationale
was further supported by previous studies showing that reduced
NKG2D ligand expression correlates with poor overall survival and
higher rates of recurrence among HCC patients (22, 23).

However, only a few studies have directly tested the effect of
individual NKG2D ligands on NK cell-mediated cancer cell eradi-
cation (21, 26, 27). Therefore, we performed experiments to de-
termine the effect of ULBP1, -2, -5, and -6 on the ability of NK cells
to eradicate HCC cells. To this end, we either knocked down the
expression of these NKG2D ligands in HepG2/C3A cells that were
relatively sensitive to NK cell-mediated cytotoxicity and expressed
the ULBP1, -2, -5, and -6 ligands or overexpressed the ligands in
SK-HEP-1 cells, which were relatively resistant to NK cell-mediated
cytotoxicity and exhibited the down-regulation of these ligands. For
the knockdown experiments, we analyzed two unrelated shRNAs
directed against the same target gene. The knockdown of ULBPI,
using either one of the two ULBPI shRNA:s, significantly decreased
the ability of NK cells to eradicate HepG2/C3A cells (Fig. 2C and S
Appendix, Fig. S1 A and B). However, shRNAs directed against
ULBP2, -5, or -6 did not lead to a reproducible significant decrease
in NK cell-mediated killing of HepG2 cells (Fig. 2C and SI Ap-
pendix, Fig. S1 A and B).

We then tested the effects of the ectopic expression of ULBP1,
-2, -5, or -6 in SK-HEP-1 cells. The results showed that the ectopic
expression of ULBP1 or -2 increased NK cell-mediated cytotox-
icity against SK-HEP-1 cells (Fig. 2D and SI Appendix, Fig. S1 C
and D), whereas the ectopic expression of ULBPS5 or ULBP6 had
no significant effects (Fig. 2D and SI Appendix, Fig. S1 C and D).
Collectively, our results demonstrate that, of the NKG2D ligands
tested, ULBP1 is both necessary and sufficient to regulate NK
cell-mediated cytotoxicity against HCC cells.

A Chemical Epigenetic Regulator Inhibitor Screen Identifies EZH2 as a
Major Regulator of NK Cell Ligand Expression in HCC Cells. The results
of our experiments showed that NK cell ligands were transcrip-
tionally repressed in HCC cells and that some of the ligands, such
as ULBPI1, were both necessary and sufficient for NK cell-
mediated HCC cell eradication. Therefore, we rationalized that
NK cell ligands could be re-expressed using pharmacological in-
hibitors targeting epigenetic regulators, which might subsequently
increase NK cell-mediated eradication of HCC cells. Therefore,
we tested 32 small-molecule inhibitors obtained from the Struc-
tural Genomics Consortium that specifically inhibit the activities
of different epigenetic regulators (SI Appendix, Table S2). To
perform the screen, we treated SK-HEP-1 cells with two different
concentrations of the small-molecule inhibitors and measured NK
cell ligand expression (Fig. 3 A and B and SI Appendix, Figs.
S2 and S3 and Table S3). The results were then validated in PLC/
PRF/5 cells as described below. The rationales for selecting SK-
HEP-1 and PLC/PRF/5 cells for the screen and subsequent vali-
dation experiments were the following: (i) a large number of
NKG2D ligands were down-regulated in these HCC cell lines
compared with normal liver cells (Fig. 1) and (ii) these cell lines
were among those that were more resistant to NK cell-mediated
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cytotoxicity than other HCC cell lines (Fig. 2). Our screen led to
the identification of inhibitors that targeted eight different groups
of epigenetic regulators (Baz2A/2B, BRPF1/2/3, EZH2/H1, an
IDH1 mutant, LSD1, PAD4, PRMTS, and SMYD2) that upon
treatment re-expressed seven or more NK cell ligands in HCC
cells. The analysis of various patient samples in HCC gene ex-
pression datasets and The Cancer Genome Atlas (TCGA) HCC
data revealed that of these nine groups of epigenetic regulators,
four were also significantly overexpressed in the TCGA and other
HCC datasets (SI Appendix, Fig. S4 A and B). These four chro-
matin regulators included EZH2, BRPF1/2/3, Baz2A/2B, and
SMYD2. Based on clinical relevance, we prioritized five inhibitors
that targeted EZH2, SMYD2, BAZ2A/2B, or BRPF1/2/3 for
further studies.

