Epigenetics 8:1,66-78; January 2013; © 2013 Landes Bioscience

DNA demethylation and histone H3K9 acetylation
determine the active transcription of the NKG2D
gene in human CD8* T and NK cells
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The human activating receptor NKG2D is mainly expressed by NK, NKT, vy Tand CD8* T cells and, under certain conditions,
by CD4+ T cells. This receptor recognizes a diverse family of ligands (MICA, MICB and ULBPs 1-6) leading to the activation
of effector cells and triggering the lysis of target cells. The NKG2D receptor-ligand system plays an important role in the
immune response to infections, tumors, transplanted graft and autoantigens. Elucidation of the regulatory mechanisms
of NKG2D is therefore essential for therapeutic purposes. In this study, we speculate whether epigenetic mechanisms,
such as DNA methylation and histone acetylation, participate in NKG2D gene regulation in T lymphocytes and NK cells.
DNA methylation in the NKG2D gene was observed in CD4* T lymphocytes and T cell lines (Jurkat and HUT78), while this
gene was unmethylated in NKG2D-positive cells (CD8* T lymphocytes, NK cells and NKL cell line) and associated with high
levels of histone H3 lysine 9 acetylation (H3K9Ac). Treatment with the histone acetyltransferase (HAT) inhibitor curcumin
reduces H3K9Ac levels in the NKG2D gene, downregulates NKG2D transcription and leads to a marked reduction in the
lytic capacity of NKG2D-mediated NKL cells. These findings suggest that differential NKG2D expression in the different
cell subsets is regulated by epigenetic mechanisms and that its modulation by epigenetic treatments might provide a

new strategy for treating several pathologies.

Introduction

NKG2D (natural-killer group 2, member D) belongs to the fam-
ily of C-type lectin-like receptors and is encoded by the KLRKI
gene on human chromosome 12 within the NK gene complex.!
NKG2D is associated with the DAP10 adaptor molecule, which is
essential for signaling and the surface expression of the NKG2D
receptor.” This receptor is expressed in all NK cells, most NKT,
vd T and CD8* T cells but is not detectable in CD4*af3* T
lymphocytes. However, an unusual CD4* T subset expressing
NKG2D (CD4*NKG2D* T cells) was detected in subjects with
tumors,’ autoimmune diseases,*” persistent infections®’ and dur-
ing aging.'” NKG2D is one of the most potent activating recep-
tors of NK cells, enhancing the cytotoxic response in humans.
Moreover, NKG2D can also acts as a primary or co-stimulatory
receptor in CD8* and CD4*NKG2D* T cells, increasing the
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T cell receptor (TCR)-mediated signaling necessary for their
activation.'

Since NKG2D receptor function depends on its correct
expression on the cell surface of cytotoxic cells, it is necessary
to understand the factors involved in its modulation and expres-
sion. A range of factors has been implicated in the transcriptional
regulation of NKG2D. Some cytokines, such us IL-2, IL-7, IL-15
and IFN-a, increase NKG2D expression, whereas IL-4, IL-12,
IL-21, TGF-B and IFN-y have the opposite effect.'>** NKG2D
downregulation is attributed to the overexposure to soluble or
membrane-bound NKG2D ligands (NKG2DL), which promotes
the internalization and subsequent degradation of the receptor'
or catabolites produced on macrophage activation (reactive oxy-
gen species and L-kynurenine).”'® Additionally, the availability
of the adaptor protein DAP10 is a decisive factor in NKG2D
surface expression.”” Recently, expression of miRNAs has been
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found to downregulate NKG2D expression in NK cells, damp-
ing its cytotoxic function.'®

Human NKG2DL, MICA, MICB (MHC class I chain-
related A and B) and ULBPs 1-6 (UL-16 binding protein) are
expressed at low levels in many normal tissues.'”*° However, their
expression is induced during genotoxic or cellular stress caused
by infection or malignant transformation, alerting the immune
system to adverse cellular conditions. NKG2D-NKG2D ligand
interactions play an important role in tumor immune surveil-
lance.” Conversely, aberrant expression of NKG2DL in healthy
cells might lead to inappropriate activation of cytotoxic NK and
CD8* T cells and trigger autoimmunity or rejection after trans-
plantation.?*? Understanding the mechanism that regulates
NKG2D expression may help the development of new therapeu-
tic strategies.

In recent years, it has been well documented that epigenetic
mechanisms such as DNA methylation and histone modifica-
tions regulate the expression of key immune system-related genes,
modifying the development of the immune responses.?** One
advantage of epigenetic modifications is that they can be modu-
lated by treatment with HDAC (histone deacetylase) and DNMT
(DNA methyltransferase) inhibitors, some of which have already
been approved by the FDA for the treatment of myelodysplastic
syndromes and acute myeloid leukemia.*

In this study, we show for the first time that epigenetic mech-
anisms regulate the differential NKG2D expression in human
T- and NK-derived cell lines and in the cell subsets from periph-
eral blood (CD4* T and CD8* T lymphocytes and NK cells).
We observed that DNA methylation in the NKG2D locus cor-
relates with the absence of expression in CD4* T cells and T cell
lines (Jurkat and HUT78), whereas high levels of acetylation in
lysine 9 of histone 3 (H3K9Ac) contribute to the higher level
of NKG2D expression in CD8* T cells, NK cells and the NKL
cell line. Induced hypoacetylation at the NKG2D gene by cur-
cumin,? a histone acetyltransferase (HAT) inhibitor, downregu-
lates NKG2D-receptor expression on the cell surface of cytotoxic
cells, damaging its lytic activity. Modulation of NKG2D recep-
tor by epigenetic modifiers could represent a significant area of
interest with important implications in the improvement of new
therapies targeting NKG2D.

