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Entinostat augments NK cell functions via epigenetic upregulation 
of IFIT1-STING-STAT4 pathway
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ABSTRACT
Histone deacetylase inhibitors (HDACi) are an emerging cancer therapy; however, 

their effect on natural killer (NK) cell-mediated anti-tumor responses remain unknown. 
Here, we evaluated the impact of a benzamide HDACi, entinostat, on human primary 
NK cells as well as tumor cell lines. Entinostat significantly upregulated the expression 
of NKG2D, an essential NK cell activating receptor. Independently, entinostat 
augmented the expression of ULBP1, HLA, and MICA/B on both rhabdomyosarcoma 
and Ewing sarcoma cell lines. Additionally, entinostat increased both cytotoxicity 
and IFN-γ production in human NK cells following coculture with these tumor cells. 
Mechanistically, entinostat treatment resulted in increased chromatin accessibility 
to the promoter region for interferon-induced protein with tetratricopeptide repeats 
1 (IFIT1) gene and thereby increasing the transcript and protein levels of IFIT1 that 
augmented the IFIT1-mediated IRF1, STAT4, and STING pathways. Corresponding 
transcriptome analysis revealed enrichment of IRF1 and STAT4 and gene sets 
responsible for NK cell-mediated IFN-γ production and cytotoxicity, respectively. 
Our results show a novel mechanism by which entinostat initiates an IFIT1-STING-
mediated potentiation of STAT4 via IRF1 to augment NK cell-mediated anti-tumor 
responses.

INTRODUCTION

Histone deacetylase inhibitors (HDACi) represent 
an essential class of antineoplastic medications due to their 
ability to restore the function of proteins that reverse the 
growth and progression of a wide array of cancers with 
relatively minimal toxicities [1, 2]. HDACi is used alone 
or in combination with other chemotherapeutic agents for 
a variety of pediatric and adult malignancies, including 
rhabdomyosarcoma and cutaneous T cell lymphoma [1, 3]. 
Their emerging clinical potential has led to the evaluation 
of HDACi for tumor treatment of several cancer types 

in various trials [4]. Irrespective of this, the molecular 
mechanism by which HDACi modulate immune responses 
has yet to be fully understood [1]. Earlier studies primarily 
focused on the effect of HDACi on tumor cells, while a 
few evaluate their impact on the immune system [5–12]. 
Specifically, the effect of HDACi on natural killer (NK) 
cells has yet to be fully defined.

NK cells are the major lymphocytes of the innate 
immune system and play an essential role in tumor 
clearance [13]. NK cells are of particular importance in the 
context of hematopoietic cell transplant (HCT) as they are 
the first cell type to recover following engraftment of donor 
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stem cells [14]. One critical concept behind allogeneic 
HCT in cancer is to replace a senescent recipient’s immune 
system with one that will recognize and kill malignant 
cells. NK cell-based immunotherapy is emerging as a safe 
and effective treatment against pediatric solid tumors such 
as neuroblastomas and sarcomas [15, 16]. In addition, 
while these strategies have demonstrated efficacy in 
hematologic malignancies, neither in its current form has 
yielded consistently curative effects in solid malignancies 
[17]. This is attributed to factors associated with the tumor 
microenvironment that mediate resistance external to the 
immune cells [18, 19]. Thus, it is necessary to increase 
the sensitivity of the immune cells to the tumor. Strategies 
to overcome these tumor-tolerance factors include use of 
chimeric antigen receptors (CAR), granulocyte-monocyte 
colony-stimulating factor (GM-CSF), interleukin (IL)-2, 
IL-15, checkpoint inhibitors, and type 1 interferons [20–
23]. While these strategies have shown efficacy, their use is 
limited due to significant, even lethal, toxicities. However, 
it is likely that NK cell-based immunotherapy will require 
strategies to overcome the tumor microenvironment. 
Thus, a nontoxic method to augment NK cell-based 
immunotherapy is urgently needed.

We hypothesize that overcoming tumor 
microenvironment-mediated tolerance in the epigenome 
of the NK cell can increase tumor clearance. Entinostat 
(SNDX-275, formerly MS-275) has selective activity 
against class I histone deacetylases [24, 25]. Previous 
studies have shown that HDACi may exert their 
antineoplastic effects through 1) upregulation of 
immunostimulatory ligands on tumor cells and 2) 
upregulation of activating receptors on lymphocytes 
[26–30]. However, the molecular mechanism associated 
with augmented NK cell function has not been defined. 
Here, we show that entinostat treatment increased both 
activating and inhibitory receptors on NK cells. Coculture 
of NK cells and tumors demonstrated an increase in both 
cytotoxic degranulation and IFN-γ production in NK 
cells. Transcriptome analysis revealed the enrichment 
of pathways associated with NK cell cytotoxicity and 
interferon-gamma (IFN-γ) production. We identify the 
enrichment of a gene set associated with transcription 
factors interferon regulatory factor-1 (IRF1) and signal 
transducer and activator of transcription 4 (STAT4) in 
NK cells following treatment with entinostat. Chromatin 
structure analysis using Assay for Transposase Accessible 
Chromatin (ATAC) sequencing indicates an area of open 
chromatin at the transcription start site for interferon-
induced protein with tetratricopeptide repeats 1 (IFIT1). 
Analyses of the transcriptome were consistent with the 
upregulation of IFIT1 expression and subsequent NK 
cell activation via IRF1 and STAT4. Collectively, our 
results provide a novel mechanism of action (MOA) 
of entinostat-regulated NK cell effector functions and 
identify targets that could help augment NK cell-mediated 
anti-tumor responses.

RESULTS

Entinostat upregulates the expression of 
activating and inhibitory human NK cell 
receptors

The balance between activating and inhibitory 
receptors determines whether the NK cell recognition of 
a target cell results in the activation of effector functions 
or tolerance [31]. Earlier work has indicated that HDACi 
enhances the expression of NK cell receptors, including 
NK Group 2D (NKG2D), a key activation receptor [27]. 
To determine the effect on the expression of activating 
and inhibitory receptors, we incubated NK cells with 
entinostat, a benzamide HDAC inhibitor. We sorted 
CD56+CD3ε− NK cells from the peripheral blood of 
volunteers, and the purity of the NK cells ranged between 
96–99% (Supplementary Figure 1A). First, we tested the 
effect of entinostat on the viability of the purified NK 
cells. Incubation of sorted NK cells with entinostat for 24 
hours resulted in no cell death (Supplementary Figure 1B). 
Following this, we analyzed the effect of entinostat on 
the expression of activating receptors expressed on NK 
cells. We quantified both the percent positive among 
NK cells and the mean fluorescent intensity (MFI) to 
determine the changes at both cell population and receptor 
density on per cell basis. We tested four NK activating 
receptors DNAX Accessory Molecule-1 (DNAM-1), 
Natural Cytotoxicity Triggering Receptor 1 (NCR1, also 
known as NKp46), NKG2D, and Killer Cell Lectin Like 
Receptor F1 (KLRD1, also known as NKp80) expression 
using flow cytometry. Surface expression of NKG2D 
was increased 12% by percent positive within among NK 
cells (p = 0.006) and 54% by MFI (p = 0.003) (Figure 
1A). However, NKp80 decreased 13% percent by MFI  
(p = 0.03), but not percent positive cells (p = 0.17). 
DNAM-1 and NKp46 were not significantly changed 
based on percent positive cells and MFI.

We next tested NK Group 2A (NKG2A), PD-1, and 
inhibitory isoforms of Killer Cell Immunoglobulin-Like 
Receptors, including KIR2DL1, KIR2DL2, KIR2DS4, 
KIR3DL1, and KIR2DL5 (Figure 1B). NK cell inhibitory 
receptors, such as Programmed Cell Death 1 (PD-1), play 
an important role in mediating tolerance [32]. Surface 
expression of KIR2DL1 was increased 16% (p = 0.11) and 
13% by MFI (p = 0.009). Surface expression of KIR2DL2 
was increased 11% by percent positive cells (p = 0.11) and 
18% by MFI (p = 0.01). Surface expression of KIR2DS4 
was increased 19% by percent positive cells (p = 0.07) 
and 12% by MFI (p = 0.04). Expressions of NKG2A, 
PD-1, KIR2DL5, and KIR3DL1 were not significantly 
altered by percent positive cells or MFI. In summary, 
while entinostat significantly increased surface expression 
of activating NKG2D, it also increased the expression of 
inhibitory receptors, including KIR2DL1, KIR2DL2, and 
KIR2DS4.
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Entinostat upregulates activating ligands on 
human tumor cells

We next sought to define the role of entinostat 
on two tumor cell lines, A-673 (Ewing sarcoma, Figure 
2A, 2B) and RD (Rhabdomyosarcoma, Figure 2C, 2D). 
These tumors were selected for their relative prevalence 
in pediatric patients and prior demonstration of sensitivity 
to NK cytotoxicity [33]. Following entinostat treatment, 
we evaluated ligands that are expressed on tumor cells and 
are known to activate or inhibit NK cell functions. This 
included activating ligands CD112, CD155, MHC I Chain-
related molecules A and B (MICA/B), and UL16-binding 

proteins (ULBP) [31]. We also analyzed the inhibitory 
ligands, Human Leukocyte Antigen Class-I (HLA), and 
Programmed death-ligand 1 (PD-L1). MICA and MICB 
are recognized by NKG2D, resulting in the activation of 
NK cells. Following exposure to entinostat, the surface 
expression of MICA/B in RD cells was increased 28% by 
percent positive among NK cells (p = 0.34) and 22% by 
MFI (p = 0.004) (Figure 2A–2D). Similarly, the ULBP 
family of ligands are also recognized by NKG2D and 
play critical to NK cell-mediated anti-tumor activity [34]. 
Expression of ULBP1 was increased 420% by percent 
positive among tumor cells (p = 0.008) and 43% by MFI 
(p = 0.03). ULBP2/5/6 was increased 69% by percent 

Figure 1: Entinostat upregulates the expression of activating and inhibitory human NK cell receptors. (A) Effect of 
entinostat on NK cell-activating receptors, including DNAM, NKp46, NKG2D, and NKp80. The total percent receptor-positive of the 
CD3ε−CD56+ NK cells and their Mean Fluorescent Intensity (MFI) normalized to DMSO control are shown. (B) Effect of entinostat on NK 
cell inhibitory receptors including NKG2A, PD-1, KIR2DL1, KIR2DL2, KIR2DS4, KIR2DL5, and KIR3DL1. Data are shown as percent 
receptor-positive of the CD3ε−CD56+ NK cells and their MFI normalized to DMSO control are shown. Data shown in A and B are obtained 
by treating purified NK cells with or without entinostat from five to seven healthy donors per group. Data presented are the mean ± SD. 
Statistical significance was calculated using a ratio paired t-test. *p < 005; **p < 0.01.
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positive among tumor cells (p = 0.04) and 17% by MFI 
(p = 0.13). ULBP3 was not significantly different when 
analyzed by either percent positive cells or MFI. These 
results demonstrate that entinostat differentially regulates 
the expression of activating ligands of NKG2D.