To determine the ability of the inhibitors to re-express NK cell
ligands in other HCC cell lines, we treated the PLC/PRF/5 HCC
cell line with the six inhibitors and found that only inhibitors
targeting EZH2 resulted in the re-expression of multiple NK cell
ligands (Fig. 3 C and D and SI Appendix, Fig. S4C and Table S4).

After confirming that EZH2 was an important repressor of
NK cell ligands, we tested the EZH2 inhibitor GSK126 and
assessed the re-expression of the NK cell ligands. To this end, we
treated both SK-HEP-1 and PLC/PREF/5 cells with GSK126 and
found that GSK126 was also able to stimulate the expression of
multiple NK cell ligands in both HCC cell lines (SI Appendix,
Fig. S5 A and B).

Finally, we used a genetic approach to further strengthen our
EZH2 inhibitor findings (GSK343 and GSK126) and knocked
down the expression of EZH?2 using shRNAs in SK-HEP-1 and
PLC/PRF/5 cells. SK-HEP-1 and PLC/PRF/5 cells expressing
nonspecific ShRNA were used as negative controls. We mea-
sured the expression of NK cell ligands in these cells and found
that the knockdown of EZH2, similar to that of EZH2 inhibitors,
resulted in the increased expression of NK cell ligands in both
SK-HEP-1 and PLC/PRF/5 cells (Fig. 3 E-H). Collectively, these
results demonstrate that EZH2 inhibition can be used as a
strategy to re-express NK cell ligands, which might subsequently
enhance NK cell-mediated eradication of HCC cells.

EZH2 Inhibition Enhances NK Cell-Mediated Eradication of HCC Cells. After
confirming that both the pharmacological and the genetic inhibition
of EZH? resulted in the re-expression of NK cell ligands, we tested if
the treatment of HCC cells with EZH?2 inhibitors resulted in their
enhanced eradication by NK cells. We treated the SK-HEP-1 or PLC/
PREF/5 cells with the EZH?2 inhibitors GSK343 and GSK126 and
measured NK cell-mediated cytotoxicity using LDH- and Calcine
AM-based methods, as described. Our results showed that the
treatment of SK-HEP-1 and PLC/PRF/5 cells with EZH?2 inhibi-
tors resulted in a significant increase in NK cell-induced cytotox-
icity against HCC cells (Fig. 4 A-D). To confirm the results
obtained using EZH?2 inhibitors, we also tested the effect of
shRNA-mediated EZH?2 knockdown on NK cell-mediated eradi-
cation of HCC cells, using SK-HEP-1 and PLC/PRF/5 cells
expressing nonspecific SiRNAs as controls. In agreement with the
results observed with the EZH2 inhibitors, the sShARNA-mediated
knockdown of EZH?2 also resulted in increased NK cell-induced
cytotoxicity against HCC cells (Fig. 4 E-H).