Results

NKG2D expression in T cell lines and CD4* T lymphocytes
is regulated by DNA methylation. We had previously deter-
mined the expression of NKG2D receptor on the cell surface of
T (Jurkat and HUT78) and NK (NKL) cell lines and cell subsets
of peripheral blood (CD4* T, CD8* T and NK cells). As has been
previously reported, we observed that receptor is expressed in
all CD8*, NK and NKL cells but remains absent in Jurkat and
HUT?78 cell lines (both derived from CD4* T cells) and CD4* T
lymphocytes (Fig. SIA). We also examined whether the absence
of NKG2D expression might be caused by the lack of transcrip-
tion of the NKG2D gene or its DAP10 co-receptor. To do this,
NKG2D and DAPI0 transcripts were quantified by quantitative
real-time reverse transcription PCR (qQRT-PCR) in the same cell
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samples. As expected, NKG2D transcripts were only detected in
CD8* T, NK and NKL cells (Fig. 1A) while DAP10 expression
was observed in all the subsets analyzed although at different lev-
els of expression (Fig. S1B). These findings suggest that the lack
of NKG2D expression on the cell surface of CD4* T lymphocytes
and T cell lines might be due to the absence of transcripts for
NKG2D gene expression but not of its adaptor molecule DAP10,
which is expressed in all cell types.

In view of these results, we determined whether epigen-
etic mechanisms such as DNA methylation could be involved
in regulating the NKG2D gene in these cell subsets. A region
located around the translation initiation site between -992 and
+263 positions and including 11 CpG sites was analyzed by bisul-
fite sequencing (Fig. 1B). The greatest differences in the DNA
methylation patterns were found in a region localized between
the positions -992 and -255. These CpGs were highly methylated
(80-100%) in Jurkat and HUT78 cell lines, and fully demethyl-
ated in NKL cells. Similarly, these CpG sites were highly methyl-
ated (70-100%) in CD4* T cells, but only partially methylated
(10-60%) in CD8* T lymphocytes and NK cells. These results
demonstrate that the DNA methylation pattern is correlated with
the expression of NKG2D gene, suggesting that hypermethyl-
ation of this region could be involved in the lack of expression
of NKG2D in T cell lines and CD4* T lymphocytes. The DNA
methylation profile in DAPI0 gene was also analyzed, but no dif-
ferences were found (data not shown).

To investigate whether DNA demethylation of this region is
sufficient for the correct NKG2D transcription, we treated Jurkat
and CD4* T cells with the DNMT inhibitors, 5azaC (5-azacyti-
dine) and DAC (5-aza-2'deoxycytidine), and NKG2D expression
was assayed by qRT-PCR. Previously, we determined that the
analyzed concentrations of DNMT inhibitors do not compro-
mise cell viability (Fig. S2). Our results showed that treatment
with both inhibitors increased significantly the transcription level
of NKG2D in a time-dependent manner in the Jurkat cell line
but expression on the cell surface was not detected (Fig. 2A).
Jurkat cells were more sensitive to the action of DAC than 5azaC-
treated cells and the highest level of NKG2D transcription was
observed at 72 h. Additionally, CD4* T lymphocytes were acti-
vated with anti-CD3 and anti-CD28 monoclonal antibodies
(mADb) over four days and further treated with 5azaC and DAC.
Treatment with both demethylating agents induce a significantly
NKG2D transcription in CD4* T cells and a slight proportion of
NKG2D-positive CD4* T cells was observed by flow cytometry
(Fig. 2B).

Taken together, these results suggest that DNA methylation
contributes to the regulation of NKG2D expression, although
additional mechanisms may be involved, as revealed by the low
level or complete absence of expression of NKG2D receptor on
the cell surface of CD4* T lymphocytes and Jurkat cells after
treatment with demethylating agents.

Acetylation of H3K9 is associated with an active transcrip-
tion of the NKG2D gene in CD8* T and NK cells. Chromatin
structure is controlled by posttranslational modification of the
N-terminal histone tail regions, which are associated with gene
activation or silencing. Here, we analyzed the distribution of
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Figure 1. Differential expression of NKG2D gene in T and NK cell lines and lymphocyte subsets is correlated with DNA methylation pattern. (A) NKG2D
transcription levels were determined by qRT-PCR in Jurkat, HUT78 and NKL cell lines, and isolated CD4* T, CD8* T and NK cells from healthy donors. His-
tograms represent the relative expression of NKG2D gene normalized with respect to the housekeeping gene GAPDH. Data are presented as the mean
+ SD of five independent experiments. (B) Graphic representation of the NKG2D gene. Arrow: translation start site; filled bars: distribution and position
of CpG sites; horizontal black lines: regions amplified with specific primers shown in Table 1. The methylation pattern of each cell type was analyzed
by bisulfite sequencing. Rows: ten individual sequenced clones; columns: CpG sites; closed squares: methylated CpG sites; open squares: unmethyl-
ated CpG sites. The right-hand graphs show the total percentage methylation for each sample.

active and repressive histone modifications in a region comprised
of 382 base pairs upstream of the translation initiation site of the
NKG2D gene from human cell lines (Jurkat, HUT78, and NKL)
(Fig. 3A) and CD4* and CD8* T lymphocytes and NK cells
(Fig. 3B). Two pairs of primers were designed to cover the full
region (Table 1).

