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ABSTRACT: The epigenetic silencing of tumor suppressor genes (TSGs) is a common finding in several solid and hematological tumors
involving various epigenetic readers and writers leading to enhanced cell proliferation and defective apoptosis. Thymoquinone (TQ), the major
biologically active compound of black seed oil, has demonstrated anticancer activities in various tumors by targeting several pathways. However,
its effects on the epigenetic code of cancer cells are largely unknown. In the present study, we performed RNA sequencing to investigate the
anticancer mechanisms of TQ-treated T-cell acute lymphoblastic leukemia cell line (Jurkat cells) and examined gene expression using different
tools. We found that many key epigenetic players, including ubiquitin-like containing plant homeodomain (PHD) and really interesting new gene
(RING) finger domains 1 (UHRF1), DNMT1,3A,3B, G9A, HDAC1,4,9, KDM1B, and KMT2A,B,C,D,E, were downregulated in TQ-treated Jurkat
cells. Interestingly, several TSGs, such as DLC1, PPARG, ST7, FOXO6, TET2, CYP1B1, SALL4, and DDIT3, known to be epigenetically silenced
in various tumors, including acute leukemia, were upregulated, along with the upregulation of several downstream pro-apoptotic genes, such
as RASL11B, RASD1, GNG3, BAD, and BIK. Data obtained from RNA sequencing were confirmed using quantitative reverse transcription
polymerase chain reaction (RT-gPCR) in Jurkat cells, as well as in a human breast cancer cell line (MDA-MB-468 cells). We found that the
decrease in cell proliferation and in the expression of UHRF1, DNMT1, G9a, and HDAC1 genes in both cancer cell (Jurkat cells and MDA-
MB-468 cells) lines depends on the TQ dose. Our results indicate that the use of TQ as an epigenetic drug represents a promising strategy for

epigenetic therapy for both solid and blood tumors by targeting both DNA methylation and histone post-translational modifications.
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Introduction

Genetic abnormalities constitute the basis for the etiology of
several tumors. However, in addition to genetic alterations, epi-
genetic modifications, including DNA methylation and Aistone
post-translational modifications, have been shown to occur dur-
ing the development of this disease.!> DNA methylation and
histone post-translational changes frequently lead to the
silencing of tumor suppressor genes (T'SGs) and, consequently,
contribute to carcinogenesis.** Deregulated epigenetic path-
ways are linked to aberrant activity of readers, erasers and writ-
ers involved in these epigenetic processes. In this context,
overexpression of DNA methyltransferase 1 (DNMT1), alter-
ations in histone remodeling proteins including the overex-
pression of histone deacetylase enzymes (HDAC), as well as
changes of histone methyltransferases (HMTs) have also been
detected in many solid and hematological tumors, including
acute lymphoblastic leukemia (ALL).57710 Together, these epi-
genetic modifications are considered key events during malig-
deregulation  of

nant transformation, leading to the

several oncogenes and tumor suppressors. Dysregulated epige-
netic changes become more and more evident in cancer and
have a central role in its onset and progression, leading to an
increasing demand for the identification of active inhibitory
compounds. Unlike genetic modifications, such as mutation,
epigenetic changes are reversible, which makes them promising
targets for new anticancer drugs.'’3 In this context, DNA
hypomethylating agents, such as azacitidine and decitabine,
have been used in the clinic setting for decades as anticancer
therapy for several tumors.*1¢ Histone deacetylase inhibitors
(HDAC:) are also an emerging class of cancer therapies.!”-2
Moreover, several lysine methyltransferases and demethylases
have been identified as promising targets for pharmacological
intervention.?’23 The identification of new types of DNMT
and HDAC inhibitors with selective activities is essential to
reduce the chemotherapy toxicity of these agents in cancer
patients. Due to their anticancer properties and lower toxicity
against normal cells, various natural products have been tested
in vitro and in vivo with promising therapeutic effects.?*27 In
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this context, thymoquinone (TQ), the major biologically active
compound of black seed oil, has been shown to induce apopto-
sis in leukemia cells in a process involving the re-expression of
TSGs p16™K4A and p73, which are known to be epigenetically
silenced in various cancer cells.1%2829 TQ-induced reactivation
of p16™NK4A was accompanied by a significant decrease in the
protein expression of the epigenetic integrator UHRF1 and its
partners, DNMT1 and HDAC1.1 Others and we have sug-
gested that TQ_ could be an inhibitor of DNMT1 and
HDAC1.1011,30-33 These findings suggest that T'Q_could be a
regulator of the “epigenetic cancer signature” by inhibiting sev-
eral epigenetic players involved in the silencing of T'SGs, allow-
ing cancer cells to undergo apoptosis. The aim of the present
study was to analyze the differential gene expression (DGE) of
TQ-treated Jurkat (JK) cells through RNA-seq and to reveal
the epigenetic signaling pathways that could be targeted to
induce apoptosis in JK cells.

