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Abstract

Non-small cell lung cancer (NSCLC) represents almost 85%
of total diagnosed lung cancer. Studies have shown that com-
bination of DNA methyltransferase (DNMT) and histone dea-
cetylase (HDAC) inhibitors is effective against various cancers,
including lung cancer. However, optimizing the synergistic
dose regime is very difficult and involves adverse side effects.
Therefore, in this study, we have shown that cucurbitacin B
(CuB), a single bioactive triterpenoid compound, inhibits both
DNMTs and HDAGC:s starting at a very low dose of 60 nmol/L in
NSCLC H1299 cells. The CuB-mediated inhibition of DNMTs
and HDAGs in H1299 cells leads to the reactivation of key
tumor suppressor genes (TSG) such as CDKN1A and CDKN2A,
as well as downregulation of oncogenes c-MYC and K-RAS and
key tumor promoter gene (TPG), human telomerase reverse

Introduction

Lung cancer is the leading cause of cancer-related mortality
worldwide, with nearly 1.4 million deaths each year (1). Non-
small cell lung cancers (NSCLC) constitute almost 85% of total
diagnosed cases and are caused mainly due to the exposure to the
environmental carcinogens. The early stages of lung tumorigen-
esis involve reversible promoter methylation and histone mod-
ification changes (2). Bioactive natural compounds can be
defined as the natural compounds that can exhibit a biological
activity on the living cells. These compounds possess the capa-
bility to reverse the epigenetic alterations. Bioactive natural com-
pounds have been shown to restore the expressions of to tumor
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transcriptase (hTERT). The upregulation of TSGs and down-
regulation of TPG were consistently correlated with the altera-
tions in their promoter methylation and histone modifications.
This altered expression of TPG and TSGs is, at least in part,
responsible for the inhibition of cellular proliferation and
induction of cellular apoptosis in NSCLC. Furthermore, CuB
treatment significantly inhibited the tumor incidence and mul-
tiplicity in 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK)-induced lung tumorigenesis in A/] mice, which was
associated with the induction of apoptosis and inhibition of
hyperproliferation in the lung tissues. Together, our study
provides new insight into the CuB-mediated epigenetic altera-
tions and its chemotherapeutic effects on lung cancer. Cancer
Prev Res; 8(6); 552-62. ©2015 AACR.

suppressor genes (TSG) altered during the course of carcinogen-
esis (2, 3). Therefore, the uses of bioactive natural compounds
have been a major focus of interest as therapeutic options against
various classes of diseases, including cancer.

The use of DNA methyltransferase (DNMT) inhibitors alone or
in combination with histone deacetylase (HDAC) inhibitors has
shown promising results against various cancers through active
chromatin modifications (4-7). However, use of synthetic inhi-
bitors invites several limitations, including cost, dose regime, and
adverse side effects. Therefore, studies have aimed to use natural
DNMT inhibitors alone or in combinations with natural HDAC
inhibitors for the prevention and treatment of cancers (7, 8). We
have previously shown that dietary combination of green tea
polyphenol, a DNMT inhibitor, and sulforaphane, HDAC inhib-
itor reactivates estrogen receptor (ER)-o in ER-a.-negative human
breast cancer cells through active chromatin modifications (6). In
addition, natural compounds have shown to sensitize the cancer
cells for the subsequent treatment with available therapeutics
(3, 8). In this study, we explored the epigenetic modulatory
activities of cucurbitacin B against NSCLC.