First, we analyzed the presence of active histone modifications
(AcH3, AcH4, H3K9Ac and H3K4me3) by chromatin immuno-
precipitation (ChIP) assay and further amplification by quantita-
tive PCR. Levels of acetylation of histone 3 (AcH3) and histone
4 (AcH4) were increased in the NKG2D gene in the NKL cell
line but absent from the Jurkat and HUT78 cell lines, the levels
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of AcH3 being higher than those of AcH4 (Fig. 3A). Similar
results were obtained in isolated CD4* T, CD8* T and NK cells
from peripheral blood, in which a significant increase in AcH3
in CD8* T lymphocytes and NK cells was observed (Fig. 3B).
In view of these results we investigated the presence of acetyla-
tion at a specific residue of H3: lysine 9 (H3K9Ac). A significant
increase in the H3K9Ac level of the NKG2D gene was detected
in CD8* T, NK and NKL cells. The presence of these active his-
tone marks was correlated with NKG2D expression in these cell
subsets. Another histone modification, lysine 4 trimethylation of
H3 (H3K4me3), was significantly more prevalent in NKL cells
than in other T cell lines (Fig. 3A). However, low and similar
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Figure 2. Effect of DNMT inhibitors (5azaC and DAC) in NKG2D expression in Jurkat and CD4* T cells. (A) Jurkat cells were treated with 5azaC (1-5 M)
and DAC (60-80 M) for 24, 48 and 72 h and NKG2D transcripts were quantified by gRT-PCR using specific primers (Table 1). Histograms show the fold
increase of NKG2D expression after treatment relative to untreated cells. GAPDH was used as a constitutive control and data are presented as the mean
+ SD of three independent experiments. The right panel shows representative histograms of NKG2D expression on the cell surface of Jurkat cells after
DNMT inhibitors treatment for 72 h. (B) NKG2D transcription levels were determined by qRT-PCR in CD4* T lymphocytes from healthy donors. Isolated
CD4* cells were previously activated with anti-CD3 and anti-CD28 mAb over four days, and further cultured in the absence or presence of DAC (1 M)
and 5azaC (5 wM) for 72 h. The histogram shows the fold increase of NKG2D expression after treatment relative to untreated cells. GAPDH was used as
a constitutive control for qRT-PCR. Data are presented as the mean + SD of three independent experiments. The right panel shows representative dot
plots of the induced NKG2D expression on CD4* T cells after DNMT inhibitor treatment. The number indicates the percentage of NKG2D-positive CD4*

T cells. *p < 0.05. Significance is shown as the difference between treated and untreated Jurkat or CD4* T cells.

levels of H3K4me3 were present in all subset cells isolated from
peripheral blood (CD4* T and CD8* T and NK cells) (Fig. 3B),
suggesting its lack of involvement in NKG2D regulation.

We also assayed the contribution of repressive histone modi-
fications (H3K27me3 and H3K9me2) to NKG2D transcrip-
tion (Fig. 3A and B). These marks were hardly detectable in the
NKG2D gene in comparison with the active marks previously
analyzed, showing their slighter contribution to the regulation
of NKG2D expression. Thus, active transcription of NKG2D in
CD8* T, NK and NKL cells is characterized by high levels of
H3K9Ac and reduced levels of repressive marks, which is consis-
tent with the current paradigm of gene activation.

www.landesbioscience.com

Induced deacetylation of H3K9 downregulates NKG2D
expression. To verify whether the H3K9Ac level is specifically
involved in regulating NKG2D expression in the different
cell types, we treated cells with HDAC and HAT inhibitors.
Jurkat cells were cultured with the HDAC inhibitor, valproic
acid (VPA), at concentrations that do not compromise the
cell viability and, in the absence or presence of IL-15 cytokine
(Fig. 4A; Fig. S3A). This cytokine is known to upregulate
NKG2D expression on the cell surface of CD4* T lymphocytes.”
A dose-dependent and significant increase in NKG2D expres-
sion was observed in Jurkat cells, and it had an additive effect in
combination with IL-15.
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Figure 3. Enrichment of active and repressive histone modifications in NKG2D gene. Levels of histone modifications in NKG2D gene were measured by
ChlP assay using antibodies specific for AcH4, AcH3, H3K9Ac, H3K4me, H3K27me3, H3K9 me2 in the Jurkat, HUT78 and NKL cell lines (A) and in CD4*,
CD8* T lymphocytes and NK cells (B). Normal rabbit IgG was used as a negative control. Enrichment of NKG2D-specific DNA sequences was measured
by quantitative PCR with specific primers (Table 1). Two consecutive regions in the NKG2D gene were amplified and the average of both products is
shown. Results are represented as % INPUT = 2 exp [C, ;10 = (€ insouno) = 199: unsouno oiution ractory] X 100. Data are shown from two independent ex-
periments and each gRT-PCR was performed in triplicate. *p < 0.05 for comparisons of Jurkat and NKL cells, and of CD4* T cells and NK cells. *p < 0.05

for comparisons of HUT78 and NKL cells, and of CD4* T with CD8* T cells.

We also used a HAT inhibitor, curcumin, to induce hypo-
acetylation and analyzed how the NKG2D expression was
modified. Interestingly, NKG2D expression was significantly
reduced [6.04-fold + 0.13 of Mean Fluorescence Intensity (MFI)
ratio; p < 0.05] on the cell surface of NKL cells after treatment
with 4 wM curcumin for 24 h (Fig. 4B). Downregulation of
NKG2D receptor was associated with decreased transcription
of the NKG2D gene (2.23-fold + 0.23, p < 0.05) but the lev-
els of the DAP10 co-receptor remained unchanged (Fig. 4C).
To confirm that decreased NKG2D expression after curcumin-
treatment is due to histone deacetylation, we determined the lev-

els of H3K9Ac in the NKG2D gene in the NKL cell line after
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treatment (4 WM curcumin) by ChIP assay. Strikingly, a signifi-
cantly reduction in H3K9Ac levels at the NKG2D locus in cur-
cumin-treated NKL cells compared with untreated NKL cells
was observed (Fig. 4D). Similar results were observed in isolated
CD8* T and NK cells from healthy donors after treatment with
curcumin (1 and 4 pM) for 24 h. We observed a significant and
dose-dependent downregulation of NKG2D expression on the
cell surface of both cell types (Fig. 5A and B). The NKG2D
expression in curcumin-treated cells showed a 2.71-fold + 1.08
and 2.98-fold + 1.03; p < 0.05 decrease with respect to untreated
cells at the highest analyzed concentration in CD8* T and NK
cells, respectively.
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Table 1. PCR and gRT-PCR primers
Primer name