NK Cell-Mediated Cytotoxicity Stimulated by EZH2 Inhibition Is
Dependent upon Re-Expression of NK Cell Ligands. Next, we evalu-
ated if the re-expression of NK cell ligands was required for the
ability of EZH?2 inhibitors or EZH2 shRNAs to enhance the
ability of NK cells to eradicate HCC cells. We focused on
ULBP1, MICA, and MICB ligands because these ligands were
commonly up-regulated by both EZH2 inhibitors and EZH?2
shRNAs in both SK-HEP-1 and PLC/PRF/5 cells (Fig. 3). We
first knocked down the expression of ULBPI1, MICA, and MICB
in both SK-HEP-1 and PLC/PRFS5 cells (SI Appendix, Fig. S5 C
and D). Next, we tested if the knockdown of these ligands
blocked the ability of EZH2 inhibitors to enhance NK cell-
mediated eradication of HCC cells. Our results showed that
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captured using an inverted microscope. Images depicting the loss of fluorescent cells (live cells) under the indicated conditions are presented. Calcein AM-stained
cancer cells without NK cells served as a negative control. (D) PLU/PRF/5 cells were treated with DMSO or the EZH2 inhibitors GSK343 (3 uM) or GSK126 (2 M) for 48 h,
stained with Calcein AM, and incubated with NK cells at a ratio of 10:1. At 4 h post incubation, fluorescent images were captured using an inverted microscope.
Images depicting the loss of fluorescent cells (live cells) under the indicated conditions are presented. Calcein AM-stained cancer cells without NK cells served as the
negative control. (E) SK-HEP-1 cells expressing NS or EZH2 shRNAs were analyzed for NK cell-induced cytotoxicity following incubation with NK cells at a ratio of 20:1.
The percentage (%) of NK cell-induced cytotoxicity was calculated and plotted. (F) SK-HEP-1 cells expressing NS or EZH2 shRNAs were stained with Calcein AM and
incubated with NK cells at a ratio of 10:1. Fluorescent images were captured 4 h post incubation using an inverted microscope. Images depicting the loss of fluo-
rescent cells under the indicated conditions (live cells) are presented. Calcein AM-stained cancer cells without NK cells served as a negative control. (G) PLC/PRF/5 cells
expressing NS or EZH2 shRNAs were analyzed for NK cell-induced cytotoxicity by incubation with NK cells at a ratio of 20:1. The percentage (%) of NK cell-induced
cytotoxicity was calculated and plotted. (H) PLC/PRF/S cells expressing NS or EZH2 shRNAs were stained with Calcein AM and incubated with NK cells at a ratio of 10:1.
Fluorescent images were captured 4 h post incubation using an inverted microscope. Images depicting the loss of fluorescent cells (live cells) under the indicated
conditions are presented. Calcein AM-stained cancer cells without NK cells served as a negative control. Data are presented as mean + SEM; *P < 0.05 and **P < 0.01.

the knockdown of either ULBPI or MICA significantly inhibited
NK cell-mediated cytotoxicity after GSK343 treatment in both
SK-HEP-1 and PLC/PRF5 cells (Fig. 5), whereas MICB knock-
down did not affect the EZH2 inhibitor-induced stimulation of
NK cell-mediated HCC cell clearance (SI Appendix, Fig. S6A).
Collectively, these results demonstrate that the up-regulation of
ULBP1 and MICA following EZH?2 inhibition is necessary for
NK cell-mediated eradication of HCC cells.