Cucurbitacin B (CuB) is a natural triterpenoid isolated from
Cucurbitaceae plants, and it has been shown to have anti-plasmo-
dial, immunomodulatory, free-radical scavenging, hepato-pro-
tective, cardiovascular, anti-inflammatory, anti-helminthic, and
anti-fertility activities (9-12). Recently, there has been growing
interest in CuB-mediated anticancer activities, mainly mediated
through induction of G,-M phase cell-cycle arrest, inhibition of
the JAK/STAT pathway, and induction of apoptosis (13-19).
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However, these studies have not elucidated the core epigenetic
mechanisms behind the anticancer activities of CuB. Our results
demonstrate for the first time that CuB, a single bioactive natural
compound, exhibits both HDACs and DNMTs inhibitory activ-
ities at sub-ICs, concentrations in nanomolar range in NSCLC
cells. CuB-mediated alterations in histone modifications and
promoter methylation lead to induction of TSGs and downregu-
lation of tumor promoter gene (TPG), which results in the
inhibition of cellular growth and induction of apoptosis in
human NSCLC. Furthermore, CuB treatment significantly inhib-
ited the tumor incidence and multiplicity in 4-(methylnitrosa-
mino)-1-(3-pyridyl)-1-butanone (NNK)-induced lung tumori-
genesis in A/] mice, which was associated with the alterations in
the expressions of DNMTs and HDAG:s. This altered expressions of
epigenetic enzymes further led to changes in the expression
patterns of TSGs, TPG, and oncogenes in the mice lung tissues.

Materials and Methods

Isolation of CuB

CuB was isolated from the fruits of Luffa graveolense Roxb. as
described in Supplementary Table S1. The structure of CuB was
elucidated on the basis of spectroscopic analysis described in
Supplementary Table S1, which was in good agreement with that
of previously reported (20).

Cell culture and cell proliferation assay

The human NSCLC cells were purchased from ATCC and no
authentication was done by the authors except performing a
mycoplasma test using the LookOut Mycoplasma PCR-detection
Kit (Sigma-Aldrich). Cells were cultured and maintained in
RPMI-1640 medium supplemented with 10% FBS and 1%
penicillin/streptomycin solution in a humidified atmosphere at
37°C with 5% CO,. CuB was dissolved in ethanol and stored at a
stock concentration of 10 mmol/L at 4°C. The maximum final
concentration of ethanol in the complete culture medium was less
than 0.1% (v/v). Cell proliferation was assayed by standard MTT
assay as described previously (6).

Cell-cycle distribution and apoptosis analysis

Approximately 2 x 10° cells were serum-starved overnight and
treated with different concentrations of CuB. After 48 hours, cells
were harvested and then stained with 50 pug/mL of propidium
iodide. Cell-cycle distribution was analyzed using a FACS-Caliber
(BD Biosciences). CuB-induced apoptosis in the NSCLC cells were
analyzed using the Alexa Fluor 488-Annexin V/Dead Cell Apo-
ptosis Kit (Invitrogen) as described previously (6).

RNA extraction and quantitative real-time PCR

RNA isolation and RT-PCR were performed as described pre-
viously (6, 8, 21, 22). The primer sequences and annealing
temperatures (T,) are given in Supplementary Table S2.

Western blot analysis

The procedures have been described previously (6, 21). Briefly,
equal amounts of protein were electrophoresced and transferred
onto a 0.45-um polyvinylidene difluoride (PVDF) membrane.
Membranes were probed with antibodies against CDKN2A
[p16™ 4] (SC-1661), CDKN1A [p21°PY/WAI] (§C-397), DNMT1
(5C-20701), DNMT3a (SC-20703), DNMT3b (SC-10235; Santa
Cruz Biotechnology); SIRT3 (ab86671), KAT3B/p300 (ab10485;
Abcam); MYC (06-340; Millipore); SIRT2 (126508S), SIRT6 (2590),
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HDAC 1-6 (9928S), RAS (3965), CBP, GCN5L2, PCAF (8686S),
and B-actin (Cell Signalling). The membranes were then incubated
with respective secondary antibody. Immunoreactive bands were
visualized using the Enhanced Chemiluminescence Detection
System.

HDACs and DNMTs activity assays

The HDACs and DNMTs activities were analyzed using the
colorimetric assay kits (Active Motif) as described previously
(21, 22).