Real-time RT-PCR

Forward primer (5'-3')

Reverse primer (5'-3')

NKG2D CAC AGC TGG GAG ATG AGT GA TCG GTC AAG GGA ATTTGA AC
DAP10 GGC ACTTCA GGCTCTTGTTC CCA GGATGA GAG GGT CAG AA
PRF1 ACT CAC AGG CAG CCAACTTT GGG TGC CGT AGT TGG AGATA
GZMB ACT GCA GCT GGA GAG AAA GG TTC GCA CTTTCG ATCTTCCT
GAPDH ACC ACA GTC CAT GCC ATC AC TCCACCACCCTGTTG CTGTA
DNA methylation
NKG2D Amp 1 GAT GTT TGA ATA GAATTTTTG AGG AATTTT CTTTCT ACA AACTAA ACT CAA
NKG2D Amp 2 TTG GAAATATTT GATTTT AGTTAAA CTT CAATAC ACA AAA AATTCCT
NKG2D Amp 3 GGA ATTTTTTGT GTATTG AAG A ACA CAA AAATTA CAA ATT AAC CC
DAP10 Amp 1 GTTTAG GTT GGA GTGTAGTGGT ACA AAATTCTAC CCCTAT CACA
DAP10 Amp 2 TGT TGT GAT AGG GGT AGA ATTT TCCTAA ACA ACCAAACCTTCTA
DAP10 Amp 3 TAG AAGGTTTGGTTGTTT AGG A CCA AAA AAATCC AAA AAA ACT
ChiP
NKG2D Amp1 GCA CAG GGG AAAAGTTTCTG ACGTCT ACC GCA GAG AGG AA
NKG2D Amp 2 GGC CAA GAA GCA ATA AAC GA GCA GAAACTTTT CCCCTGTG

Additionally, we analyzed the influence of curcumin in the
cell viability and proliferation of these cells by 7AAD/Annexin
V staining and MTT assay. In both cell types (NKL and PBLs)
the concentrations used in our experiments (1 and 4 pM)
not inhibit cell proliferation showing cell viability above 88%
(Fig. 3B and C).

Taken together, these results suggest that the H3K9Ac levels in
the NKG2D gene might contribute to the expression of NKG2D
receptor on the cell surface of cytotoxic CD8* T and NK cells.

Curcumin reduces NKG2D-dependent NKL cell line cyto-
toxicity. As it had been previously reported, NKG2D is one of the
main activating receptors expressed on NK cells.? The NKG2D-
NKG2D engagement activates the effector functions of cytotoxic
cells, leading to the release of cytotoxic granules and to the lysis of
target cells. Since curcumin downregulates the NKG2D-receptor
expression, we performed cytotoxicity assays to study the effect
of this drug on the lytic capacity of NKG2D-dependent NKL
cells. We did this using a well-known model that allowed the
analysis of the NKG2D-MICA interaction in a specific way. As
effector cells, we used the NKL cell line, which expresses high
levels of NKG2D receptor (Fig. S1A) and is therefore very suit-
able for studying NKG2D-mediated recognition. As target cells,
we used the CIR class I-negative cell line stably transfected with
the NKG2DL MICA*004 (C1R-MICA*004), as we previously
reported.” As control cells, we used the CIR cell line transfected
with the vector alone.

First, we confirmed that the lytic activity of NKL cells was
significantly higher in the CIR-MICA*004 transfectants than
in the control CIR cell line for all effector:target (E:T) ratios
analyzed (Fig. 6A). When NKL cells were previously incubated
with anti-NKG2D blocking mAb for 30 min, the percentage of
specific lysis was significantly lower in all assayed E:T ratios.

We next assayed the effect of NKG2D downregulation after
curcumin treatment on the cytolytic activity of NKL cells. To
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do this, untreated and curcumin-treated NKL cells were co-
cultured for 4 h with target cells at the indicated E:T ratios.
Figure 6B shows the percentage of specificlysis of CIR-MICA*004
cells and CIR cells for untreated and curcumin-treated NKL
cells. Interestingly, the cytotoxicity of curcumin-treated NKL
cells against CIR-MICA*004 was significantly reduced in an E:T
ratio-dependent manner.

These findings show that curcumin, a HAT inhibitor, inhib-
its NKG2D-mediated NKL cell cytotoxicity by suppressing
NKG2D activation receptor expression. Treatments with epigen-
etic modifiers might be useful for controlling the effector func-
tions of cytotoxic cells.

Curcumin damages NKG2D-dependent NK and CD8*
T cell degranulation and INF-y production by NKL cells. After
recognition of target cells, NK cells release cytolytic granules con-
taining granzyme B (GZMB) and perforin (PRFI), and produce
IFN-v cytokine, thereby contributing to the cytolysis of target
cells. To determine whether curcumin modulates other compo-
nents of the cytolytic machinery in addition to downregulating
NKG2D, we quantified the CD107a degranulation in CD8* T
and NK cells from peripheral blood and the intracellular IFN-y
production by NKL cells by flow cytometry. Unfortunately,
degranulation assays were not done in the NKL cell line due to
high expression levels of CD107a under basal conditions.