Distinct HLA Class-I molecules serve as the ligand 
for the NK cell inhibitory receptors, KIR, and NKG2A 
[31]. Expression of HLA was increased 7% by percent 
positive among tumor cells (p = 0.36) and 71% by MFI 
(p = 0.03) demonstrating a predominantly per cell effect 
of entinostat. CD155 and CD112 are ligands to the NK 
receptor DNAM and are upregulated in some tumors 
[35]. Expression of CD155 and CD112 did not change 
however increased on per cell basis (15 and 18% by MFI, 
respectively; p = 0.02, p = 0.03). PD-L1, the ligand for 
PD-1, has been studied in a large variety of cancers [36], 
and its expression increased 290% by percent positive  
(p = 0.006) and 33% by MFI (p = 0.01).

In summary, entinostat increased surface expression 
of MICA/B, ULBP1, ULBP2/5/6, HLA, CD155, CD112, 
and PD-L1 in RD. In A-673, MICA/B surface expression 

was increased 73% by percent positive (p = 0.21) and 
46% by MFI (p = 0.001) (Figure 2A–2D). ULBP1 was 
increased 216% by percent positive (p = 0.15) and 62% by 
MFI (p = 0.003). Expression of ULBP2/5/6, ULBP3, HLA, 
CD155, and CD112 was not significantly changed based 
on the percent of positive or MFI. However, expression 
of PD-L1 was increased 151% by percent positive cells  
(p = 0.06) and 30% by MFI (p = 0.02). In summary, 
entinostat increased surface expression of MICA/B, 
ULBP1, and PD-L1 in A-673. Collectively, entinostat 
significantly upregulated ligands for both activating and 
inhibitory NK receptors in both RD and A-673.

Entinostat augments cytotoxicity and cytokine 
production in an NK cell-intrinsic manner

Given entinostat augmented the expression of both 
activating and inhibitory receptors, it was unclear how this 
would influence the effector functions of NK cells. We, 
therefore, sought to define its effect on NK cell-mediated 
cytotoxicity and IFN-γ production. NK cell-mediated anti-

Figure 2: Entinostat upregulates activating ligands on human tumor cells. Ligands selected based on their known interaction 
with NK receptors include ULBP1, ULBP2,5,6, ULBP3, HLA, CD155, CD112, MICA/B, and PD-L1. Representative flow cytometry 
histograms of NK receptor ligands for (A) A-673 (Ewing Sarcoma) and (B) Effect of entinostat on A-673 as measured by percent positive 
of the CD3ε−CD56+ NK cells and by MFI normalized to DMSO control. (C) RD (Rhabdomyosarcoma) and (D) Effect of entinostat on RD 
as measured by percent positive CD3ε−CD56+ NK cells and by MFI normalized to DMSO control. Data shown in (A–D) are obtained by 
treating purified NK cells with or without entinostat from three healthy donors per group. Data presented are the mean ± SD. Statistical 
significance was calculated using a ratio paired t-test. *p < 005; **p < 0.01.
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tumor cytotoxicity was measured using flow cytometric 
analysis to quantify the cell surface expression of the 
surrogate marker, CD107a (Figure 3A, 3B). CD107a 
(LAMP1) is localized intracellularly within the cytotoxic 
granule-containing vesicles of NK cells and upon 
activation during the exocytosis of granzymes, CD107a 
molecules are brought to the cell surface [37]. The effect 
of entinostat on inflammatory cytokine production was 
assayed by quantifying the intracellular IFN-γ (Figure 3C, 
3D). We exposed both NK cells and tumors to entinostat 
prior to co-culture. Brefeldin-A (Golgi-plug) was added 
for the last 4 h of activation to prevent the secretion and 
to assess the intracellular IFN-γ. Pretreatment of both 
NK cells and tumor with entinostat prior to co-culture 
resulted in a 47% increase in CD107a-positivity against 
14% against A-673 (p = 0.003) and RD (p = 0.02). These 
independent pretreatments did not significantly alter 
the IFN-γ-positive NK cells against RD but with A-673 
resulted in an 18% increase (p = 0.057). MFI of IFN-γ 
staining in NK cells resulted in significant change with 
co-culture with neither RD nor A-673.

To determine whether NK cell or tumor contributed 
to this effect, we tested them with or without entinostat 
pretreatment. Entinostat pretreatment of NK cells 
subsequently co-cultured with untreated tumor cells 
resulted in a significant increase in NK cell CD107a-
positivity (42% vs. RD (p = 0.02) and 17% vs A-673 (p 
= 0.03)) (Figure 3A, 3B). The IFN-γ-positive NK cells 
increased by 62% vs. RD (p = 0.057) and no significant 
change against A-673. IFN-γ MFI of NK cells resulted 
in no significant change against RD or A-673 (Figure 
3C, 3D). Pretreatment of the tumor with entinostat and 
subsequent co-culture with untreated NK cells resulted in 
increased CD107a-positivity of NK cells was only 11% 
against RD (p = 0.02) and no significant change when 
co-cultured with A-673. The IFN-γ-positive NK cells 
did not significantly change against RD and resulted in 
a 7% decrease against A-673 (p = 0.045). IFN-γ MFI of 
NK cells resulted in no significant change against RD or 
A-673 (data not shown). These results suggest that the 
functional outcome of entinostat is primarily due to its 
effect on NK cells, as opposed to tumor cells, and that 
the most important effector function augmented is the NK 
cell-mediated cytotoxicity.

Entinostat alters the transcriptome of NK cells 
to augment their effector functions

Acetylation of histones is linked to genes that 
are poised to be transcribed or have been previously 
transcribed regions of chromatin. Since entinostat 
affects chromatin structure and gene accessibility, 
we hypothesized that both would be reflected in the 
quantitative and qualitative changes of the transcriptome 
when NK cells are treated with entinostat. To employ 
an unbiased approach to identify target genes regulated 

by entinostat, we performed transcriptome-wide RNA 
sequencing analyses. Purified human NK cells were 
treated with entinostat for 24 hours, and total mRNA 
was isolated, transcribed, and sequenced. Unsupervised 
principal-component analyses (PCA) revealed that the 
entinostat-treated NK cells possess a transcriptome 
that is distinct from the non-treated. The percentage 
variance on the dispersion matrix demonstrates clustering 
indicating consistency between samples (Figure 4A). 
We used statistical filtering (p < 0.05 DESeq2 Wald-
tests, Benjamini–Hochberg correction of treated versus 
non-treated) to identify genes that were significantly 
differentially expressed in the entinostat-treated vs. non-
treated NK cells (DMSO control).

Initial analyses indicated that entinostat induced a 
broad transcriptomic alteration in the NK cells. Compared 
to the DMSO control, entinostat-treated NK cells contained 
5395 genes that were differentially expressed (false 
discovery rate (FDR) < 0.05). Of the genes differentially 
expressed, 2503 were elevated, and 2892 were decreased 
(Figure 4A). Overall, the expression of a larger number 
of genes was augmented in the entinostat-treated NK cell 
group (Figure 4B and Supplementary Figure 2). After 
normalizing the level of each transcript in the entinostat-
treated to non-treated NK cells, we plotted all the genes 
using the volcano plots, demonstrating the global change in 
the transcriptomic profile (Figure 4C). The orange/red dots 
represent genes that are significantly increased, while the 
aqua/ dark blue dots represent genes that are significantly 
decreased in entinostat-treated NK cells compared to the 
untreated counterparts. Several key transcripts, including 
IFIT1, TMEM173 (STING), STAT4, IRF1, IFNG, and 
GZMB, were present at a higher level in entinostat treated 
compared to non-treated NK cells (Figure 4C).

Incubation of NK cells with entinostat resulted 
in a broad spectrum of alterations in gene expression. 
Based on the RNA-seq data, we identified the top 80 
genes whose transcript levels were augmented and 
bottom 20 transcripts that were down-regulated following 
entinostat treatment (Figure 4D). These transcripts 
represented a wide variety of cellular functions. This 
included transcription factors (GATA6, CRIP2, TOX2, 
HES7, POU3F3), Chromatin remodeling (SMARCA1, 
LMCD1), molecules involved in glycosylation/acetylation 
(GPC5, B4GALNT4, B4GALNT1, NAT8L), metabolism 
(CYP4F22, INSRR, GAD1), and genes involved in cell 
division and differentiation (KIF5A, TSPAN7, LTK, MAP7, 
NKD2, YPEL4, HOXB6, HOXA5, HOXA11, L1CAM, 
NGFR). The transcripts that are downregulated included 
Transcription termination factor 2 G (TTF2), Stablin1/2 
(STAB1/2), Phospholipase A2 G-VII (PLA2G7), and 
Granulocyte-macrophage colony-stimulating factor 
(CSF2). Collectively, these results indicate that inhibition 
of histone deacetylases by entinostat causes considerable 
alterations in the expression of genes that are involved in 
growth arrest, differentiation, and cell metabolism.
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Entinostat enriches genes governing effector 
functions of NK cells

To identify the unique pathways that were initiated 
in NK cells by entinostat-treatment, we utilized the Gene 
Set Enrichment Analysis (GSEA). Curated gene sets 
from the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) including Cell Adhesion Molecules (CAM), 

Natural Killer Cell-Mediated Cytotoxicity (NKCMC), 
Interferon Gamma Signaling (IGS), and Regulation of 
Actin Cytoskeleton (RAC) from Reactome were identified 
(Figure 5A) [38]. Normalized enrichment scores (NES) 
were calculated against mean enrichment scores of 
random gene-set samples of the same size. CAM gene set 
consists of 121 genes and was elevated in the treatment 
group with an NES of 2.01 (FDR = 0.005). Entinostat 