Southwestern dot-blot analysis

The effect of CuB treatment on the degree of genomic meth-
ylation was determined using dot-blot analysis, as described
previously (6). Briefly, 1 ug of gDNA was transferred onto a
nitrocellulose membrane and fixed by baking the membrane for
1 hour at 80°C. After blocking the nonspecific binding sites, the
membrane was incubated with the anti-5-methyl cytosine (5-mC)
antibody (MABE146; Millipore) for 2 hours. Furthermore, the
membrane was incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody and bands were visualized using
chemiluminescence detection system.

Methylation-specific PCR assay

The DNA methylation statuses of the p21/WAF! and hTERT
promoters were assessed by MSP using the EpiTect Bisulfite
Modification Kit (Qiagen) following the manufacturer's protocol.
After 48 hours of CuB treatment, 2 ug of gDNA was bisulfite
converted and then PCR amplified using the Platinum Taq poly-
merase (Invitrogen). MSP primer sequences and respective
annealing temperatures are given in Supplementary Table S3.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed using the EZ-ChIP Kit according to the manufacturer's
protocol (Millipore) as described previously (21, 22). The anti-
bodies used in the ChIP assays were ChIP-validated anti-acetyl
histone H3 (06-599), anti-acetyl histone H4 (06-598), anti-acetyl
histone H3K9 (07-352), anti-histone H3K9me3 (07-442), anti-
histone H3K27me3 (07-449; Millipore) and anti-MeCP2
(ab2828; Abcam). Input DNA was used as an internal control.
No antibody control was used to check ChIP efficiency. ChIP-
purified DNA was amplified by PCR and the reaction was initiated
at 94°C for 5 minutes followed by 25 cycles of PCR (94°C, 30
seconds; To°C, 30 seconds; 72°C, 30 seconds) and extended at
72°C for 5 minutes. The promoter regions of p16™<** were
amplified using touchdown PCR. The primer sequences and
conditions are given in Supplementary Table S3.

Animal experiments

Female A/] mice, 5 to 6 weeks old, were procured and handled
according to the protocol approved by the Institutional Animal
Fthics Committee, CSIR-CDRI. Mice were randomized into 4
groups (n = 8); three groups were injected i.p. with NNK dissolved
in saline [Sigma; 100 mg/kg body weight (b.w)] and the control
group was injected with saline as vehicle once a week for 2
consecutive weeks. On third week onward, NNK-administrated
mice were treated with 0.1 or 0.2 mg/kg b.w. of CuB through i.p.
twice a week for 10 weeks. CuB was dissolved in ethanol at a stock
concentration of 5 mg/mL and diluted in PBS on the day of use.
The maximum concentration of ethanol was less than 0.1% and

Cancer Prev Res; 8(6) June 2015

553

G20z 1Udy 6z uo }sanb Aq Jpd-Z5S/5887522/25S/9/8/4pd-adIHe /yoIeasaluoluaraidiaoues/Bio s|euinofioee//:dpy woly papeojumoq



Shukla et al.

the control mice were treated with the vehicle. After 13th week,
CuB treatment was stopped and the mice were left untreated until
they were sacrificed. At 21st week, mice were sacrificed and
examined for tumor incidence, multiplicity, and lung wet weight.

Immunohistochemical staining

Formalin-fixed lung tissue sections (5 wm) were processed for
hematoxylin and eosin (H&E) staining. Three H&E sections, at
least 600 um apart, were analyzed blindly by a veterinary pathol-
ogist for different histopathologic lesions and graded according to
the recommendations of the Mouse Models of Human Cancer
Consortium as described previously (23, 24). The histopathologic
lesions were scored on the basis of severity, from 0 to 4: grade 0:
absent, lesions affect less than 5% of tissue; grade 1:mild, lesions
affect 6%-20% of tissue; grade 2: moderate, lesions affect 21%-
40% of tissue; grade 3: severe, lesions affect 41%-75% of tissue;
and grade 4: extensive, lesions affect 76%-100% of tissue. Immu-
nohistochemical analysis of proliferating cell nuclear antigen
(PCNA) and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assays were performed as
described previously (25). The numbers of PCNA- and TUNEL-
positive cells were counted in at least 6 different microscopic fields
as the average number of positive cells x 100/total number of cells.