Previous studies had shown that curcumin inhibits the
release of granzyme B and perforin in CD8* T lymphocytes.*
In this study, we determined the effect of curcumin on NKG2D-
mediated CD8* T and NK cell degranulation. CD107a expression
was analyzed after incubation of these cells with anti-NKG2D-
activating mAb-coated plates for 6 h. Impaired degranulation
(CD107a expression) was observed in both cell types upon treat-
ment with curcumin (Fig. 7A). Additionally, we observed that
the level of expression of granzyme B and perforin in NKL cells
dropped markedly after curcumin treatment, showing a decrease
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Figure 4. Effect of HDAC and HAT inhibitors in NKG2D expression in Jurkat and NKL cell lines. (A) NKG2D expression was measured in the Jurkat cell
line after treatment with VPA (0.5-1.0 mM) in the absence or presence of IL-15 (50 ng/ml) cytokine. Cells were harvested after four days and NKG2D
transcripts were quantified by qRT-PCR using specific primers (Table 1). The histogram shows the fold increase in NKG2D expression after treatment
relative to untreated cells. GAPDH was used as a constitutive control for gRT-PCR. Data are represented as mean + SD of three independent experi-
ments *p < 0.05. Significance is shown as the difference between untreated and treated Jurkat-cells. (B) NKG2D expression in NKL cells was analyzed
before and after treatment with 4 WM curcumin for 24 h by flow cytometry. The histogram is representative of five independent experiments.

(C) NKG2D and DAP10 transcripts were quantified by gRT-PCR in untreated and curcumin-treated NKL cells (4 1M, 24 h). GAPDH was used as a control
and the results are represented as the mean + SD of three independent experiments. (D) The level of H3K9Ac in the NKG2D gene was analyzed in un-
treated and curcumin-treated NKL cells by ChIP assay. Normal rabbit IgG was used as a negative control. Data are expressed as the % INPUT from three
independent experiments and qRT-PCR was performed in triplicate. *p < 0.05.

of 2.15-fold + 0.18 and 2.14-fold + 0.73; p < 0.05 changes in PRFI
and GZMB transcripts, respectively. This downregulation was
also observed by intracellular staining with specific antibodies
(Fig. 7B). Further, NKL cells previously treated or not with cur-
cumin for 24 h were incubated with C1R and C1R-MICA*004
target cells, and IFN-y production was assayed by intracellular
staining. According to the observed effects on the cytotoxicity,
curcumin-treated cells showed impaired IFN-y production in
the presence of CIR-MICA*004 compared with untreated NKL
cells (Fig. 7C).

These results imply that curcumin treatment not only inhib-
its NKG2D expression but also impairs the production of other
molecules essential for the lytic activity of cytotoxic CD8* T and
NK cells.

Discussion

The NKG2D activating receptor functions as a sensory signal
that alerts the immune system to adverse cellular conditions,
such as infections and tumors. However, NKG2D can also recog-
nize NKG2DL induced on healthy target cells, thereby contrib-
uting to the development of autoimmune diseases and transplant
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rejection. Thus, the knowledge of the mechanisms involved in
the expression and function of NKG2D could be of great rel-
evance to the development of new therapeutic strategies for treat-
ing these pathological conditions.

In the present study, we have shown that epigenetic mecha-
nisms such as DNA methylation and histone modifications con-
tribute to the regulation of NKG2D expression in the diverse cell
subsets from peripheral blood. We have also demonstrated that
the reduced levels of H3K9Ac in NKG2D gene caused by a HAT
inhibitor (curcumin) decrease NKG2D expression and damp
the cytotoxic capacity of NK cells. The modulation of NKG2D
expression through epigenetic modifiers might have important
consequences for the function of cytotoxic cells.

Differences in the DNA methylation pattern in the NKG2D
gene were observed among CD4*, CD8* T lymphocytes and NK
cells. As had been reported previously, the NKG2D receptor is
expressed in a constitutive form in NK and CD8* T cells but
not in CD4* T lymphocytes.** Our results reveal DNA hyper-
methylation in the NKG2D gene in Jurkat and HUT78 cells lines
and in CD4* T lymphocytes. However, partial or full demethyl-
ation was observed in the cell types that express NKG2D (CD8*
T, NK and NKL cells). These findings suggest that high levels
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Hyperacetylation of histones at specific
lysine residues neutralize the positive charge
of histone tails, decreasing their affinity for
negatively charged DNA, and favoring an
open chromatin structure and active tran-
scription. Thus, the presence of H3K9Ac
could allow the recruitment of transcrip-
tional factors and RNAP II to the gene
locus, facilitating the continued expression
of NKG2D in cytotoxic T and NK cells and
maintaining their functionality. This active
histone mark has been associated with the
expression of the EOMES transcription fac-
tor and the perforin and granzyme B effec-
tor molecules, facilitating a rapid and robust
response of memory CD8* T cells to the
re-encounter with the antigen.’ Therefore,
controlling the level of histone acetylation
might be a promising strategy for modulat-
ing the expression of genes associated with
the cytotoxic functions of the immune
system.

The level of histone acetylation is
established and maintained by the inter-
play between HATs and HDACs. HATs
modulate gene expression by catalyzing the
acetylation of lysine residues on histone and
non-histone proteins and enhancing the
transcriptional activity. Balasubramanyan
et al.¥ reported that curcumin, a specific
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Figure 5. Downregulation of NKG2D expression in CD8* T lymphocytes and NK cells after
curcumin treatment. NKG2D expression on the cell surface of CD8* T cells (A) and NK cells (B)
was assayed before and after treatment with curcumin (1-4 M) for 24 h by flow cytometry.
Left-hand panels show a representative histogram after treatment with 4 WM curcumin for 24 h;
on the right, box-plots indicate NKG2D expression in CD8* T lymphocytes and NK cells from ten
healthy donors before and after curcumin treatment (1-4 wM). Data are expressed as the mean
fluorescence intensity (MFI) of NKG2D expression. *p < 0.05.

inhibitor of p300/CBP HAT activity, can

of DNA methylation in the NKG2D gene may contribute to
NKG2D repression in CD4* T cells. However, additional regula-
tory mechanisms such as miRNA or low levels of DAP10 might
be required for total NKG2D expression.