Materials and Methods

Cell culture and treatment

T-cell ALL JK cell line and MDA-MB-468 cell line, a human
epithelial breast cancer cell line, were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). Cells were
maintained in RPMI1640 media for JK and Dulbecco’s modified
Eagle medium (DMEM) (UFC-Biotech, Riyadh, Saudi Arabia)
for MDA-MB-468 supplemented with 15% (v/v) Fetal bovine
serum (FBS), penicillin (100IU/mL), and streptomycin (100 pg/
mL). All cell lines were maintained in a humidified incubator con-
taining 5% CO, at 37°C. For all treatments, a 10-mM solution of
TQ_(Sigma-Aldrich, Louis, MO, USA) was prepared in 10%
dimethyl sulfoxide (DMSO) (Millipore, Molsheim, France) and
appropriate working concentrations were prepared with cell culture
medium. The final concentration of DMSO was always less than
0.1% in both control and treated conditions.

Cell proliferation assay

The effect of TQ_on cell proliferation was analyzed by a colori-
metric cell proliferation assay using WST-1 Cell Proliferation
Reagent Kit (Sigma-Aldrich, catalog no. 11644807001). Briefly,
the cells were seeded in 96-multiwell plates at a density of
10%cells/well (counted using Scepter 2.0 Handheld Automated
Cell Counter, Millipore, Billerica, MA, USA; catalog no.
PHCC20040) for MDA-MB-468 cells or 4 X 10%/well for JK
cells. After 24h of incubation, the cells were exposed to differ-
ent concentrations of T'Q _for the desired times. Cell prolifera-
tion rate was evaluated through a rapid WST-1 reagent. After
incubation for the above-mentioned time, 10 uL of the WST-1
solution were added and cells were incubated for an additional
3h at 37°C. Finally, the absorbance was read at 450 nm with a
microplate  ELISA (enzyme-linked immunosorbent assay)
reader (ELx800, BioTek, USA) and the results were analyzed
using the Gen5 software (BioTek, Winooski,Vermont). The

reaction is based on the cleavage of the tetrazolium salt WST-1
to formazan by cellular mitochondrial dehydrogenases. The
quantity of formazan dye in the medium is directly proportional
to the number of viable metabolically active cells. The percent-
age of cell viability was calculated by assuming that control
(untreated) samples are 100% viable.

RNA-seq and differentially expressed gene analysis

RNA-seq was carried out as described elsewhere.3* Jurkat cells
were treated with 20 pM TQ_for 24h, as this concentration was
the nearest value to the half maximal inhibitory concentration
(ICsp), in triplicates.!® Total RNA was extracted using RNeasy kit
(Qiagen, Valencia, CA, USA). RNA quality was assessed using
Bioanalyzer RNA integrity number (RIN score >7.0). Then, the
sequencing libraries were generated (TruSeq Stranded mRNA
Sample Preparation Kits; Illumina, San Diego, CA, USA) from
2.5pg of total RNA from each of the 3 biological replicates).
Single-end deep sequencing (50bp long) was performed using
Ilumina HiSeq 2000 System. The adaptor sequences were
removed, and the low-quality base call was filtered by FASTX-
Toolkit. The obtained filtered short sequencing reads were mapped
to the human genome using TopHat2 and the subsequent gene
expression values were quantified using Subreads package Feature
Counts function. The DGE analysis was further performed from
the gene expression values after identifying the library size and
appropriate data set dispersion. Differential gene expression was
tested using R/Bioconductor package edgeR. Differential gene
expression is determined as the Log2 Fold-Change (Log2FC)
with a false discovery rate (FDR)=<0.05 (Log2FC=0.5 or<-
0.5). Gene ontology (GO) analysis and BIOCARTA pathway
analysis were then performed by setting all the GO terms and
BIOCARTA pathway genesasbackground genes.Overrepresented
GO terms or pathways are determined by enrichment score
(EASE <0.1, gene count=2). The heatmap of the genes respon-
sible for epigenetic regulation was plotted using the web tool
ClustVis, as per the mentioned algorithm.