Statistical analysis

Statistical significance of differences between the values of
untreated controls and CuB-treated groups was determined with
one-way ANOVA using Dunnet's multiple comparison test on
GraphPad Prism version 5.00 for Windows. In each case, P < 0.05
was considered statistically significant.

Results

CuB inhibits cellular proliferation and induces cellular
apoptosis

To determine the effective dose of CuB on human NSCLC cells,
we performed cellular proliferation, cell-cycle arrest, and apopto-
sis analyses. We observed a dose- and time-dependent inhibition
of cellular proliferation with CuB treatment in A549, H1299, and
H1650 cells as shown in Supplementary Fig. S1A. Inhibition of
cell growth was more prominent in the p53~ H1299 cells as
compared to p53" A549 cells and p53" EGER™ H1650 cells
(Fig. 1A). As shown in Fig. 1A-C, CuB significantly inhibited
cellular proliferation and induced cellular apoptosis as well as G,
-M phase cell-cycle arrest in H1299 cells at an ICs, concentration
of 60 nmol/L (P < 0.05) and onward, therefore further detailed
analysis of molecular mechanism of its action was performed in
this cell line with 60 nmol/L as median concentration. In addition
to H1299 cells, A549 cells also showed dose-dependent G,-M
phase cell-cycle arrest and induction of cellular apoptosis with
CuB treatment (Supplementary Fig. S1B and S1C).

CuB alters the expression of key tumor-related genes

As shown in Fig. 1D, CuB at concentrations of 60 nmol/L or
higher significantly increased the mRNA and proteins expression
of key cell-cycle regulatory TSGs such as p16"™V5*4 and p21</P/WAF
in H1299 cells. However, we found slightly decreased mRNA
expressions of these TSGs at 600 nmol/L as compared with 60
nmol/L CuB concentrations, which might be due to the mRNA
instability as well as higher rate of protein turnover observed in
case of cell-cycle regulators (26, 27). Overall, these mRNA and
protein expressions are consistently upregulated by the CuB
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treatment in H1299 cells irrespective of dose responses. Treatment
with CuB in H1299 cells downregulated the protein expressions
of oncogenes, -MYC, and K-RAS; however, their mRNA expres-
sions were not altered significantly (Fig. 1E). Asshown in (Fig. 1F),
CuB treatment significantly reduced the expression of hTERT, the
catalytic subunit of telomerase, starting with a dose of 6 nmol/L
onwards at 48 hours. Therefore, these results suggest that the
antiproliferative and proapoptotic effects of CuB are, at least in
part, associated with the altered expressions of key tumor-related
genes in NSCLC cells.

CuB altered the expression and activity of epigenetic
modulatory enzymes

Genetic alterations are accompanied by epigenetic modula-
tions during carcinogenesis (2, 6). Hence, we analyzed the expres-
sions of both types of DNMTs, maintenance methyltransferase
DNMT1, and de novo methyltransferases, DNMT3a and DNMT3b.
As shown in Fig. 2A, CuB treatment significantly inhibited the
expressions of DNMT1 and DNMT3b starting from CuB concen-
trations of 600 nmol/L or higherin H1299 cells. Interestingly, the
protein expressions of all the 3 DNMTs were drastically reduced
starting from ICs, concentration of CuB in H1299 cells (Fig. 2B).
Furthermore, we have also observed a significant inhibition of
DNMTs activity starting with the CuB concentrations of 200
nmol/L in another NSCLC A549 cell line (Supplementary
Fig. S1D). In addition to DNMTs, HDAC:s, especially HDACI,
HDACS5, and HDACG6 were found to be considerably downregu-
lated by CuB starting with 60 nmol/L concentrations in H1299
cells. NAD*-dependent class III HDACs, SIRT3, and SIRT6 were
also found to be downregulated at 60 nmol/L or higher concen-
trations of CuB. We further analyzed the protein expressions of
different histone acetyltransferases (HAT) such as CBP, GCN5L2,
PCAF, and p300 after CuB treatment in H1299 cells for 48 hours.
We found that CBP and PCAF expressions were marginally upre-
gulated at sub-ICs, and ICs, concentrations of CuB (Fig. 2C).
Furthermore, CuB not only inhibited the expressions but also
dose dependently inhibited the activity of HDACs in NSCLC cells
(Fig. 2D; Supplementary Fig. S1D).