EZH2 Enhances ULBP1 Promoter DNA Methylation by Promoting DNA

Methyltransferase 3A. Finally, we aimed to determine the mech-
anism underlying ULBP1 and MICA ligand re-expression after
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treatment with the EZH?2 inhibitor. We performed chromatin
immunoprecipitation (ChIP) assays to measure the recruitment of
EZH?2 on ULBPI and MICA promoters in HCC cell lines. Our
results show that EZH2 was significantly enriched on ULBPI and
MICA promoters compared with the control ACTINB gene pro-
moter. Furthermore, to determine if the increased recruitment of
EZH?2 also correlated with its histone mark, we performed a ChIP
assay to measure the H3K27TriMe mark. The results indicated
that EZH?2 directly associated with the promoters of NK cell li-
gands, such as ULBPI and MICA (Fig. 64), and that its association
with these promoters correlated with increases in the H3K27TriMe
histone mark on these promoters (Fig. 6B).
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Next, we deduced that the EZH2-mediated repression of NK
cell ligands was dependent upon DNA methylation in NK cell
ligand promoters. This rationale was based on previous studies
showing that EZH2 interacts with DNA methyltransferases
(DNMTs) and is necessary for the recruitment of DNMTs on gene
promoters and consequential promoter DNA methylation (28—
30). To test our theory, we first analyzed the ULBPI and MICA
promoter regions. Furthermore, the promoter sequence analysis
predicted distinct CpG islands on both the ULBPI and the MICA
promoters (SI Appendix, Fig. S6B). Based on the collective evi-
dence, we tested the effects of 5-Aza-2-deoxyCytidine (5Aza2dC)
and Trichostatin A (TSA) on the induction of ULPBI and MICA
expression in HCC cell lines. We found that the treatment of SK-
HEP-1 and PLC/PRF/5 cells with 5Aza2dC resulted in the re-
expression of ULPBI in both cell lines, whereas MICA was only
re-expressed in PLC/PRF/5 cells (Fig. 6 C and D). These results
suggested that ULBPI expression is largely regulated by promoter
DNA methylation in HCC cell lines. Therefore, to confirm that the
ULBPI promoter is indeed subject to direct promoter DNA meth-
ylation, we performed a methylated-DNA immunoprecipitation
(MeDIP) analysis using the 5-methylcytosine antibody to evaluate
ULBPI1 promoter DNA methylation. The MeDIP results revealed
significantly higher ULPBI promoter DNA methylation in HCC cell
lines, which was reduced following 5Aza2dC and TSA treatment
(Fig. 6E). Collectively, these results demonstrated that the ULBPI
promoter is methylated in SK-HEP-1 and PLC/PRF/5 cells.
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To determine whether ULBPI promoter methylation is de-
pendent on EZH2-mediated DNMT recruitment, we evaluated
the expression of DNMT1, DNMT3A, and DNMT3B. We found
that DNMT1 and DNMT3A were expressed in HCC cells, but
DNMT3B was undetectable (SI Appendix, Fig. S6C). Therefore,
we focused on DNMT1 and DNMT3A for further studies. First,
we knocked down the expression of DNMTI and DNMT3A in
SK-HEP-1 and PLC/PRF/5 cells using shRNAs (SI Appendix,
Fig. S7 A and B). Our results showed that DNMT3A knockdown
significantly up-regulated the expression of ULBP1 in SK-HEP-
1 and PLC/PRF/5 cells, whereas DNMT1 knockdown had a
significant effect only in PLC/PRF/S cells but not in SK-HEP-
1 cells (Fig. 6F and SI Appendix, Fig. S7 C and D). The results
also indicated that DNMT3A is an important regulator of
ULBP1 expression downstream of EZH?2 in multiple HCC cells,
whereas DNMT1 might play a more limited role in some HCC
cells. Furthermore, to determine whether DNMT3A recruitment to
the ULBPI promoter was dependent on EZH2 activity, we per-
formed a ChIP analysis of SK-HEP-1 and PLC/PRF/5 cells treated
with the EZH2 inhibitor GSK343 or DMSO. We found that
treatment with the EZH2 inhibitor resulted in reduced DNMT3A
recruitment to the ULBP1 ligand promoter (Fig. 6G), reduced
promoter DNA methylation, and increased ULBP1 expression (Fig.
6H). Collectively, these results indicated that EZH2-induced re-
cruitment of DNMT3A to the ULBPI promoter caused a sub-
sequent increase in ULBPI promoter DNA methylation.
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Discussion

HCC is the most common and deadliest form of liver cancer.
However, current therapies provide negligible clinical benefits and
cause a large number of therapy-related life-threatening side effects.
Here, we investigated the epigenetic factors that regulate NK cell-
mediated cytotoxicity against HCC cells and determined that
EZH?2 is an important regulator of NK cell-mediated clearance of
HCC cells. Our results allowed us to draw several important con-
clusions. First, we found that HCC cells exhibit transcriptional
down-regulation of NK cell ligands, which could serve as a possible
mechanism for evading NK cell-mediated cytotoxicity and sub-
sequent immune invasion in HCC cells. Second, we demonstrated
that HCC cells are largely resistant to NK cell-mediated eradication
and that enhancing the effectiveness of NK cell-mediated eradica-
tion of HCC cells could be of significant therapeutic benefit to HCC
patients. Finally, using an epigenetic regulator targeting-based
chemical screen, we determined and validated that EZH2 is an
important regulator of NK cell-mediated eradication of HCC cells
that functions, in part, by regulating NK cell ligands, including
ULBPI promoter DNA methylation via DNMT3A in an EZH2-
dependent manner. Our results are summarized in Fig. 7 and
discussed below.

NK Cell Ligands and Their Role in HCC. NK cells recognize and bind
to NK cell ligands expressed on target cells and induce their lysis
(17, 18, 31). Several prior studies involving mouse models have
shown an important role for NK cell ligands in tumor suppres-
sion (16, 17, 19). The down-regulation of NK cell ligands has also
been shown to correlate with reduced overall survival and poor
prognosis in cancer patients (22, 23). However, no study to date
has comprehensively analyzed NK cell-mediated cytotoxicity
against HCC cells and the epigenetic factors that regulate NK
cell-mediated HCC cell eradication. In this study, we analyzed
the expression of NK cell ligands in a panel of human HCC cell
lines and found that several of the NKG2D ligands were down-
regulated in a majority of the HCC cell lines.