Figure 3: Entinostat augments cytotoxicity and cytokine production in an NK cell-intrinsic manner. (A) Effect of 
entinostat pretreatment on NK degranulation as measured by surface CD107a after 6-hour coculture with an Ewing sarcoma tumor line (A-
673). Each scatter plot represents a single tumor pretreatment condition, either DMSO or entinostat. (B) Effect of entinostat pretreatment 
on NK degranulation as measured by surface CD107a after 6-hour coculture with a rhabdomyosarcoma cell line (RD). Each scatter plot 
represents a single tumor pretreatment condition, either DMSO or entinostat. (C) Effect of entinostat pretreatment on intracellular IFN-γ 
production following 6-hour coculture with A-673. Each scatter plot represents a single tumor pretreatment condition, either DMSO or 
entinostat. (D) Effect of entinostat pretreatment on intracellular IFN-γ production following 6-hour coculture with RD. Each scatter plot 
represents a single tumor pretreatment condition, either DMSO or entinostat. Data shown in (A–D) are shown as percent positive cells 
obtained by treating purified NK cells from five to seven healthy donors per group. Blue and orange dots display NK pretreatment with 
DMSO and entinostat, respectively. Degranulation and IFN-γ production experiments were analyzed using one-way ANOVA with Geisser-
Greenhouse correction of the four different experimental comparisons. Post hoc analysis of each pair of experimental comparison was 
completed using the paired t-test. *p < 005; **p < 0.01.
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treatment upregulated NCAM1 (CD56) and CD226 
(DNAM-1), indicating its direct effect on NK cell-specific 
adhesion and activation receptors (Figure 5B). Although 
the transcript level of DNAM-1 increased, we did not 
observe any corresponding increase in our flow analyses 
(Figure 1A). This increase in the transcript levels of 
Besides, several genes encoding cell adhesion molecules 
were either upregulated (CD58/LFA3, SIGLEC1, ALCAM, 

ICAM2, PECAM1/CD31 and integrins ITGAV/αV, ITGB1, 
ITGB7, ITGAM/αM) or downregulated (MADCAM1, 
CD4, CD6/Scavenger receptor cysteine-rich, ICAM3, 
ICAM1, JAM3). Other genes elevated in this pathway by 
FDR include L1CAM, HLADMB, HLADMA, and NRXN2 
(Figure 5B).

NKCMC gene set includes 118 genes increased 
in the entinostat-treated group with an NES of 1.72 

Figure 4: Entinostat alters the transcriptome of NK cells to augment their effector functions. (A) Principal Component 
Analysis (PCA) plot displaying variance attributed to the entinostat-treated and control DMSO-treated groups. (B) Venn diagram with the 
absolute number of genes in the transcriptome that are up-regulated (2503) or down-regulated (2893). (C) Volcano plot demonstrating 
overall changes in the transcriptome with genes of FDR < 0.05 and Log2fold-change > 1 in red. The orange/red dots represent genes that 
are significantly increased, while the aqua/dark blue dots represent genes that are significantly decreased in entinostat-treated compared to 
the corresponding DMSO-treated human NK cells. (D) Heatmap displaying the top 80 and bottom 20 genes by FDR in the transcriptome. 
Data shown are obtained by treating purified NK cells from three healthy donors per group.
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(FDR = 0.005). (Figure 5C). Since the NK cell-mediated 
cytotoxicity is vital in clearing solid tumors and given 
entinostat augments this effector function, we further 
explored the NKCMC gene set (Figure 5C). Transcripts 
encoding a number of cell surface receptors including 
inhibitory receptors were increased They are, KIR2DL1 
(CD158A), KIR2DL3 (CD158B2), KLRC1 (NKG2A, 
CD159A), KIR3DL1 (NKB1, CD158E), and KIR2DL4 
(CD158D); activating receptors: KLRC2 (CD159C, 
NKG2C), KLRC3 (NKG2E), KLRK1 (NKG2D, CD314), 
CD244 (2B4), KLRD1 (KP43, CD94), NCR3 (NKp30, 
CD337), FCRG3A (FCG3, CD16A), and KIR2DS4 
(CD158I); and apoptosis-related receptors: TNFRSF10A 
(DR4, CD261, TRAIL-R1), TNFRSF10B (DR5, 
CD262, TRAIL-R2), and TNFRSF10D (DcR2, CD264, 

TRAIL-R4). The increase in the transcripts encoding 
KIR2DL3, KIR3DL1, NKG2D, and KIR2DS4 were 
consistent with the increase in their protein expression 
(Figure 1A and 1B). However, the protein expression 
level of NKG2A did not show any increase in the flow 
cytometry analyses following entinostat treatment (Figure 
1B). Importantly, the NKCMC gene set also contained 
an augmented expression of central signaling molecules 
(SYK, FYN, LCK, PIK3CA/PI (3) K-p85α, PIK3CB/PI 
(3) K-p110β, PIK3CG/PI (3) K-p110γ, PLCG2/PLC-γ2, 
SOS1, VAV3, ZAP70, MAPK3/ERK1). Molecules involved 
in the cytotoxic functions of NK cells such as GZMB 
(granzyme-B), PRF1 (perforin), IFNG (Interferon-γ), and 
TNF (TNF-α) were also increased following entinostat 
treatment (Figure 5C). Transcripts encoding effector 

Figure 5: Exposure to entinostat increases the expression of gene-sets involved in the effector functions of NK cells. (A) 
Gene Set Enrichment Analysis (GSEA) results displayed according to the pathway with FDR, normalized enrichment score, and size of 
the gene set. Normalized enrichment score (NES) analyses revealed enrichment of gene-sets involved in cell adhesion, NK cell-mediated 
cellular cytotoxicity, IFN-γ-mediated signaling, and actin-cytoskeletal remodeling. Enrichment score were normalized to mean enrichment 
of random samples of the same size within the RNA-seq data. (B) Gene-set associated with NK cell adhesion are shown. Heatmap displaying 
genes with FDR < 0.05 associated with cell adhesion. (C) Heatmap displaying genes with FDR < 0.05 of NK Cell Cytotoxicity gene set. 
Gene-set associated with the cytotoxic functions of NK cells are shown. (D) Heatmap displaying genes with FDR < 0.05 of IFN-γ-mediated 
signaling-related gene set. Gene-set associated with IFN-γ-mediated signaling are shown. (E) Heatmap displaying genes with FDR < 0.05 
of gene-set related to cytoskeletal reorganization. Gene-set associated with the actin-based cytoskeletal reorganization are shown. Data 
shown are obtained from RNA-Seq analyses of NK cells from three healthy donors with or without entinostat treatment.



Oncotarget1807www.oncotarget.com

molecules such as GZMB, PRF1, IFNG, and TNF were 
also increased following treatment with entinostat.

NK cells produce IFN-γ, which can function as 
an autocrine in promoting the cell-survival effector 
functions. The Reactome IGS gene set includes 61 genes 
and increased in the treatment group with an NES of 1.62 
(FDR = 0.005) (Figure 5D). As predicted, several genes 
encoding Major Histocompatibility Complex (MHC) 
proteins were upregulated through in this pathway 
following entinostat treatment. This included HLA-DP, 
HLA-DQ, HLA-G, HLA-K, HLA-A, HLA-B, HLA-F, 
HLA-DQ, CIITA, B2M, and HLA-DR. Other genes 
elevated in this pathway by FDR include genes encoding 
signaling proteins that are downstream of IFN-γ receptor 
such as JAK1, IRF5, IRF3, IRF1, and IRF6. Actin-based 
cytoskeletal remodeling and adhesion are essential cellular 
processes involved in the effector functions of NK cells. 
The RAC gene set consists of 198 genes and was enriched 
in the treatment group with an NES of 1.61 (FDR = 
0.005). The genes elevated in this pathway by FDR 
include cytoskeleton-associated proteins such as DOCK1, 
ROCK2, PXN, IQGAP2, IQGAP1, MYL9, and WASL 
(Figure 5E). These findings reveal that the increased 
effector functions of NK cells induced by entinostat are 
mediated through a complex mechanism than a mere 
upregulation of NK cell-activating receptors. Collectively, 
these results demonstrate that pretreatment of NK cells 
with entinostat potentiates NK cells to a heightened state 
of activation.

Epigenetic upregulation of IFIT1 by entinostat

Next, we sought to identify the transcription factors 
(TF) that govern the outcome of entinostat treatment. 
Towards this, we performed GSEA on the TF motifs 
of gene sets from the Molecular Signatures Database 
[38, 39]. Notable TF motifs that were significantly 
elevated included: Interferon-induced proteins with 
tetratricopeptide repeats-1 (IFIT1), Signal Transducer 
and Activator of Transcription 4 (STAT4), and Interferon-
Regulatory Factor (IRF) (Figure 5A). Among these, 
the IFIT1-related genes are primarily induced by Type-
1 IFNs (IFN-α and IFN-β). IFITs constitute a major 
gene-set among the Interferon-stimulated genes (ISGs). 
An earlier study has identified genes associated with 
an IFIT1 pathway by knocking down its gene using an 
RNAi screen in a human macrophage-like cell line, THP1 
[40]. Using this as a reference gene-set, we identified the 
transcripts that are altered in human NK cells following 
entinostat treatment from our RNA-Seq analyses (Figure 
6A). This gene set included 185 genes and was enriched 
with an NES of 1.48 (FDR = 0.005). We found that the 
expression of multiple IFIT-related genes is augmented 
including IFITM3, OASL, IFIH1, IFI44L, IFIT2, IFIT3, 
OAS1, IFIT1, IFI27, IFITM1, and IFITM2. Notably, IRF1 
was also included in this gene set. Moreover, entinostat 

also augmented the transcription factors that regulate 
the functions (NFE2L3/NRF3, STAT4) or development 
(NFIL3/E4BP4) of NK cells. It is important to note that 
this pathway also revealed that NK cell activation receptors 
CD70 (TNFSF7) and CD38 (ADP-Ribosyl Cyclase-1) 
were increased following treatment. Irrespective of the 
global increase in the increase in the IFIT-related genes, 
the transcript levels of two IFIT-related genes such as 
OAS2, IFIH1, and ISG15 were reduced (Figure 6A). One 
of the explanations for this effect of the entinostat could 
be the differential methylation of the genes. For example, 
earlier studies have shown that the mRNA levels of OAS2 
significantly correlated with number (11 CpG sites) and 
specific place (CpG site#1) [41].