Apoptosis assay

To study the apoptosis, JK cells were seeded in 96-well plates at
a density of 4 X 10*cells/well, grown for 24h, and exposed to
TQ_at different concentrations for 24 h. Cell apoptosis rate was
assessed using the Annexin V Binding Guava Nexin Assay by
capillary cytometry (Guava Easycyte Plus HP system, with
absolute cell count and 6 parameters) following the manufac-
turer’s recommendations (Guava Technologies, Inc, Hayward,
CA, USA). Guava Nexin Assay utilizes Annexin V-PE.

Real-time reverse transcription polymerase chain
reaction analysis

Real-time reverse transcription polymerase chain reaction

(RT-PCR) analysis was described elsewhere.?> Briefly, the cells
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were treated with different concentrations of T'Q_for 24h. Then,
total RNA was purified and subjected to reverse transcription
using Oligo(dt) (Sigma, Steinheim, Germany) and Superscript 11
Carlsbad, CA, USA).
Quantitative real-time PCR was performed using the LightCycler
480 SYBR Green I Master Kit (Roche Diagnostics, Indianapolis,
Indiana, USA) and the Mastercycler Realplex apparatus
(Eppendorf, Montesson, France). The results were normalized
with Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA. The sequences of the primers for PCR amplification
were UHRF1 (sense: 5-GTCGAATCATCTTCGTGGAC-3,
antisense: 5-AGTACCACCTCGCTGGCAT-3"), DNMT1
(sense: 5'-GCACAAACTGACCTGCTTCA-3, antisense: 5~
GGCCTTTTCACCTCCATCAA-3"),HDACI1 (sense: 5-GA
CAAGGCCACCCAATGAAG-3, antisense: 5-GCTTGCT
GTACTCCGACATG-3"), G9a (sense: 5v-GGAGAAGTGA
CCCTGACGAA-3, antisense: 5-CCTCTTCCTCCTCCT
CCTCT-3’),and GAPDH (sense: 5-GGTGAAGGTCGGA-
GTCAAC-3, antisense: S’ AGAGTTAAAAGC-AGCCCTG
GTG-3'). Amplicons were size controlled on agarose gel, and

reverse  transcriptase  (Invitrogen,

purity was assessed by analysis of the melting curves at the end of
the RT-PCR reaction.

Statistical analysis

All data were presented as mean = SEM of triplicates done in
the same experiment or an average of at least 3 separate experi-
ments. The differences between control and treated conditions
were analyzed by Student t test (2-tailed) using GraphPad
Prism 6 (GraphPad Software, San Diego, CA, USA), and the
significant differences were indicated as *P<<.05, *P<.01,
##P<.001, and ***P<<.0001.

Results
Pro-apoptotic effects of TQ involve modulations

of several writer and reader enzymes implicated in
epigenelic process

We first analyzed gene expression in JK cells incubated for
24h with 20 uM of TQ, a concentration approximately cor-
responding to its half~-maximal activity.' RNA-seq was done
using next-generation sequencing, as described in the
“Materials and Methods” section. The data obtained from
RNA-seq showed that epigenetic integrator UHRF1; DNA
methyltransferases DNMT1,34,3B; histone deacetylases
HDAC1,4,9, histone-lysine N-methyltransferases
KMT2,4,B,C,D,E,F; lysine-specific histone demethylase
LSD2; as well as HMT G94 were all downregulated in
TQ-treated JK cells (Table 1). Interestingly, several TSGs
known to be epigenetically silenced in various tumors such as
DLC1, PPARG, ST7, FOX06, TET2, CYP1B1, SALL4, and
DDIT3 were upregulated (Table 2), and several downstream
pro-apoptotic genes such as RASL11B, RASD1, GNG3, BAD,
and BIK were upregulated (Table 3).

These results suggest that the TQ-induced upregulation of
TSGs leading to apoptosis in JK cells involves epigenetic
mechanisms. The heatmap presented in Figure 1 gives an over-
all overview of the expression of the modulated genes with
respect to both Log2FC and “P’value. The gene interactions of
the different TSGs are shown in Figure 2, which represents a
brief overview of the different T'SG interactions indicated by
different line colors. The predicted interactions were the high-
est (22.79%). The physical interactions between genes were
found to be 22.09%, followed by genetic interactions (21.77%).
The shared protein domain was found to be at 14.8%, the co-
expression of the genes was at 13.99%, and co-localization of
the genes was 2.74%, followed by genes involved in the path-
way at 1.82%. The colors within the circles that represent each
gene represent the pie chart distribution of the different bio-
chemical reaction in which that particular gene is involved,
such as DNA methylation and demethylation, histone modifi-
cation, chromatin silencing, and p53 binding, in the JK cells
treated with TQ.