The NKG2D receptor is expressed in a certain subset of CD4*
T lymphocytes under conditions of chronic antigenic stimula-
tion. These cells form a subset of highly differentiated T cells
that lose the CD28 co-stimulatory molecule and increase the
expression of NK cell-related genes (KIR, granzyme B and perfo-
rin). Some authors have suggested that the enhanced expression
of these genes is a consequence of a demethylation process aris-
ing from antigen-stimulated proliferation or homeostatic turn-
over.*3¢ In our study, we showed that treatment with the DNMT
inhibitors, 5azaC and DAC, induces NKG2D transcription and
a small proportion of CD4* T lymphocytes express this receptor
on the cell surface. Thus, these findings show that demethylation
could be involved in the increased NKG2D expression in these
particular CD4* T cells.

Histone modification and DNA methylation are related
and dynamic events that establish an epigenetic code ensur-
ing the correct control of gene expression. When the presence
of active and repressive histone modifications was examined, we
observed high levels of H3K9Ac in NKG2D gene of CD8* T,
NK and NKL cells, but was absent from NKG2D-deficient cells.

www.landesbioscience.com

induce histone hypoacetylation and down-
regulate gene expression. Based on these findings, we observed
that NKG2D expression was significantly reduced in NKL cells
after curcumin treatment, and was correlated with reduced levels
of H3K9Ac in the NKG2D gene. Additionally, downregulation
of the NKG2D receptor expression was found in ex vivo CD8* T
lymphocytes and NK cells from healthy controls after curcumin
treatment. Taken together, these results suggest that H3K9Ac is
tightly linked to NKG2D expression, although further studies
are needed to determine the involved mechanism.

In recent years, several studies have indicated that treatment
with DNMT and HDAC inhibitors can modulate the lytic
capacity of NK cells. Azacytidine impairs NK cell function by
overexpression of inhibitory KIR receptors, whereas decitabine
enhances IFN-y production and NK cell-mediated cytotoxic-
ity.?% Similarly, treatments with HDAC inhibitors (VPA and
SAHA) inhibit NK cell cytotoxicity by reducing expression
of activating receptor Nkp30 and Nkp46 as well as impairing
granule exocytosis.” However, the modulation of the NKG2D-
mediated NK cell cytotoxicity has not been analyzed in depth.

To analyze the effect of NKG2D downregulation mediated
by curcumin in the lytic capacity of cytotoxic cells we per-
formed cytotoxicity assays with the NKL effector cell line, which
expresses high levels of NKG2D receptor. Previous studies by
our group have shown that NKL cell cytotoxicity against the
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C1R-MICA*004 transfectant is specific to the NKG2D-MICA
interaction.” When curcumin-treated NKL cells were assayed
against CIR-MICA target cells, the lytic ability of NKL effector
cells was reduced significantly relative to untreated cells. Thus,
downregulation of NKG2D expression by curcumin could have
important functional consequences in the lytic capacity of NK
cells and avoid the lysis of target cells.

NK cell cytotoxicity is a complex process that requires adhesion
to target cells, synapse formation and signal transduction leading
to release of cytotoxic granules and IFN-v production. We have
shown a decrease in the granzyme B and perforin expression in
curcumin-treated NKL cells, as well as impaired IFN-vy produc-
tion in the presence of CIR-MICA*004 target cells. In addition,
degranulation of curcumin-treated CD8* T and NK cells was
decreased respect to untreated cells after incubation with anti-
NKG2D mAb. In consequence, NKG2D downregulation by
curcumin reduces the recognition of NKG2DL-expressing target
cells, at the same time impairing the cytolytic machinery and
inhibiting the release of cytolytic granules and cytokine produc-
tion. Thus, the regulation of NKG2D expression by epigenetic
treatments could have important functional consequences for the
lytic capacity of NK cells and for preventing the elimination of
target cells.

These findings could be of considerable clinical relevance in
the treatment of diseases in which cytotoxic cells play an impor-
tant role. The overexpression of NKG2DL in healthy cells can
disrupt the balance between immune activation and tolerance,
and promote autoimmune responses favoring the development
of rheumatoid arthritis (RA), multiple sclerosis and celiac dis-
#4142 The pathogenesis of RA is characterized by exces-
sive production of IL-15 and TNF-a in the sera, and inflamed
synovial joints, which induce the expression of an unusual sub-
set of NKG2D-expressing CD4* T cells. Moreover, NKG2DL
MICA and MICB are highly upregulated in synovial tissue of
RA patients, activating the T cells in an NKG2D-dependent
manner. In multiple sclerosis, the concomitant presence of
IL-15-expressing astrocytes and NKG2DL-expressing oligoden-
drocytes may enhance the NKG2D-mediated effector functions
of CD8* T lymphocyte and consequently exacerbate the killing
of oligodendrocytes.”! Celiac disease is a gluten-induced intesti-
nal inflammatory disorder that results in epithelial cell destruc-
tion in the small intestine. The associated inflammation results in
elevated levels of IL-15, which induce the expression of NKG2D
in intraepithelial ¥y8T lymphocytes. Additionally, MICA and
MICB proteins are markedly upregulated in patients with active
disease, favoring the cytotoxicity to epithelial cells.*?

The NKG2D receptor also participates in the immune
responses that occur after solid organ transplantation and pro-
mote graft injury or rejection.”>** Under conditions of isch-
emia/reperfusion injury or rejection, NKG2DL are upregulated,
favoring the interaction with its receptor and enhancing effector
immune responses. Downregulation or blocking of the NKG2D
receptor could also have an important impact in the case of graft-
vs.-host disease (GVHD), which is a major late complication in
patients treated by allogeneic hematopoietic stem cell transplanta-
tion. An induction of NKG2DL in the skin, gut and liver during

€ase.
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Figure 6. Curcumin suppresses NKG2D-mediated NKL cell line cytotox-
icity. (A) NKL cells were cultured with C1R cells and C1R-MICA*004 trans-
fectants at the indicated effector:target (E:T) ratios for 4 h. Cytotoxicity
was assayed by flow cytometry after PKH67/7AAD staining. For blocking
assays, NKL cells were incubated beforehand with anti-NKG2D blocking
monoclonal antibody (10 pg/ml) for 30 min. Data are shown as means