Since entinostat modulates histone acetylation, 
we next assessed the chromatin structure. We performed 
ATAC sequencing on the same samples used for the bulk 
RNA-Seq. ATAC-seq revealed 6374 areas of differentially 
accessible chromatin (DAC) in the entinostat-treated 
group, of which 3671 were associated with protein-coding 
genes (Figure 6B). Three hundred and eighty-nine areas 
of DAC were less than 1000 bp from a transcription start 
site. Of these 389 DACs, 135 were associated with genes 
also differentially expressed in the RNA-Seq analysis 
Supplementary Figure 3. If entinostat increases NK cell-
mediated cytotoxicity through modulating chromatin 
structure, we reasoned that the primary regulators of this 
phenotype would be within this list of 135 genes (Figure 
6C). Further filtering of these 135 genes using absolute 
Log2fold-change higher than two from the RNA-Seq 
data reduced the list to six candidate genes (Figure 6D). 
This included IFIT1 (Interferon-induced protein with 
tetratricopeptide repeats-1), ZBED3 (Zinc Finger BED 
type-containing-3), TRPC1 (Transient receptor potential 
cation channel, subfamily C-1), KIF5C (Kinesin Family 
Member 5C), CXXC4 (CXXC Finger Protein 4 or IDAX) 
and GPC5 (Glypican Proteoglycan 5). Each gene was 
investigated for its potential involvement in signaling 
relevant to NK cells. Collectively, the GSEA analyses 
and the ATAC-Seq identifies induction of IFIT1 as one 
of the potential mechanistic links between entinostat 
and the increase in NK cell-mediated effector functions. 
Interferon-induced IFIT1 is primarily studied for its role 
in antiviral activity in non-immune cells [42]. Previous 
studies of IFIT1 describe its role in potentiating the 
STING/TBK1 complex [43]. Our results confirm this 
potentiation with TMEM173 (STING) (FDR < 0.05) and 
TBK1 (FDR < 0.05).

To further validate its role in regulating IFIT1 
expression, we incubated purified human NK cells with 
entinostat for 24 hours and analyzed the cell lysate for 
the changes in protein expression. We found a significant 
increase in the protein quantity of IFIT1 and its downstream 
effector STING (Figure 6E, 6F). For DAC to result in 
increased gene expression, required transcription factors 
must be present. Transcription factors for IFIT1 include 
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AML1a, ATF6, GATA-1, IRF9, POU3F2, NFIL3, and 
BCL6. Of these, IRF9 had a high number of fragments per 
kilobase million (FPKM) (mean = 174; Standard deviation 
= 21) as calculated by the FPKM function in DESeq2. 
Treatment of NK cells with entinostat also augmented the 
transcript levels of BCL6 (Figure 4D) and NFIL3 (E4BP4) 
(Figure 6A). Thus, it is possible that IFIT1 expression is 
regulated either by direct or indirect action of entinostat.

Epigenetic upregulation of STAT4 and IRF1/6 by 
entinostat

In addition to IFIT1-related genes, we found that 
target genes of STAT4 and IRF1/6 were significantly 

poised following entinostat treatment. The STAT4 target 
gene set consists of 266 genes and was enriched with an 
NES of 1.36 (FDR = 0.009). The top 10 genes elevated 
in this pathway by FDR include NCAM1 (CD56), CD109 
(TGF-β1 co-receptor), CLOCK (BHLHE8), RUNX2 
(CBF-α1), SATB1, POU4F1, PCDH1, ABCB1, HOXB3, 
and PRKCB (Figure 7A). IRF1, IRF5, and IRF7 can 
induce the expression of IFIT and IFITM proteins in the 
absence of viral infections. The IRF target set consists of 
242 genes and was enriched with an NES of 1.28 (FDR 
= 0.05). The top 10 genes elevated in this pathway by 
FDR include CXCR4, CIITA, SAT1, IFIT2, B2M, ITGB7, 
FCGR2C, FGF9, HOXB3, and FCGR2B (Figure 7B). 
Additionally, the transcripts of the TF genes themselves 

Figure 6: Transcriptomic alterations of IFIT1-associated genes and epigenetic upregulation of IFIT1 by entinostat. (A) 
Gene-expression heatmap of genes associated with IFIT1. Heat map showing genes that are altered in human NK cells following entinostat 
treatment. Differentially expressed gene-set shown was obtained by comparing RNA-Seq of human NK cells treated with or without 
entinostat with the previously published gene-set obtained from IFIT1 knockdown in THP1 cells [40]. (B) Venn diagram showing filtering 
of raw (6374) ATAC peaks by protein-coding genes (3671), association with transcription start site (389), and FDR < 0.05 in RNAseq data 
(135). (C) Gene-expression heatmap of the top 30 genes by log2fold-change identified as areas of increased chromatin accessibility using 
ATAC-Seq and had an FDR < 0.05 in the RNAseq. (D) ATAC peaks showing the area of increased chromatin accessibility associated with 
genes with transcriptome log2fold-change greater than two using Integrative Genomics Viewer. Y-axis displays transposase accessibility. 
Peaks are shown about the genomic location of the promoter region (black box) of the respective gene. (E) Western blot analyses of IFIT1, 
STING, and β-actin with or without entinostat treatment. One representative western blot is shown out of three independent experiments. 
(F) Data presented are the mean ± SD three independent western blots. Statistical significance was calculated using a ratio paired t-test 
from three independent experiments.
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were significantly elevated including STAT4 (Log2FC = 
1.2), IRF1 (Log2FC = 0.6), and IRF6 (Log2FC = 1.7). To 
confirm the increased activation of STAT4 at a protein 
level, purified NK cells were incubated with entinostat 
for 24 hours, and their lysates were analyzed by Western 
blot. Membranes were probed with antibodies specific 
for phosphorylated and total STAT4. Our data show an 
increase in total STAT4 protein (Figure 7C, 7D). TF gene 
set enrichment coupled with significantly elevated TF 
transcripts strongly suggests a role for STAT4, IRF1, and 
IRF6 downstream of entinostat-mediated transcriptomic 
alteration in NK cells. Consistent with the co-culture 
cytotoxicity data, these entinostat-induced transcriptomic 
changes were marked by pathways associated with NK 
cell activation and function. Based on these results, we 
conclude that STAT4, IRF1, and IRF6 may be the key 
mediators of entinostat-induced NK cell activation.

DISCUSSION

NK cell-based immunotherapy is a promising 
therapeutic option for high-risk solid tumors [44]. 
However, NK cell immunotherapy in its current state 
has limitations, including decreased effector activity 
in the suppressive tumor microenvironment and lack of 
persistence in the patient body. HDACi have proven 
clinical efficacy in cancer therapy [1] and have been shown 
to augment the anti-tumor functions of NK cells [28, 45]. 
However, the mechanism of action of HDACi in effector 
lymphocytes remains elusive. In this study, we evaluated 
entinostat as an agent to pharmacologically activate 
human primary NK cells. Entinostat is a Class I HDAC 
inhibitor and ideal for investigating due to its specificity 
and favorable safety profile in both Phase I and Phase II 
trials [46]. We identify that the treatment of NK cells with 
entinostat initiate an IFIT1-STING-STAT4 innate pathway. 
The existence of this pathway in NK cells provides novel 
insights into the mechanism of action of entinostat.

Effector functions of NK cells are coordinated by 
activating and inhibitory receptors. NKG2D is a primary 
activating receptor expressed in a majority of human 
NK cells. NKG2D recognizes ‘stress-induced’ ligands 
expressed on tumor cells that include MIC-A, MIC-B, and 
ULBPs. Therefore, we analyzed changes in activating and 
inhibitory receptors on NK cells and ligands on tumor cells 
following entinostat treatment. We treated primary NK 
cells and two tumor cell lines, RD (rhabdomyosarcoma) 
and A-673 (Ewing sarcoma) with entinostat. Our results 
identified upregulation of both activating and inhibitory 
receptors and ligands. This finding was consistent with 
prior studies showing NKG2D upregulation on NK 
cells [27] and NK receptor ligands on tumor cells [47, 
48]. Entinostat upregulated the expression of NKG2D. 
Independently, entinostat augmented the expression of 
ULBP1, HLA, and MICA/B on both rhabdomyosarcoma 
and Ewing sarcoma cell lines. Next, we co-cultured NK 

cells and tumor cells and measured degranulation and 
IFN-γ production following treatment with entinostat. We 
found a marked increase in NK cell effector functions after 
treatment with entinostat, consistent with prior literature 
evaluating NK cell degranulation [28].

To define its mechanism of action, we hypothesized 
that the mechanism of action of entinostat would involve 
epigenetic upregulation of one or more genes which would 
enable the NK cell to alter its transcriptomic profile. We 
utilized a combination of RNA-seq and ATAC-seq. We 
found a considerable change in the overall transcriptomic 
profiles of NK cells treated with entinostat. It is important 
to note that the concentrations of entinostat used in our 
study did not cause apoptosis of the human NK cells. 
This is further validated by the absence of upregulation of 
apoptosis-related genes in our RNA-seq data. Data from 
ATAC-seq further validated the upregulation of IFIT1 
as the underlying mechanism of the entinostat-induced 
cytotoxic NK cell phenotype. IFIT1 is an interferon-
stimulated gene previously studied primarily for its role in 
the antiviral response [42]. Additionally, IFIT1 is known 
to stabilize the STING/TBK1/MAVS complex [43]. Part 
of this complex, MAVS, has been shown to regulate NK 
cell maturation [49]. This complex facilitates the increased 
expression of IRF1 [50], which is an essential mediator 
of the downstream interferon response. IRF1 is known to 
bind to the promoter region of STAT4, which is a crucial 
regulator of IFN-γ production in NK cells [51].

Our results also corroborate previous studies that 
demonstrated a consistent increase of NK cell receptor 
ligands on tumor cells [47, 48]. The increase in ligand 
expression on tumor cells when exposed to HDACi has 
been well validated in the literature; however, its exact 
mechanism has yet to be ascertained [28]. If the effect of 
entinostat on other cell types is also to facilitate increased 
IFIT1 expression, then a novel mechanism for its observed 
antitumor effect emerges. In other cells, IFIT1 is involved 
in the toll-like receptor (TLR) pathway and is thus critical 
in the antiviral response. During a viral infection, IFIT1 
is an essential positive regulator of type I interferon 
production. It is possible that this mechanism explains the 
increase in NK-receptor ligand on tumor cells seen in this 
study and the subsequent increase in sensitivity to killing. 
Further evidence for this is that IRF1 expression in tumor 
cells is required for NK-mediated tumor lysis [52].