TQ decreased mRINA expression of UHRF1,
DNMT1, HDACI, and G9a in cancer cells

Our previous study showed that TQ-induced apoptosis in JK
cells is associated with downregulation of the protein expres-
sion of UHRF1, DNMT1, and HDAC1.2° Thus, we studied
the effect of 5 and 10 uM TQ_for 24h on cell viability and
mRNA expression of UHRF1, DNMT1, HDAC1, and G9a
in JK (Figure 3) and MDA-MB-468 cells (Figure 4), as a
model of solid tumor, using RT-qPCR. We found that
mRNA expression of target genes was significantly decreased
in a dose-dependent manner in JK (Figure 3A) and
MDA-MB-468 cells (Figure 4A) treated with TQ_compared
with control. Under the same conditions, this effect was asso-
ciated with a significant decrease in cell viability in JK (Figure
3B) and MDA-MB-468 cells (Figure 4B), as well as with a
significant increase in apoptosis in JK cells (Supplemental
Figure 1), suggesting a significant role for these epigenetic
regulators in the anti-proliferative and pro-apoptotic effects
of TQ_in cancer cells.

Discussion

The epigenetic silencing of TSGs is a common characteristic in
human cancer cells and is considered one of the main mecha-
nisms involved in the regulation of TSGs.33637 This process is
mainly ensured through a coordinated dialogue between DNA
methylation and histone post-translational modifications, such
as acetylation and methylation. In cancer cells, promoters of sev-
eral key TSGs are hypermethylated by the DNMT1 enzyme,
and histone proteins are deacetylated and/or hypermethylated by
HDACSs and HMTs, respectively. Consequently, those TSGs are
inhibited with the subsequent defect in apoptosis.3$* Therefore,
many drugs have been developed that act as inhibitors of DNMT,
HDACGC:S, and HMTs leading to the re-expression of T'SGs. 4246
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Table 1. Downregulated genes involved in epigenetic pathways in TQ-treated Jurkat cells as compared with untreated cells.

GENE GENE SYMBOL LOGFCa P
Ubiquitin like with PHD and ring finger domain 1 UHRF1 —1.244 .00135
DNA methyltransferase 1 DNMT1 -1.366 .00034
DNA methyltransferase 3 Alpha DNMT3A -0.579 1519
DNA methyltransferase 3 Beta DNMT3B -0.317 4412
Histone deacetylase 1 HDAC1 —-0.206 .6556
Histone deacetylase 4 HDAC4 -0.888 .0059
Histone deacetylase 9 HDAC9 -1.169 .017
Euchromatic histone-lysine N-methyltransferase 2 EHMT2 (G9A) —-0.151 .69
Lysine-specific histone demethylase 1B LSD2 (KDM1B) -1.303 .0075
Histone-lysine N-methyltransferase 2C MLL3 (KMT2C) —2.026 3.88E-05
Histone-lysine N-methyltransferase 2D MLL4 (KMT2D) -1.6169 .000650
Histone-lysine N-methyltransferase 2E MLL5 (KMT2E) -1.4187 .00348
Histone-lysine N-methyltransferase 2A MLL1 (KMT2A) —2.2299 5.31E-06
Histone-lysine N-methyltransferase 2B MLL2 (KMT2B) -3.51210 .00646

Abbreviations: LogFC, log fold-change; TQ, thymoquinone; PHD, Plant homeodomain.
aFold change treated vs control.

Table 2. Upregulated tumor suppressor genes in TQ-treated Jurkat cells as compared with untreated cells.

GENE GENE SYMBOL LOGFCa P
Deleted in liver cancer 1 DLC1 1.0750 .034
Peroxisome proliferator activated receptor gamma PPARG 3.23710 1
Suppressor of tumorigenicity protein 7 ST7 0.251 .6348
Forkhead box O6 FOX06 1.253 .0766

Tet methylcytosine dioxygenase 2 TET2 0.3445 49
Cytochrome P450 1B1 CYP1B1 0.7971 .560
Sal-like protein 4 SALL4 4.4400 .60

DNA damage inducible transcript 3 DDIT3 2.547459 7.44E-07
CDKN2A-interacting protein N-terminal like CDKN2AIPNL 0.979193 .040516

Abbreviations: LogFC, log fold-change; TQ, thymoquinone.
aFold change treated vs control.