As we found that the treatment of H1299 cells with CuB
inhibited the expression of DNMTs, we further investigated the
consequence of their inhibition at the extent of global as well as
gene-specific promoter methylation. Treatment of CuB in H1299
cells resulted in a significant dose-dependent reduction in 5-mC
levels, a marker for global DNA methylation (Supplementary Fig.
S2A). Furthermore, as shown in Supplementary Fig. S2B, gene-
specific promoter methylation of p21“"Y/WAF! and WTERT was
also found to be significantly downregulated at 60 nmol/L of CuB
concentration in H1299 cells.

INK4A ICIPI/WAFI
’

CuB altered histone modifications at the p16
and hTERT promoters

ChIP assays were performed to investigate CuB-mediated
changes in binding of various active and inactive chromatin marks
at the p16"™NK44A, p21CIPYWAFL “and WTERT promoters. As shown
in Fig. 3A, we designed 5 sets of primers for the CpG-rich p16™ 4
promoter regions upstream of the transcription start site. There are
2 Alussites in the amplicons of the distal primers, ChIP 1 and ChIP
2, which are densely methylated and transcriptionally inactive.
Therefore, the proximal promoter regions amplified by ChIP 3-5
more actively participate in the transcriptional activation of
p16™4  As shown in Fig. 3B and C, we selected 3 different

rPZ
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histone acetylation marks such as acetyl histone 3 (AcH3), acetyl
histone 4 (AcH4), and acetylation at lysine 9 of histone 3
(AcH3K9) as active chromatin marks. We found significantly
higher enrichment of AcH3 at both proximal and distal promoters
of p16™ ** in H1299 cells after 48 hours of CuB treatment. This
observation indicates that the HDAC inhibitory activity of CuB
(Fig. 2D) leads to histone hyperacetylation especially in case of
histone 3. The enrichment of AcH4 was almost unaltered except
for the 2-fold increase in ChIP 3. Furthermore, we also found a
significant decrease in the methylation status of inactive chroma-
tin marks such as trimethylation at lysine 9 of histone 3
(H3K9me3) and trimethylation at lysine 27 of histone 3
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: I RT-PCR

(H3K27me3) at proximal regions (ChIP 3-5) of the p16™ 44
promoter in H1299 cells with CuB treatment.

In case of the p21°"/WAT hromoter, we designed 2 distinct sets
of primers for 2 functionally important regions of the distal
promoter as shown in Fig. 4A. The primer pair amplifying ChIP
1 flanks a sp1-binding site on the p21“"/"A! promoter. Enrich-
ment of AcH3 was found to be significantly increased at CuB
concentrations of 6 and 60 nmol/L (P < 0.05), whereas the
enrichment of AcH4 and AcH3K9 showed no significant alter-
ation at both the promoter sites (Fig. 4B and C). Binding of
inactive chromatin marks such as H3K9me3 and H3K27me3 at
the p21¢P/WAFL ChIP 1 promoter region was decreased
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significantly with CuB treatment. Furthermore, our results also
evidenced a p53-independent p21°T/WAM ypregulation with
CuB treatment in p53~ H1299 cells.