The results of this study have implications both for 
NK cell biology and clinical medicine. This is the first time 
a role for IFIT1-mediated regulation of effector functions 
has been described in NK cells. IFIT1 has previously been 
described as a vital signal mediator exclusive to type I 
interferon signaling. Our model suggests a role for IFIT1 
in activating NK cells via STAT4. Previously, HDACi 
has been understood to exert its antineoplastic effects via 
ligand upregulation on tumor cells. Our results confirm 
this effect but also suggest an additional role inducing an 
anti-tumor phenotype in NK cells.
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Figure 7: Transcriptomic alterations of target genes of STAT4 and IRF1 by entinostat. (A) Heatmap of target genes STAT4. 
Heatmap displaying genes with FDR < 0.05 of genes targeted by STST4. (B) Heatmap of target genes IRF1. Heatmap displaying genes 
with FDR < 0.05 of genes targeted by IRF1. (C) Western blot analyses of pSTAT4 and STAT4 with or without entinostat treatment. One 
representative western blot is shown out of three independent experiments. (D) Specific activation of STAT4 was calculated by quantifying 
the ratio between β-actin (Figure 6) and phospho-STAT4, phospho-STAT4 and total STAT4, and total STAT4 and β-actin. Western blot 
analyses shown in Figures 6 and 7 were done at the same time in the same gel. Data presented are the mean ± SD. Statistical significance 
was calculated using a ratio paired t-test from three independent experiments.
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These results have potential implications for NK 
cell-mediated immunotherapy in the clinic. Historically, 
methods to activate NK cells in vivo have been effective, 
but have also induced toxic side effects in patients [53]. 
Furthermore, while approaches such as cytokine activation 
can assist in the augmentation of immunotherapy 
responses, its effect is limited to the cellular side of this 
treatment. Entinostat is an FDA-approved medication 
with tolerable side effects [51]. Our results confirm its 
effectiveness as both an inducer of NK effector functions, 
but also as an approach to make solid tumors more 
visible to the immune system by increasing tumor antigen 
expression. This dual mechanism should be explored as a 
potential treatment for solid tumors in the development of 
prospective clinical trials.

MATERIALS AND METHODS

Primary NK cell isolation

De-identified healthy human peripheral blood 
samples were obtained from volunteer donors from the 
Versiti (Milwaukee, WI). Lymphocytes were enriched 
using Lymphoprep (STEMCELL Technologies, 
Vancouver, Canada) and NK cells were isolated to the 
purification of ~95% using EasySep (STEMCELL 
Technologies, Vancouver, Canada). After isolation, NK 
cells were cultured in RPMI 1640 with 10% FBS, 1% 
penicillin and streptomycin, 1% sodium pyruvate, and 100 
IU/mL IL-2. NK cells were immediately separated into 
1% DMSO vehicle control and 1% DMSO with 0.5 µM 
entinostat. After 24 hours of incubation, NK cells were 
either analyzed directly using flow cytometry or used for 
degranulation assay.

Tumor cell lines

The A-673 (Ewing sarcoma) and RD 
(rhabdomyosarcoma) tumor cell lines were purchased from 
ATCC (Rockville, MD). A-673 and RD were maintained 
in tumor media of Dulbecco’s Modified Eagle’s Medium 
containing 10% FBS. Tumor cells were suspended using 1 
mM EDTA in PBS. They were then resuspended in tumor 
media and separated into two groups, 1% DMSO vehicle 
control and 1% DMSO with 0.5 µM entinostat. After 24 
hours of incubation, cells were resuspended using 1 mM 
EDTA in PBS, and either analyzed immediately using flow 
cytometry or used for degranulation assays.

Degranulation assay and IFN-γ production

After 24 hours of incubation with entinostat or 
vehicle, NK cells and tumor cells were cocultured in 
a 1:1 ratio for 6 hours in NK cell media as described 
above. Intracellular staining for IFN-γ was completed 
as previously described [54] and analyzed along with 
extracellular CD107a using flow cytometry.

Flow cytometry

Flow cytometry analyses were conducted in LSR-II 
(BD Biosciences, San Jose, CA) or MACSQuant Analyzer 
10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and 
analyzed with FlowJo software (FlowJo LLC, Ashland, 
OR). Fixation/Permeabilization Solution Kit was used 
for intracellular staining according to the manufacturer’s 
protocol (BD Biosciences, San Jose, CA). The following 
antibodies were used in this study: DNAM-1 (11A8), 
NKp80 (5D12), CD155 (SKII.4), CD112 (TX31), CD107a 
(H4A3), CD3 (UCHT1) (BioLegend, San Diego, CA), 
Violet Fluorescent Reactive Dye, NKG2D (1D11), PD-1 
(MIH4), HLA (W6/32), MICA/B (6D4), PD-L1 (MIH1), 
IFN-γ (4S. B3) (Invitrogen, Thermo-Fisher Scientific, 
Waltham, MA), NKG2A (REA110), KIR2DL1 (REA284), 
KIR2DL2 (DX27), KIR2DS4 (JJC11.6), KIR3DL1 
(DX9), KIR2DL5 (UP-R1), CD56 (AF12-7H3) (Miltenyi 
Biotec, Bergisch Gladbach, Germany), NKp46 (195314), 
ULBP1 (170818), ULBP2,5,6 (165903), and ULBP3 
(166510) (R&D Systems, Minneapolis, MN). Data were 
acquired using a MACSQuant Analyzer 10 (Miltenyi 
Biotec, Bergisch Gladbach, Germany) and analyzed using 
FlowJo software (Ashland, OR).

RNA sequencing

Total RNA was extracted by Trizol from NK cells 
exposed to entinostat and DMSO for 24 hours. (n = 3 per 
group), followed by poly-A-purification, transcription, and 
chemical fragmentation using Illumina’s TruSeq RNA library 
kit (Illumina, Inc., San Diego, CA). Individual libraries were 
prepared for each sample, indexed for multiplexing, and then 
sequenced on an Illumina HiSeq2500. Transcript fragments 
were aligned to GRCh37 and quantified using Salmon 
[55]. Libraries were normalized, and differential gene 
expression analysis was conducted using DESeq2 [56]. Log 
fold-change shrinkage was completed using apeglm [57]. 
Fragments per kilobase million (FPKM) were calculated 
using the Fragments Per Kilobase of transcript per Million 
(FPKM) mapped reads. In RNA-Seq function in DESeq2 
[56]. Gene set enrichment analysis was performed using Fast 
Gene Set Enrichment Analysis [58] using curated pathways 
from the Molecular Signatures Database (MSigDB) [38, 59–
61]. Normalized enrichment score (NES) was calculated by 
using a mean enrichment score of random transcripts of the 
same size gene-set.

Assay for Transposase Accessible Chromatin 
(ATAC) sequencing

DNA was extracted from the same samples that were 
utilized in the RNA-Seq experiment. Sample preparation 
was completed as previously described [62]. Sequence 
adapter trimming, alignment to the human genome, and 
post-alignment quality control were conducted using the 
ENCODE ATAC-seq analysis pipeline [63, 64]. Regions of 
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chromatin accessibility were detected using three biological 
replicates of each treatment using Genrich [65]. Accessible 
regions of the genome that were only present within the 
treatment group were obtained by subtracting regions present 
within the control from the treatment group using BEDTools 
[66]. Accessibility peaks were annotated using Homer [67]. 
These annotated accessibility peaks were filtered to only 
include a protein-coding feature and feature less than 1000 
bp from a transcription start site. Visualization of peaks 
utilized Integrative Genomics Viewer [68].

Western blot

NK cells were isolated from three normal human 
donor buffy coats and exposed to entinostat and DMSO 
for 24 hours. Whole NK cells were lysed using RIPA 
buffer (20 mmol/L Tris HCl, pH 8.0, 150 mmol/L NaCl, 1 
mmol/L disodium EDTA, 1 mmol/L EGTA, 2.5 mmol/L 
sodium pyrophosphate, 1 mmol/L β-glycerophosphate, 
1% triton-X100) plus Halt protease/phosphatase inhibitor 
cocktail (ThermoFisher Scientific). Protein concentration 
was measured by BCA assay (ThermoFisher Scientific). 
Twenty micrograms of protein were run on 4% to 15% SDS-
PAGE Precast TGX gels (Bio-Rad) and transferred to PVDF 
membranes (Bio-Rad, Hercules, CA). The membrane was 
blocked in TBS (pH 7.4) plus 0.1% Tween-20 and 5% bovine 
serum albumin, incubated overnight at 4°C with 1:2000 
diluted antibodies. Antibodies used included TMEM173/
STING (D2P2F), STAT4 (C46B10), pSTAT4 (D2E4) 
(Cell Signaling Technology, Danvers, MA), and IFIT1 
(polyclonal) (Invitrogen, Thermo-Fisher Scientific, Waltham, 
MA). Membranes were incubated with goat anti-rabbit IgG 
(H+L)-HRP conjugated antibodies, washed with TBST, and 
developed with SuperSignal West Dura Extended Duration 
reagent (ThermoFischer Scientific) for chemiluminescence 
detection. Resulting bands were quantified and normalized 
to total protein using ImageJ software.

Statistical analysis

Effect of entinostat on NK cells and tumor alone 
was analyzed using a ratio paired t-test. Degranulation 
and IFN-γ production experiments were analyzed using 
one-way ANOVA with Geisser-Greenhouse correction 
of the four different experimental comparisons. Post hoc 
analysis of each pair of experimental comparison was 
completed using the paired t-test. All statistical analysis 
was completed using GraphPad Prism 7 (San Diego, CA).

Author contributions

M.S.T, S.M, J.M., and N.J.S. conceived the study, 
designed experiments, and analyzed data. J.I. and S.L. 
designed experiments, performed experiments, and 
analyzed data. R.B. and J.I. analyzed transcriptomic 
and ATAC-seq data. J.I., M.S.T, and S.M. wrote the 
manuscript. All authors edited final manuscript.

ACKNOWLEDGMENTS

We thank Lucia Sammarco and her Lulu’s 
Lemonade Stand for inspiration, motivation, and support. 
We thank Emily Reese for technical assistance.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

FUNDING

This work was fully supported by the Midwest 
Athletes Against Childhood Cancer (MACC) Fund/
Children’s Hospital of Wisconsin Retreat Grant (N.J.S., 
J.K., M.S.T.). This work was also supported in part by 
NIH R01 AI102893 (S.M.) and NCI R01 CA179363 (S.M. 
and M.S.T.); Alex’s Lemonade Stand Foundation (S.M.); 
Alex’s Lemonade Stand/Northwestern Mutual Young 
Investigator Grant (N.J.S); HRHM Program of MACC 
Fund/Children’s Hospital of Wisconsin (S.M.); Nicholas 
Family Foundation (S.M.); Gardetto Family Endowed 
Chair (S.M.); MCW-Cancer Center-Large Seed Grant 
(S.M. and M.S.T.); Ann’s Hope Melanoma Foundation 
(S.M. and M.S.T.); Advancing Healthier Wisconsin 
Grant (S.M.), and the David A. Margolis Chair in BMT 
Endowment Fund (M.S.T).