Previous studies have also demonstrated that NKG2D ligand
levels define the degree of cytotoxicity against target cells and
that high NKG2D ligand levels correlate with NK cell-dependent
tumor elimination (17, 20). Our NK cell-mediated cytotoxicity
experiments involving a panel of HCC cell lines showed that the
expression of NKG2D ligands generally correlated with the
ability of NK cells to induce cytotoxicity against the HCC cells.
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For example, the PLC/PRF/5 and SK-HEP-1 HCC cells, which
exhibited widespread down-regulation of NKG2D ligands, were
relatively more resistant to NK cell-mediated cytotoxicity com-
pared with cells such as HepG2/C3A, which expressed several of
the ligands. Additionally, our studies measuring the contribution
of individual NKG2D ligands revealed that ULBP1 significantly
increased NK cell-mediated eradication of HCC cells. Collec-
tively, these results demonstrated that specific approaches that
allow increased NKG2D ligand expression could be used as a
therapeutic approach to treat HCC.

EZH2 as a Regulator of NK Cell Cytotoxicity Against HCC. Epigenetic
alterations, such as changes in DNA methylation and/or modifi-
cation of histone proteins, can consequently result in changes in
gene expression and influence several aspects of cellular physiol-
ogy and function. The role of epigenetic changes in host immune
system regulation has been established in several prior studies (32—
34). However, most of these studies have focused on events that
cause these epigenetic alterations in immune cells and how they
influence the functionality of immune cells. Furthermore, studies
that have comprehensively measured the impact of epigenetic
changes in target cells (such as in pathogens and cancer cells) on
the functionality of immune cells are limited, and, in most cases,
the molecular underpinnings for the phenomena reported are
not established.

Using a chemical screen that targeted epigenetic regulators, we
determined that EZH?2 is a major modulator of NK cell-mediated
eradication of HCC cells. Likewise, we showed that the genetic and
pharmacological inhibition of EZH2 results in the re-expression of
several NKG2D ligands and that their re-expression correlates with
increased cytotoxicity of NK cells toward HCC cells. Our results also
suggest that the oncogenic function of EZH2 might also be mediated,
in part, by its ability to regulate immune cell function, such as that of
NK cells. Notably, EZH2 overexpression is reportedly associated with
tumor progression and aggressiveness in HCC (35, 36). Therefore,
our results are in accord with the proposed role of NK cells in pre-
venting tumor progression in an EZH2-dependent manner.

Interestingly, another study that investigated the impact of
EZH2 on NK cells found that genetic or pharmacological in-
hibition of EZH?2 increases the generation of the IL-15 receptor
CD122+ NK precursors as well as mature NK cell progeny from
both mouse and human hematopoietic stem and progenitor cells
(37). This study also found that enhanced NK cell expansion and
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cytotoxicity against tumor cells were associated with the up-
regulation of CD122 and the C-type lectin receptor NKG2D (37).

Therefore, based on this previous study and our current results,
we predict that EZH2 inhibitors will offer a twofold benefit: they
will function by increasing NK cell expansion and cytotoxicity and
render HCC cells more susceptible to NK-mediated cytotoxicity.
Additionally, these studies also reinforce the importance of testing
EZH2 inhibitors in an immune-competent background to fully
assess the effects of EZH?2 inhibition.
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Cell Lines and Cell Culture. The human HCC panel containing the SNU-387,
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trogen). The SNU-387, SNU-423, SNU-449, and SNU-475 cells were grown in
RPMI-1640 supplemented with 10% FBS and penicillin-streptomycin. The
NK92MI cells were obtained from ATCC and grown in Alpha Minimum Es-
sential Medium with 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.2 mM
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Statistical Analysis. All of the experiments were conducted in triplicate. The
results of individual experiments are expressed as mean + SEM. The P values
were calculated by t tests using GraphPad Prism version 6.0h for Macintosh
GraphPad Software (www.graphpad.com).
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