+ SD of two independent experiments in triplicate. (B) NKL cells were
incubated in the absence or presence of curcumin (4 wM for 24 h) and
cytolytic activity against C1R and C1R-MICA*004 cells was assessed at
the indicated effector: target (E:T) ratios. The upper figure shows a rep-
resentative experiment and the lower histogram represents means +
SD of three independent experiments performed in triplicate. *p < 0.05
comparison between untreated and curcumin- or anti-NKG2D-treated
NKL cells against C1R-MICA*004 transfectants. *p < 0.05 C1R-MICA*004
compared with C1R cells.
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Figure 7. Curcumin modifies the cytolytic machinery in CD8* T lymphocytes, NK and NKL cells. (A) Frequency of CD107a* degranulation by T CD8*
and NK cells after stimulation with anti-NKG2D mAb. Untreated or curcumin-treated (4 .uM) CD8* and NK cells were cultured for 6 h in the presence of
activating anti-NKG2D mAb or isotype control, and expression of membrane CD107a was measured by flow cytometry. Data represent the mean + SD
values from triplicate experiments. (B) Granzyme B and perforin expression was analyzed in the NKL cell line before and after treatment with 4 uM of
curcumin for 24 h by qRT-PCR and flow cytometry. GAPDH was used as a control and results are represented as the mean =+ SD of three independent
experiments. Histograms are representative of an experiment for intracellular staining of granzyme B and perforin. (C) Frequency of IFN-y production
by untreated or 4 .M curcumin-treated NKL cells after coculture for 6 h with C1R or C1R-MICA cells at E: T ratio 1:1. Data represent mean + SD values
from triplicate experiments. *p < 0.05.

GVHD has been observed. The engagement with the NKG2D
receptor activates NK cells and y8 CD8* T cells, boosting the
immune response that leads to tissue damage during GVHD.

Previous results had demonstrated that targeting the NKG2D-
NKG2DL interaction might help prevent these pathologies.
Blocking NKG2D with neutralizing anti-NKG2D monoclonal
antibodies prevents the development of autoimmune diseases**’
and increases the survival of skin, bone marrow and cardiac
allograft in animal models.**>**' Therefore, modulation or
downregulation of NKG2D by epigenetic mechanisms could be
an additional therapeutic strategy for NKG2D blockage in these
pathologies.

In summary, this study has shown for the first time that
epigenetic mechanisms, such as DNA methylation and histone
modifications, are involved in the regulation of NKG2D expres-
sion. Acetylation of H3K9 is important for correct NKG2D

www.landesbioscience.com

expression in NK and CD8* T cells, while DNA demethylation
in the NKG2D gene may be associated with an increased expres-
sion of NKG2D in CD4* T cells. In this paper, we propose
that downregulation of NKG2D in NK and CD8* T cells by
HAT inhibitors, such as curcumin, can damp the recognition of
NKG2DL-positive target cells and avoid exacerbating NKG2D-
mediated cytotoxic responses in autoimmune diseases, transplant
rejection or reducing the incidence of GVHD. The findings of
this study may help develop new NKG2D-specific therapeutic
strategies in a wide range of diseases.

Materials and Methods

Cells. Jurkat, HUT78 (both derived from CD4* T lympho-
cytes), NKL (derived from NK cells) and C1R (human B-cell
lymphoma) cell lines were grown in RPMI-1640 medium plus
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10% heat-inactivated fetal bovine serum (FBS) and 100 U/ml
streptomycin-penicillin. The NKL cell line was supplemented
with 100 U/IL-2 (Prepotech). CIR-MICA*004 transfectants
were maintained in complete medium supplemented with hygro-
mycin B at 800 pg/ml (Invitrogen). PBLs were obtained from
healthy donors by Ficoll (Lymphoprep) density gradient centrifu-
gation after obtaining informed consent in accordance with the
Declaration of Helsinki. CD4*, CD8* T cells and NK cells were
enriched from PBLs by negative selection using magnetic micro-
beads (Invitrogen). The purity of isolated cells was always > 95%.

Flow cytometry analysis. Surface expression of NKG2D was
analyzed with a FACSCalibur flow cytometer (BD Biosciences)
using the following mAbs: PE-anti-NKG2D, APC-anti-CD4,
PerCP-anti-CD8, FITC-anti-CD56, APC-anti-CD16 and
PerCP-anti-CD3 and isotype-matched mAb (negative control
for nonspecific binding) (all from eBiolegend). For intracellular
staining of cytotoxic molecules, cells were fixed and permeabi-
lized with a Fixation/Permeabilization kit (Immunostep, Inc.)
and stained with anti-granzyme B-PE or anti-perforin-FITC
for 30 min at room temperature. The proportions of living,
dead and apoptotic cells were determined with 7AAD and the
Annexin-V-FITC apoptosis detection kit (Immunostep Inc.).

Quantitative real-time reverse transcription PCR (qRT-
PCR). Total RNA was isolated using the RNeasy® Plus Mini
Kit (Qiagen) and 1 pg was reverse-transcribed with an iScript™
cDNA Synthesis kit (Bio-Rad). Quantitative real-time PCR
was performed in triplicate with the MyiQ™ Real Time PCR
Detection System (Bio-Rad) using iQ™ SYBR® Green Super
Mix (Bio-Rad). The numbers of transcripts were calculated
using threshold cycle (Ct) values standardized to GAPDH,
applying the 240 method. Specific primers (Table 1) were
designed with the Primer3 program.>

Bisulfite modification and DNA sequencing. Genomic DNA
was isolated using the DNeasy® Blood and Tissue kit (Qiagen)
and modified with bisulfate using the EZ-DNA Methylation-
Gold™ kit (Zymo Research), according to the manufacturers’
instructions. DNA was amplified using specific primers designed
with the Methyl Primer Express® program (Applied Biosystems)
(Table 1). PCR products were cloned into the pGEM® Easy
Vector System II (Promega) and ten independent clones from
each sample were sequenced.