REFERENCES

 1. Eckschlager T, Plch J, Stiborova M, Hrabeta J. Histone 
Deacetylase Inhibitors as Anticancer Drugs. International 
Journal of Molecular Sciences. 2017; 18:1414. https://doi.
org/10.3390/ijms18071414. [PubMed]

 2. Ceccacci E, Minucci S. Inhibition of histone deacetylases 
in cancer therapy: lessons from leukaemia. British Journal 
of Cancer. 2016; 114:605–11. https://doi.org/10.1038/
bjc.2016.36. [PubMed]

 3. Tang F, Choy E, Tu C, Hornicek F, Duan Z. Therapeutic 
applications of histone deacetylase inhibitors in sarcoma. 
Cancer Treat Rev. 2017; 59:33–45. https://doi.org/10.1016/j.
ctrv.2017.06.006. [PubMed]

 4. Suraweera A, O'Byrne KJ, Richard DJ. Combination 
Therapy With Histone Deacetylase Inhibitors (HDACi) for 
the Treatment of Cancer: Achieving the Full Therapeutic 
Potential of HDACi. Front Oncol. 2018; 8:92. https://doi.
org/10.3389/fonc.2018.00092. [PubMed]

 5. Jona A, Khaskhely N, Buglio D, Shafer JA, Derenzini E, 
Bollard CM, Medeiros LJ, Illes A, Ji Y, Younes A. The 
histone deacetylase inhibitor entinostat (SNDX-275) induces 
apoptosis in Hodgkin lymphoma cells and synergizes with 
Bcl-2 family inhibitors. Exp Hematol. 2011; 39:1007–17.e1. 
https://doi.org/10.1016/j.exphem.2011.07.002. [PubMed]

 6. Duque-Afonso J, Yalcin A, Berg T, Abdelkarim M, 
Heidenreich O, Lubbert M. The HDAC class I-specific 
inhibitor entinostat (MS-275) effectively relieves epigenetic 

https://doi.org/10.3390/ijms18071414
https://doi.org/10.3390/ijms18071414
https://www.ncbi.nlm.nih.gov/pubmed/28671573
https://doi.org/10.1038/bjc.2016.36
https://doi.org/10.1038/bjc.2016.36
https://www.ncbi.nlm.nih.gov/pubmed/26908329
https://doi.org/10.1016/j.ctrv.2017.06.006
https://doi.org/10.1016/j.ctrv.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28732326
https://doi.org/10.3389/fonc.2018.00092
https://doi.org/10.3389/fonc.2018.00092
https://www.ncbi.nlm.nih.gov/pubmed/29651407
https://doi.org/10.1016/j.exphem.2011.07.002
https://www.ncbi.nlm.nih.gov/pubmed/21767511


Oncotarget1813www.oncotarget.com

silencing of the LAT2 gene mediated by AML1/ETO. 
Oncogene. 2011; 30:3062–3072. https://doi.org/10.1038/
onc.2011.32. [PubMed]

 7. Shen L, Ciesielski M, Ramakrishnan S, Miles KM, Ellis 
L, Sotomayor P, Shrikant P, Fenstermaker R, Pili R. 
Class I histone deacetylase inhibitor entinostat suppresses 
regulatory T cells and enhances immunotherapies in renal 
and prostate cancer models. PLoS One. 2012; 7:e30815. 
https://doi.org/10.1371/journal.pone.0030815. [PubMed]

 8. Zhou L, Ruvolo VR, McQueen T, Chen W, Samudio IJ, 
Conneely O, Konopleva M, Andreeff M. HDAC inhibition 
by SNDX-275 (Entinostat) restores expression of silenced 
leukemia-associated transcription factors Nur77 and Nor1 
and of key pro-apoptotic proteins in AML. Leukemia. 
2013; 27:1358–68. https://doi.org/10.1038/leu.2012.366. 
[PubMed]

 9. Lee J, Bartholomeusz C, Mansour O, Humphries J, 
Hortobagyi GN, Ordentlich P, Ueno NT. A class I histone 
deacetylase inhibitor, entinostat, enhances lapatinib efficacy 
in HER2-overexpressing breast cancer cells through 
FOXO3-mediated Bim1 expression. Breast Cancer Res 
Treat. 2014; 146:259–72. https://doi.org/10.1007/s10549-
014-3014-7. [PubMed]

10. Miraglia E, Nylen F, Johansson K, Arner E, Cebula M, 
Farmand S, Ottosson H, Stromberg R, Gudmundsson 
GH, Agerberth B, Bergman P. Entinostat up-regulates the 
CAMP gene encoding LL-37 via activation of STAT3 and 
HIF-1alpha transcription factors. Sci Rep. 2016; 6:33274.  
https://doi.org/10.1038/srep33274. [PubMed]

11. Kiany S, Huang G, Kleinerman ES. Effect of entinostat 
on NK cell-mediated cytotoxicity against osteosarcoma 
cells and osteosarcoma lung metastasis. Oncoimmunology. 
2017; 6:e1333214. https://doi.org/10.1080/216240
2X.2017.1333214. [PubMed]

12. Booth L, Roberts JL, Sander C, Lalani AS, Kirkwood JM, 
Hancock JF, Poklepovic A, Dent P. Neratinib and entinostat 
combine to rapidly reduce the expression of K-RAS, 
N-RAS, Galphaq and Galpha11 and kill uveal melanoma 
cells. Cancer Biol Ther. 2019; 20:700–10. https://doi.org/1
0.1080/15384047.2018.1551747. [PubMed]

13. Herberman RB, Nunn ME, Lavrin DH. Natural cytotoxic 
reactivity of mouse lymphoid cells against syngeneic 
acid allogeneic tumors. I. Distribution of reactivity and 
specificity. Int J Cancer. 1975; 16:216–29. https://doi.
org/10.1002/ijc.2910160204. [PubMed]

14. Storek J, Dawson MA, Storer B, Stevens-Ayers T, Maloney 
DG, Marr KA, Witherspoon RP, Bensinger W, Flowers ME, 
Martin P, Storb R, Appelbaum FR, Boeckh M. Immune 
reconstitution after allogeneic marrow transplantation 
compared with blood stem cell transplantation. Blood. 2001; 
97:3380–9. https://doi.org/10.1182/blood.V97.11.3380. 
[PubMed]

15. Thakar M, Browning M, Hari P, Charlson J, Newman A, 
Logan BR, Schloemer N, Kelly M, Johnson B, Malarkannan 
S, Keever-Taylor CA. Haploidentical Hematopoietic Cell 

Transplantation Followed By Donor Natural Killer Cell 
Infusion and Sirolimus Maintenance Can Successfully Treat 
Patients with High-Risk Ewing Sarcoma. Blood. 2017; 
130:4525.

16. Rubnitz JE, Inaba H, Ribeiro RC, Pounds S, Rooney B, Bell 
T, Pui CH, Leung W. NKAML: a pilot study to determine 
the safety and feasibility of haploidentical natural killer 
cell transplantation in childhood acute myeloid leukemia. 
J Clin Oncol. 2010; 28:955–9. https://doi.org/10.1200/
JCO.2009.24.4590. [PubMed]

17. Fang F, Xiao W, Tian Z. NK cell-based immunotherapy 
for cancer. Semin Immunol. 2017; 31:37–54. https://doi.
org/10.1016/j.smim.2017.07.009. [PubMed]

18. Palucka AK, Coussens Lisa M. The Basis of 
Oncoimmunology. Cell. 2016; 164:1233–47. https://doi.
org/10.1016/j.cell.2016.01.049. [PubMed]

19. Guillerey C, Smyth MJ. NK Cells and Cancer 
Immunoediting. Current Topics in Microbiology 
and Immunology. 2016; 395:115–45.  https://doi.
org/10.1007/82_2015_446. [PubMed]

20. Samlowski WE, Kondapaneni M, Tharkar S, McGregor JR, 
Laubach VE, Salvemini D. Endothelial nitric oxide synthase 
is a key mediator of interleukin-2-induced hypotension and 
vascular leak syndrome. J Immunother. 2011; 34:419–27. 
https://doi.org/10.1097/CJI.0b013e31821dcb50. [PubMed]

21. Liao W, Lin JX, Leonard Warren J. Interleukin-2 at 
the Crossroads of Effector Responses, Tolerance, and 
Immunotherapy. Immunity. 2013; 38:13–25. https://doi.
org/10.1016/j.immuni.2013.01.004. [PubMed]

22. Ferrantini M, Capone I, Belardelli F. Interferon-α and 
cancer: Mechanisms of action and new perspectives of 
clinical use. Biochimie. 2007; 89:884–93. https://doi.
org/10.1016/j.biochi.2007.04.006. [PubMed]

23. Barker E, Mueller BM, Handgretinger R, Herter M, Yu AL, 
Reisfeld RA. Effect of a Chimeric Anti-Ganglioside GD2 
Antibody on Cell-mediated Lysis of Human Neuroblastoma 
Cells. Cancer Research. 1991; 51:144–9. 

24. Suzuki T, Ando T, Tsuchiya K, Fukazawa N, Saito A, 
Mariko Y, Yamashita T, Nakanishi O. Synthesis and 
histone deacetylase inhibitory activity of new benzamide 
derivatives. Journal of Medicinal Chemistry. 1999; 
42:3001–3. https://doi.org/10.1021/jm980565u. [PubMed]

25. Khan N, Jeffers M, Kumar S, Hackett C, Boldog F, 
Khramtsov N, Qian X, Mills E, Berghs SC, Carey N, Finn 
PW, Collins LS, Tumber A, et al. Determination of the 
class and isoform selectivity of small-molecule histone 
deacetylase inhibitors. The Biochemical Journal. 2008; 
409:581–9. https://doi.org/10.1042/BJ20070779. [PubMed]