In the present study, we evaluated the effect of TQ on the epige-
netic code of JK cells, an established cell line for acute T-cell
leukemia. By analyzing the data obtained from next-generation
sequencing, we found that many key epigenetic players were
downregulated in TQ-treated JK cells, including the epigenetic
integrator UHRF1, the DNA  methyltransferases
DNMT1,34,3B, the histone deacetylases HDAC1,4,9, the
lysine-specific histone demethylase KDM1B, the histone-lysine
KMT2A4,B,C,D,E, the histone 3-
lysine 9-methyltransferase G94, and lysine-specific histone

N-methyltransferases

demethylase LSD2 (Table 1). Interestingly, several TSGs known
to be epigenetically silenced in various tumors, including acute
leukemia, such as DLC1, PPARG, ST7, FOX06, TET2, CYP1B1,
SALLA, and DDIT3, were upregulated (Table 2), along with the
upregulation of several downstream pro-apoptotic genes such as
RASL11B, RASD1, GNG3, BAD, and BIK (Table 3). These
findings suggest that TQ-induced apoptosis in acute leukemia
could be challenged by epigenetic mechanisms involving both
DNA methylation and histone post-translational modifications.
In agreement with this hypothesis, recent findings have shown
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Table 3. Upregulated pro-apoptotic genes in TQ-treated Jurkat cells as compared with untreated cells.

GENE GENE SYMBOL LOGFCa P
Ras-like family 11 member B RASL11B 7.332267 4.93E-05
Ras-related dexamethasone induced 1 RASD1 6.243450 1.08E-18
G protein subunit gamma 3 GNG3 6.09659 .01412
BCL2 associated agonist of cell death BAD 1.5151853 .002220
BCL2 interacting killer BIK 1.288192 .0091472
Abbreviations: LogFC, log fold-change; TQ, thymoquinone.
aFold change treated vs control.
non-Hodgkin’s lymphoma,” and multiple myeloma,*® and its
upregulation was associated with cell proliferation inhibition.
SALS > Our findings indicated that TQ_induces a significant increase
g:::m . in the expression of DLC1 (Table 2), suggesting DLCI as a
BAD : potent target for TQ in ALL therapy. In addition, several stud-
GNG3 2 ies have reported aberrant methylation of TSGs TET2 and
2251113 CYPIBI in ALL. Indeed, hypermethylation of TET2% and
ST CYP1B1°? as well as their decreased expression levels were
FOX06 detected in childhood ALL patients compared with healthy
;Egm children and associated with worse overall survival. In the same
1
B context, the TSG DDIT3 was found to be hypermethylated in
KMT2C 66% of chronic myeloid leukemia cases.”> The present study
KMT2D showed that the expression of TET2, CYP1B1, and DDIT3 is
" ::::E increased in TQ-treated JK cells, indicating that these genes
|cypiBi could also be targets for TQ_in leukemia therapy. The TSG
PPARG was found among the most upregulated genes, along
:mj: with a significant decrease in the expression of the UHRF1
KOMHE gene, which is regarded as one of the highly documented players
|Goa involved in the epigenetic silencing of several T'SGs.>11,28,36,54-57
HoACS These findings are in agreement with previous studies showing
s that UHRF1 negatively regulates the expression of peroxisome
DONMT3A proliferator-activated receptor gamma (PPARG) in colorectal

UHRF1

DNMT1

—
o <
o =

o}
an

Figure 1. Heatmap of significantly altered Differentially expressed genes
(DEGs) showing the corresponding change in expression. The intensity
of the color varies with the LogFC from —1 to +2 in TQ-treated Jurkat cells
as compared with untreated cells. LogFC indicates log fold-change; TQ,
thymoquinone.

that DNA hypomethylation could be an active target for leuke-
mia therapy in response to anticancer agents, including TQ*
and the anticancer agent used in clinic practice, 6-thioguanine,*
through the downregulation of DNMT1, which leads to the
reactivation of epigenetically silenced genes in T leukemia cells
and subsequent apoptosis.

The promoter of TSG DLCI was reported to be hyper-
methylated in hematological malignancies, including ALL,*

cancer.’8 As a result of the upregulation of various TSGs, most
of the downstream pro-apoptotic genes, including RASL11B,
RASD1, GNG3, BAD, and BIK, were also found to be upregu-
lated in TQ-treated JK cells (Table 3), indicating that there is a
strong relationship between TQ-induced apoptosis and the
upregulation of T'SGs.