Treatments with DNMT, HDAC and HAT inhibitors.
Jurkat and HUT78 cell lines were cultured at a density of
0.5 x 10° cells/ml in six-well plates and treated with the DNMT
inhibitors, 5azaC (1-5 pM) and DAC (60-80 pM) (Sigma-
Aldrich) at the indicated concentrations for 24, 48 and 72 h.
PBLs (10° cells/well) were cultured for 4 d in 24-well plates
previously coated with anti-CD3 (1 pg/ml) and anti-CD28
(0.5 pg/ml) overnight at 4°C. After that, cells were treated with
5azaC (5 pM) and DAC (1 pM) for a further 72 h. Jurkar cells
were cultured at a density of 0.5 x 10° cells/ml in six-well plates
and treated with VPA (0.5-1mM) (Sigma-Aldrich) for 4 d in
the presence or absence of 50 ng/ml IL-15 cytokine (eBiosci-
ences). The NKL cell line (10° cells/ml) and PBLs (10° cells/
ml) were cultured with 4 WM of curcumin (Sigma-Aldrich)
for 24 h.
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Cell proliferation assay. For the proliferation assay, NKL cells
and PBLs (10 cells/100 wl) were plated onto 96-well plates in
complete RPMI 1640 medium containing IL-2 (100 U/ml) at
37°C in a 5% CO, incubator. After 24 h, cell proliferation was
assayed by the MTT colorimetric method. MTT (3-2, 5-diphe-
nyltetrazolium bromide; Sigma) was added at 5 mg/ml to all
wells, and plates were incubated for 4 h at 37°C. After that, cell
supernatant was removed and DMSO (100 wl/well) was added
to dissolve MTT-formazan crystals. Absorbance at 595 nm was
determined with an automated microtiter plate reader. Optical
density was directly proportional to cell number up to the maxi-
mum density measured.

Cytotoxicity assay. Cytotoxicity was assayed using the
PKH67 Green Fluorescent Cell Linker kit (Sigma-Aldrich) and
by flow cytometry, as previously described.”® NKL cells, previ-
ously treated or not with curcumin (4 wM, 24 h) were tested
for cytotoxicity against CIR and CIR-MICA*004 target cells at
different effector: target (E:T) ratios. After incubation at 37°C
for 4 h, cells were stained with 5 pl 7AAD and analyzed by flow
cytometry. Target cells incubated in the absence of effector cells
were used as a negative control. Percentage specific lysis was cal-
culated using the formula: % NK-specific lysis = 100 x [(% 7AAD
staining of sample — % 7AAD staining of negative control) /
(100 — % 7AAD staining of negative control)]. For blocking
experiments, NKL cells were incubated beforehand with 10 pg/
ml anti-human NKG2D blocking monoclonal antibody (eBiosci-
ence) for 30 min.

Degranulation assay and INF-y production. PBLs (1 x 10°
cells/ml) were treated or not with 4 WM of curcumin and incu-
bated further on coated plates with 10 pg/ml of anti-NKG2D
activating monoclonal antibody (eBiosciences) or isotype control
for 6 h. CD107a-FITC antibody was added directly to the wells
and after 1 hat37°Cin 5% CO,, brefeldin A (10 pg/ml, eBiosci-
ences) and monesin (6 pg/ml, eBiosciences) were added for an
additional 5 h, and cells were stained with CD8-PE, CD3-PerCp
and CD16-APC antibodies (all from Biolegend), fixed and ana-
lyzed by flow cytometry.

For intracellular IFN-y analysis, NKL cells were treated with
curcumin (4 M) or untreated and further incubated in the pres-
ence of C1R or CIR-MICA target cells at a effector:target ratio of
1:1. After 1 h, brefeldin A (10 g/ml, eBiosciences) was added for
an additional 5 h, cell were stained with anti-CD16-APC, fixed
and permeabilized for intracellular staining with anti-INFy-
FITC antibody for 30 min. Cells were washed and analyzed by
flow cytometry.

ChIP assay. ChIP assays were performed as previously
described,’* using the following antibodies: anti-acetyl-H3 (cata-
log number 07-352), anti-acetyl-H4 (06-598), anti-acetyl-H3K9
(07-352), anti-trimethyl-H3K4 (07-473), anti-dimethyl-H3-K9
(17-681) and anti-trimethyl-H3-K27 (07-449) antibodies.
Normal rabbit IgG was used as a negative control. All antibodies
were obtained from Upstate Biotechnologies Inc. In brief, fixed
cells with 1% formaldehyde (Sigma-Aldrich) were lysed in SDS
lysis buffer and sonicated. The shared chromatin was diluted
into ChIP dilution buffer and incubated with 5 pg of each anti-
body overnight at 4°C. Antibody-chromatin complexes (bound
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sample) were precipitated from non-specific chromatin (unbound Disclosure of Potential Conflicts of Interest

sample) with protein A-agarose/salmon sperm DNA (Upstate
Biotechnologies) for 1 h, then washed and eluted from the beads
with elution buffer. After cross-link reversal and proteinase K
treatment, DNA was extracted with phenol-chloroform, ethanol-
precipitated and analyzed by qRT-PCR with specific primers
(Table 1). Enrichment was calculated as the percentage of input
DNA using the formula: % INPUT = 2 exp [C - (C,
(UNBOUND) - logZ (UNBOUND DILUTION FACTOR))] x 100'

Statistical analysis. All statistical tests were performed using
SPSS version 15.0 (SPSS Inc.). Comparisons between groups
were performed with the non-parametric Wilcoxon rank test or
Student’s t-test when data were normally distributed. Probabilities
less than 0.05 were considered significant.

No potential conflicts of interest were disclosed.
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