26. Armeanu S, Bitzer M, Lauer UM, Venturelli S, Pathil 
A, Krusch M, Kaiser S, Jobst J, Smirnow I, Wagner A, 
Steinle A, Salih HR. Natural killer cell-mediated lysis of 
hepatoma cells via specific induction of NKG2D ligands by 
the histone deacetylase inhibitor sodium valproate. Cancer 
Research. 2005; 65:6321–9. https://doi.org/10.1158/0008-
5472.CAN-04-4252. [PubMed]

https://doi.org/10.1038/onc.2011.32
https://doi.org/10.1038/onc.2011.32
https://www.ncbi.nlm.nih.gov/pubmed/21577204
https://doi.org/10.1371/journal.pone.0030815
https://www.ncbi.nlm.nih.gov/pubmed/22303460
https://doi.org/10.1038/leu.2012.366
https://www.ncbi.nlm.nih.gov/pubmed/23247046
https://doi.org/10.1007/s10549-014-3014-7
https://doi.org/10.1007/s10549-014-3014-7
https://www.ncbi.nlm.nih.gov/pubmed/24916181
https://doi.org/10.1038/srep33274
https://www.ncbi.nlm.nih.gov/pubmed/27633343
https://doi.org/10.1080/2162402X.2017.1333214
https://doi.org/10.1080/2162402X.2017.1333214
https://www.ncbi.nlm.nih.gov/pubmed/28919994
https://doi.org/10.1080/15384047.2018.1551747
https://doi.org/10.1080/15384047.2018.1551747
https://www.ncbi.nlm.nih.gov/pubmed/30571927
https://doi.org/10.1002/ijc.2910160204
https://doi.org/10.1002/ijc.2910160204
https://www.ncbi.nlm.nih.gov/pubmed/50294
https://doi.org/10.1182/blood.V97.11.3380
https://www.ncbi.nlm.nih.gov/pubmed/11369627
https://doi.org/10.1200/JCO.2009.24.4590
https://doi.org/10.1200/JCO.2009.24.4590
https://www.ncbi.nlm.nih.gov/pubmed/20085940
https://doi.org/10.1016/j.smim.2017.07.009
https://doi.org/10.1016/j.smim.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28838796
https://doi.org/10.1016/j.cell.2016.01.049
https://doi.org/10.1016/j.cell.2016.01.049
https://www.ncbi.nlm.nih.gov/pubmed/26967289
https://doi.org/10.1007/82_2015_446
https://doi.org/10.1007/82_2015_446
https://www.ncbi.nlm.nih.gov/pubmed/26025472
https://doi.org/10.1097/CJI.0b013e31821dcb50
https://www.ncbi.nlm.nih.gov/pubmed/21577143
https://doi.org/10.1016/j.immuni.2013.01.004
https://doi.org/10.1016/j.immuni.2013.01.004
https://www.ncbi.nlm.nih.gov/pubmed/23352221
https://doi.org/10.1016/j.biochi.2007.04.006
https://doi.org/10.1016/j.biochi.2007.04.006
https://www.ncbi.nlm.nih.gov/pubmed/17532550
https://doi.org/10.1021/jm980565u
https://www.ncbi.nlm.nih.gov/pubmed/10425110
https://doi.org/10.1042/BJ20070779
https://www.ncbi.nlm.nih.gov/pubmed/17868033
https://doi.org/10.1158/0008-5472.CAN-04-4252
https://doi.org/10.1158/0008-5472.CAN-04-4252
https://www.ncbi.nlm.nih.gov/pubmed/16024634


Oncotarget1814www.oncotarget.com

27. Zhu S, Denman CJ, Cobanoglu ZS, Kiany S, Lau CC, 
Gottschalk SM, Hughes DP, Kleinerman ES, Lee DA. The 
narrow-spectrum HDAC inhibitor entinostat enhances 
NKG2D expression without NK cell toxicity, leading to 
enhanced recognition of cancer cells. Pharm Res. 2015; 
32:779–92. https://doi.org/10.1007/s11095-013-1231-0. 
[PubMed]

28. Berghuis D, Schilham MW, Vos HI, Santos SJ, Kloess S, 
Buddingh EP, Egeler RM, Hogendoorn PCW, Lankester 
AC. Histone deacetylase inhibitors enhance expression 
of NKG2D ligands in Ewing sarcoma and sensitize for 
natural killer cell-mediated cytolysis. Clinical Sarcoma 
Research. 2012; 2:8. https://doi.org/10.1186/2045-3329-2-8.  
[PubMed]

29. Shi P, Yin T, Zhou F, Cui P, Gou S, Wang C. Valproic acid 
sensitizes pancreatic cancer cells to natural killer cell-
mediated lysis by upregulating MICA and MICB via the 
PI3K/Akt signaling pathway. BMC Cancer. 2014; 14:370. 
https://doi.org/10.1186/1471-2407-14-370. [PubMed]

30. Jaboin J, Wild J, Hamidi H, Khanna C, Kim CJ, Robey R, 
Bates SE, Thiele CJ. MS-27-275, an Inhibitor of Histone 
Deacetylase, Has Marked in Vitro and in Vivo Antitumor 
Activity against Pediatric Solid Tumors. Cancer Research. 
2002; 62:6108–15.

31. Pegram HJ, Andrews DM, Smyth MJ, Darcy PK, Kershaw 
MH. Activating and inhibitory receptors of natural killer 
cells. Immunol Cell Biol. 2011; 89:216–24. https://doi.
org/10.1038/icb.2010.78. [PubMed]

32. Liu Y, Cheng Y, Xu Y, Wang Z, Du X, Li C, Peng J, Gao 
L, Liang X, Ma C. Increased expression of programmed 
cell death protein 1 on NK cells inhibits NK-cell-mediated 
anti-tumor function and indicates poor prognosis in 
digestive cancers. Oncogene. 2017; 36:6143–53. https://
doi.org/10.1038/onc.2017.209. [PubMed]

33. Cho D, Shook DR, Shimasaki N, Chang YH, Fujisaki H, 
Campana D. Cytotoxicity of activated natural killer cells 
against pediatric solid tumors. Clin Cancer Res. 2010; 
16:3901–9. https://doi.org/10.1158/1078-0432.CCR-10-0735. 
[PubMed]

34. Zhang J, Basher F, Wu JD. NKG2D Ligands in Tumor 
Immunity: Two Sides of a Coin. Frontiers in Immunology. 
2015; 6:97. https://doi.org/10.3389/fimmu.2015.00097. 
[PubMed]

35. Soriani A, Zingoni A, Cerboni C, Iannitto ML, Ricciardi 
MR, Di Gialleonardo V, Cippitelli M, Fionda C, Petrucci 
MT, Guarini A, Foa R, Santoni A. ATM-ATR dependent up-
regulation of DNAM-1 and NKG2D ligands on multiple 
myeloma cells by therapeutic agents results in enhanced 
NK cell susceptibility and is associated with a senescent 
phenotype. Blood. 2009; 113:3503–11. https://doi.
org/10.1182/blood-2008-08-173914. [PubMed]

36. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and 
its ligands in tolerance and immunity. Annual Review of 
Immunology. 2008; 26:677–704.  https://doi.org/10.1146/
annurev.immunol.26.021607.090331. [PubMed]

37. Alter G, Malenfant JM, Altfeld M. CD107a as a functional 
marker for the identification of natural killer cell activity. 
J Immunol Methods. 2004; 294:15–22. https://doi.
org/10.1016/j.jim.2004.08.008. [PubMed]

38. Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie 
M, Garapati P, Haw R, Jassal B, Korninger F, May B, 
Milacic M, Roca CD, Rothfels K, et al. The Reactome 
Pathway Knowledgebase. Nucleic Acids Research. 2018; 
46:D649–D55. https://doi.org/10.1093/nar/gkx1132. 
[PubMed]

39. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir 
H, Tamayo P, Mesirov JP. Molecular signatures database 
(MSigDB) 3.0. Bioinformatics. 2011; 27:1739–40. https://
doi.org/10.1093/bioinformatics/btr260. [PubMed]

40. John SP, Sun J, Carlson RJ, Cao B, Bradfield CJ, Song 
J, Smelkinson M, Fraser IDC. IFIT1 Exerts Opposing 
Regulatory Effects on the Inflammatory and Interferon 
Gene Programs in LPS-Activated Human Macrophages. 
Cell Reports. 2018; 25:95–106.e6. https://doi.org/10.1016/j.
celrep.2018.09.002. [PubMed]

41. Gu X, Boldrup L, Coates PJ, Fahraeus R, Nylander E, 
Loizou C, Olofsson K, Norberg-Spaak L, Garskog O, 
Nylander K. Epigenetic regulation of OAS2 shows disease-
specific DNA methylation profiles at individual CpG sites. 
Sci Rep. 2016; 6:32579. https://doi.org/10.1038/srep32579. 
[PubMed]

42. Fensterl V, Sen GC. Interferon-induced Ifit proteins: 
their role in viral pathogenesis. Journal of Virology. 
2015; 89:2462–8. https://doi.org/10.1128/JVI.02744-14. 
[PubMed]

43. Vladimer GI, Górna MW, Superti-Furga G. IFITs: Emerging 
Roles as Key Anti-Viral Proteins. Frontiers in Immunology. 
2014; 5:94. https://doi.org/10.3389/fimmu.2014.00094. 
[PubMed]

44. Mehta RS, Randolph B, Daher M, Rezvani K. NK cell 
therapy for hematologic malignancies. Int J Hematol. 2018; 
107:262–70. https://doi.org/10.1007/s12185-018-2407-5. 
[PubMed]

45. Lopez-Cobo S, Pieper N, Campos-Silva C, Garcia-Cuesta 
EM, Reyburn HT, Paschen A, Vales-Gomez M. Impaired NK 
cell recognition of vemurafenib-treated melanoma cells is 
overcome by simultaneous application of histone deacetylase 
inhibitors. Oncoimmunology. 2018; 7:e1392426. https://doi.
org/10.1080/2162402X.2017.1392426. [PubMed]

46. Prebet T, Sun Z, Ketterling RP, Zeidan A, Greenberg P, 
Herman J, Juckett M, Smith MR, Malick L, Paietta E, 
Czader M, Figueroa M, Gabrilove J, et al. Azacitidine with 
or without Entinostat for the treatment of therapy-related 
myeloid neoplasm: further results of the E1905 North 
American Leukemia Intergroup study. Br J Haematol. 
2016; 172:384–91. https://doi.org/10.1111/bjh.13832. 
[PubMed]