Next-generation sequencing data were confirmed using
RT-qPCR that showed that TQ_significantly decreased the
expression of UHRF1, DNMT1, HDAC1,and G9a genes in JK
cells and that this effect was associated with cell proliferation
inhibition and apoptosis under the same conditions.

In the present study, we also evaluated the effect of TQ_on
MDA-MB-468, a human epithelial breast cancer cell line
characterized as triple-negative/basal-A mammary carcinoma,
as a model of solid tumor. Similar to our results in JK cells, TQ_
was able to significantly decrease the cell viability and the
expression of UHRF1, DNMT1, HDACI, and G9a genes.
UHRF1 was found to be overexpressed in 88% of triple
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death and tumor suppressor genes in TQ-treated Jurkat cells as compared with untreated cells. TQ indicates thymoquinone.
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Figure 3. Effect of thymoquinone on cell viability and mRNA expression
of UHRF1, DNMT1, HDAC1, and G9a in Jurkat cells. Cells were exposed
to increasing concentrations of TQ for 24 h. (A) The histograms show the
quantification data of mMRNA expression for UHRF1, DNMT1, HDAC1, and
G9a as assessed by real-time PCR. (B) Cell viability rate was assessed
by WST-1 assay. Values are shown as mean = SEM (n=3). *P <.05,
**P<.01, ***P<.001, ****P <.0001 vs respective control. PCR indicates
polymerase chain reaction; TQ, thymoquinone.

negative breast cancer, which does not express the estrogen
receptor (ER), progesterone receptor (PR), as well as human
epidermal growth factor receptor 2 (Her2).” The present find-
ings show that the TQ induced the downregulation of UHRF1
and its partners DNMT1, HDAC1, and G9a, and suggest that
TQ_could be a potent agent for the treatment of cancer cells
that highly express UHRF1, including breast cancer.*-7 Thus,
targeting UHRF1 and its partners using T'Q_may be effective
and improve the prognosis of this subtype of breast cancer,
which still lacks a standard targeted therapy.

Several studies have shown the presence of a coordinated
crosstalk between DNA methylation and histone methylation
in cancer cells leading to gene expression inhibition.®7% One
of the most important histone modifications, having inhibitory
effects on the expression of TSGs, is H3K9me2 or H3K9me3,
catalyzed by G9a.772 In the present study, we found, for the
first time, that TQ_significantly decreased the expression of
G9a in both cancer cell lines from blood and solid tumors, sug-
gesting that T'Q-induced inhibition of G9a is key in the reac-
tivation of T'SG and induction of apoptosis. Indeed, inhibition
of G9a in breast tumor cell lines using 5-aza-2’-deoxycytidine
was reported to be sufficient to induce a reactivation of 2 TSGs,
DSC3 and MASPIN, known to be silenced in human breast
cancer.”> UHRF1 was shown to be involved in the epigenetic
silencing of the tumor suppressor BRCA1 in sporadic breast
cancer through DNA methylation and histone deacetylation
and methylation by recruiting DNMT1, HDAC1, and G9a,
respectively.®” The present study showed that TQ decreases the
expression of DNMT1/HDAC1/G%a genes in both types of
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Figure 4. Effect of thymoquinone on cell viability and mRNA expression of UHRF1, DNMT1, HDAC1, and G9a in MDA-MB-468 cells. Cells were exposed
to increasing concentrations of TQ for 24 h. (A) The histograms show the quantification data of mRNA expression of UHRF1, DNMT1, HDAC1, and G9a as
assessed by real-time PCR. (B) Cell viability rate was assessed by WST-1 assay. Values are shown as mean = SEM (n=3). **P <.01, ****P <.0001 vs
respective control. PCR indicates polymerase chain reaction; TQ, thymoquinone.

cancers, most likely via inhibition of UHRF1. This idea is sup-
ported by the fact that UHRF1, through its several domains,
can “read” DNA methylation as well as histone acetylation and
methylation, physically linking these 3 epigenetic marks lead-
ing to the silencing of TSGs.”47

Conclusions

The present study suggests that the inhibitory effects of TQ_on
both blood and solid tumors involve epigenetic mechanisms
leading to the upregulation of several TSGs with subsequent
apoptosis. These results also suggest that TQ_could be used as
an epigenetic drug that targets both DNA methylation and
histone post-translational modifications, which could be a
promising strategy for the epigenetic therapy of both types of

tumors.
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