47. Wu X, Tao Y, Hou J, Meng X, Shi J. Valproic Acid 
Upregulates NKG2D Ligand Expression through an ERK-

https://doi.org/10.1007/s11095-013-1231-0
https://www.ncbi.nlm.nih.gov/pubmed/24203492
https://doi.org/10.1186/2045-3329-2-8
https://www.ncbi.nlm.nih.gov/pubmed/22587892
https://doi.org/10.1186/1471-2407-14-370
https://www.ncbi.nlm.nih.gov/pubmed/24885711
https://doi.org/10.1038/icb.2010.78
https://doi.org/10.1038/icb.2010.78
https://www.ncbi.nlm.nih.gov/pubmed/20567250
https://doi.org/10.1038/onc.2017.209
https://doi.org/10.1038/onc.2017.209
https://www.ncbi.nlm.nih.gov/pubmed/28692048
https://doi.org/10.1158/1078-0432.CCR-10-0735
https://www.ncbi.nlm.nih.gov/pubmed/20542985
https://doi.org/10.3389/fimmu.2015.00097
https://www.ncbi.nlm.nih.gov/pubmed/25788898
https://doi.org/10.1182/blood-2008-08-173914
https://doi.org/10.1182/blood-2008-08-173914
https://www.ncbi.nlm.nih.gov/pubmed/19098271
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://www.ncbi.nlm.nih.gov/pubmed/18173375
https://doi.org/10.1016/j.jim.2004.08.008
https://doi.org/10.1016/j.jim.2004.08.008
https://www.ncbi.nlm.nih.gov/pubmed/15604012
https://doi.org/10.1093/nar/gkx1132
https://www.ncbi.nlm.nih.gov/pubmed/29145629
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1093/bioinformatics/btr260
https://www.ncbi.nlm.nih.gov/pubmed/21546393
https://doi.org/10.1016/j.celrep.2018.09.002
https://doi.org/10.1016/j.celrep.2018.09.002
https://www.ncbi.nlm.nih.gov/pubmed/30282041
https://doi.org/10.1038/srep32579
https://www.ncbi.nlm.nih.gov/pubmed/27572959
https://doi.org/10.1128/JVI.02744-14
https://www.ncbi.nlm.nih.gov/pubmed/25428874
https://doi.org/10.3389/fimmu.2014.00094
https://www.ncbi.nlm.nih.gov/pubmed/24653722
https://doi.org/10.1007/s12185-018-2407-5
https://www.ncbi.nlm.nih.gov/pubmed/29383623
https://doi.org/10.1080/2162402X.2017.1392426
https://doi.org/10.1080/2162402X.2017.1392426
https://www.ncbi.nlm.nih.gov/pubmed/29308322
https://doi.org/10.1111/bjh.13832
https://www.ncbi.nlm.nih.gov/pubmed/26577691


Oncotarget1815www.oncotarget.com

dependent Mechanism and Potentially Enhances NK Cell-
mediated Lysis of Myeloma. Neoplasia. 2012; 14:1178–89. 
https://doi.org/10.1593/neo.121236. [PubMed]

48. Bobrowicz M, Dwojak M, Pyrzynska B, Stachura J, 
Muchowicz A, Berthel E, Dalla-Venezia N, Kozikowski M, 
Siernicka M, Miazek N, Zapala P, Domagala A, Bojarczuk 
K, et al. HDAC6 inhibition upregulates CD20 levels and 
increases the efficacy of anti-CD20 monoclonal antibodies. 
Blood. 2017; 130:1628–38. https://doi.org/10.1182/
blood-2016-08-736066. [PubMed]

49. Haynes LD, Verma S, McDonald B, Wu R, Tacke R, 
Nowyhed HN, Ekstein J, Feuvrier A, Benedict CA, Hedrick 
CC. Cardif (MAVS) Regulates the Maturation of NK Cells. 
J Immunol. 2015; 195:2157–67. https://doi.org/10.4049/
jimmunol.1402060. [PubMed]

50. Man SM, Karki R, Malireddi RKS, Neale G, Vogel 
P, Yamamoto M, Lamkanfi M, Kanneganti TD. The 
transcription factor IRF1 and guanylate-binding proteins 
target AIM2 inflammasome activation by Francisella 
infection. Nat Immunol. 2015; 16:467–75. https://doi.
org/10.1038/ni.3118. [PubMed]

51. Pili R, Salumbides B, Zhao M, Altiok S, Qian D, Zwiebel 
J, Carducci MA, Rudek MA. Phase I study of the histone 
deacetylase inhibitor entinostat in combination with 13-cis 
retinoic acid in patients with solid tumours. Br J Cancer. 
2012; 106:77–84. https://doi.org/10.1038/bjc.2011.527. 
[PubMed]

52. Ksienzyk A, Neumann B, Nandakumar R, Finsterbusch K, 
Grashoff M, Zawatzky R, Bernhardt G, Hauser H, Kröger 
A. IRF-1 Expression Is Essential for Natural Killer Cells to 
Suppress Metastasis. Cancer Research. 2011; 71:6410–8. 
https://doi.org/10.1158/0008-5472.CAN-11-1565. [PubMed]

53. Hu W, Wang G, Huang D, Sui M, Xu Y. Cancer 
Immunotherapy Based on Natural Killer Cells: Current 
Progress and New Opportunities. Front Immunol. 2019; 
10:1205. https://doi.org/10.3389/fimmu.2019.01205. 
[PubMed]

54. Rajasekaran K, Kumar P, Schuldt KM, Peterson EJ, 
Vanhaesebroeck B, Dixit V, Thakar MS, Malarkannan S. 
Signaling by Fyn-ADAP via the Carma1-Bcl-10-MAP3K7 
signalosome exclusively regulates inflammatory cytokine 
production in NK cells. Nat Immunol. 2013; 14:1127–36. 
https://doi.org/10.1038/ni.2708. [PubMed]

55. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. 
Salmon: fast and bias-aware quantification of transcript 
expression using dual-phase inference. Nat Methods. 2017; 
14:417–9. https://doi.org/10.1038/nmeth.4197. [PubMed]

56. Love MI, Huber W, Anders S. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. 
Genome Biol. 2014; 15:550. https://doi.org/10.1186/
s13059-014-0550-8. [PubMed]

57. Zhu A, Ibrahim JG, Love MI. Heavy-tailed prior 
distributions for sequence count data: removing the noise 
and preserving large differences. Bioinformatics. 2019; 35: 

2084–92. https://doi.org/10.1093/bioinformatics/bty895. 
[PubMed]

58. Reimand J, Isserlin R, Voisin V, Kucera M, Tannus-
Lopes C, Rostamianfar A, Wadi L, Meyer M, Wong J, Xu 
C, Merico D, Bader GD. Pathway enrichment analysis 
and visualization of omics data using g:Profiler, GSEA, 
Cytoscape and EnrichmentMap. Nat Protoc. 2019; 14:482–
517. https://doi.org/10.1038/s41596-018-0103-9. [PubMed]

59. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, 
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub 
TR, Lander ES, Mesirov JP. Gene set enrichment analysis: 
a knowledge-based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci U S A. 2005; 
102:15545–50. https://doi.org/10.1073/pnas.0506580102. 
[PubMed]

60. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes 
and genomes. Nucleic Acids Research. 2000; 28:27–30. 
https://doi.org/10.1093/nar/28.1.27. [PubMed]

61. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, 
Mesirov JP, Tamayo P. The Molecular Signatures Database 
(MSigDB) hallmark gene set collection. Cell Syst. 2015; 
1:417–25. https://doi.org/10.1016/j.cels.2015.12.004. 
[PubMed]

62. Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-
seq: A Method for Assaying Chromatin Accessibility 
Genome-Wide. Curr Protoc Mol Biol. 2015; 109:21.29.1–
21.29.9. https://doi.org/10.1002/0471142727.mb2129s109. 
[PubMed]

63. ENCODE ATAC-seq pipeline. Contribute to kundajelab/
atac-seq-pipeline development by creating an account on 
GitHub. Kundaje Lab. 2019.

64. Consortium EP. An integrated encyclopedia of DNA 
elements in the human genome. Nature. 2012; 489:57–74. 
https://doi.org/10.1038/nature11247. [PubMed]

65. Zuo Z, Jin Y, Zhang W, Lu Y, Li B, Qu K. ATAC-pipe: 
general analysis of genome-wide chromatin accessibility. 
Brief Bioinform. 2019; 20:1934–43. https://doi.org/10.1093/
bib/bby056. [PubMed]

66. Quinlan AR. BEDTools: The Swiss-Army Tool for 
Genome Feature Analysis. Curr Protoc Bioinformatics. 
2014; 47:11.12.1–34. https://doi.org/10.1002/0471250953.
bi1112s47. [PubMed]

67. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, 
Laslo P, Cheng JX, Murre C, Singh H, Glass CK. Simple 
combinations of lineage-determining transcription factors 
prime cis-regulatory elements required for macrophage and 
B cell identities. Molecular Cell. 2010; 38:576–89. https://
doi.org/10.1016/j.molcel.2010.05.004. [PubMed]

68. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman 
M, Lander ES, Getz G, Mesirov JP. Integrative genomics 
viewer. Nature Biotechnology. 2011; 29:24–6.  https://doi.
org/10.1038/nbt.1754. [PubMed]

https://doi.org/10.1593/neo.121236
https://www.ncbi.nlm.nih.gov/pubmed/23308050
https://doi.org/10.1182/blood-2016-08-736066
https://doi.org/10.1182/blood-2016-08-736066
https://www.ncbi.nlm.nih.gov/pubmed/28830887
https://doi.org/10.4049/jimmunol.1402060
https://doi.org/10.4049/jimmunol.1402060
https://www.ncbi.nlm.nih.gov/pubmed/26232430
https://doi.org/10.1038/ni.3118
https://doi.org/10.1038/ni.3118
https://www.ncbi.nlm.nih.gov/pubmed/25774715
https://doi.org/10.1038/bjc.2011.527
https://www.ncbi.nlm.nih.gov/pubmed/22134508
https://doi.org/10.1158/0008-5472.CAN-11-1565
https://www.ncbi.nlm.nih.gov/pubmed/21900395
https://doi.org/10.3389/fimmu.2019.01205
https://www.ncbi.nlm.nih.gov/pubmed/31214177
https://doi.org/10.1038/ni.2708
https://www.ncbi.nlm.nih.gov/pubmed/24036998
https://doi.org/10.1038/nmeth.4197
https://www.ncbi.nlm.nih.gov/pubmed/28263959
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/bioinformatics/bty895
https://www.ncbi.nlm.nih.gov/pubmed/30395178
https://doi.org/10.1038/s41596-018-0103-9
https://www.ncbi.nlm.nih.gov/pubmed/30664679
https://doi.org/10.1073/pnas.0506580102
https://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1093/nar/28.1.27
https://www.ncbi.nlm.nih.gov/pubmed/10592173
https://doi.org/10.1016/j.cels.2015.12.004
https://www.ncbi.nlm.nih.gov/pubmed/26771021
https://doi.org/10.1002/0471142727.mb2129s109
https://www.ncbi.nlm.nih.gov/pubmed/25559105
https://doi.org/10.1038/nature11247
https://www.ncbi.nlm.nih.gov/pubmed/22955616
https://doi.org/10.1093/bib/bby056
https://doi.org/10.1093/bib/bby056
https://www.ncbi.nlm.nih.gov/pubmed/29982337
https://doi.org/10.1002/0471250953.bi1112s47
https://doi.org/10.1002/0471250953.bi1112s47
https://www.ncbi.nlm.nih.gov/pubmed/25199790
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
https://www.ncbi.nlm.nih.gov/pubmed/20513432
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1038/nbt.1754
https://www.ncbi.nlm.nih.gov/pubmed/21221095