Similarly, we designed 5 sets of primers for the hTERT
promoter spanning the regions from distal promoter to the
first exonic region (Fig. 5A). As shown in Fig. 5B and C, the
relative enrichment of AcH3 was increased in a range between
1.5- and 5.5-fold (P < 0.05) in CuB-treated H1299 cells at sub-
ICso and ICsq concentrations, respectively, starting from distal
to proximal promoters of hTERT. The other 2 active acetylation
marks AcH4 and AcH3K9 showed a marginal increase in
enrichment at some of the promoter regions in the hTERT. In
accordance with histone acetylation, histone methylation
marks were also enriched up to 1.5- to 2.5-fold (P < 0.05) at
distal as well as proximal promoter regions of hTERT. The
enrichment of MeCP2 was found to be increased at the distal
promoter sites (ChIP 1 and ChIP 2) and first exonic region

556 Cancer Prev Res; 8(6) June 2015

(ChIP 5) in a range lying between 2.5- and 3.6-fold (P < 0.05)
higher than the untreated H1299 cells. The proximal promoter
and first exonic region of hTERT have binding sites for many
important transcription factors and preoccupancy of these sites
with inactive chromatin marks might hinder their binding to
the hTERT promoter leading to the downregulation of hTERT
expression (21). Furthermore, we observed a significant dis-
ruption of the enrichment of c-MYC at the selected regions of
hTERT promoter after CuB treatment in H1299 cells (Fig. 5B
and C). Collectively, these results suggest that the CuB-medi-
ated chromatin modifications are, at least in part, responsible
for the altered expressions 0fp16’NK4A, p21 CIPI/WAFL and hTERT
in H1299 cells.

CuB inhibits NNK-induced lung tumorigenesis

Next, we sought to determine the effect of CuB on NNK-
induced lung tumorigenesis. The schematic experimental design

Cancer Prevention Research
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Figure 3.

CuB induced histone modification
changes at the pl6’NK4A promoter. A,
schematic representation of different
CpG-richregions (represented as ChIP
1-5) of the plG’NK"A promoter,
upstream of the transcription start
site. B, H1299 cells were treated with
the indicated concentrations of CuB
for 48 hours and analyzed by ChIP-
PCR assays for the enrichment of
different chromatin markers at the
pl6’NK4A promoter. Input DNA was
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is given in Fig. 6A. We found no significant difference in the
average body weights of mice in the individual groups (Supple-
mentary Fig. S3A). Histopathologic examination revealed that the
lungs of NNK-induced mice showed a highest grade of bronchi-
olar and alveolar hyperplasia, adenocarcinoma, and microade-
nomas compared with the lungs of vehicle-treated control mice
(Fig. 6B; Supplementary Fig. S3B and Supplementary Table S4).
Tumor angiogenesis, which is marked by the formation of new
and irregular blood vessels, was also prevalent in the NNK-
induced lungs, which decreased dose dependently in CuB-treated
groups (Fig. 6B; Supplementary Fig. S3B and Supplementary
Table S4). As shown in Fig. 6C, NNK-administrated mice had
significantly higher incidence of lung cancer (100%) and tumor
multiplicity (17.75 £ 7.4 lung tumors per mouse) compared with
vehicle-administered control mice. Interestingly, treatment with
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CuB resulted in a significantly reduced tumor incidence and
tumor multiplicity compared with vehicle-treated NNK-induced
lung tissues (Fig. 6C).

Furthermore, as shown in Fig. 6D, the presence of PCNA was
highest in the NNK-administrated control lungs. The percentage
of PCNA-positive cells was significantly (P < 0.01) lowered in 0.1
and 0.2 mg/kg b.w. CuB-treated mice lungs as compared with
NNK-administrated vehicle-treated mice lungs. Next, we sought
to determine the effect of CuB on cell death in NNK-induced lung
cancer using TUNEL assay. Immunohistochemical analysis
revealed a significantly higher number of TUNEL-positive cells
at 0.1 and 0.2 mg/kg b.w. CuB-treated mice lungs compared with
NNK-induced mice lungs (Fig. 6D). Overall, CuB-inhibited
hyperproliferation and enhanced cell death in NNK-induced
hyperproliferative lung cancer in A/J mice.
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Figure 4.

CuB induced histone modification changes at the p27 promoter.

A, schematic representation of amplicons for 2 different CpG-rich regions
(represented as ChIP1and ChIP2) of the p27C'P'/WA” promoter. B, H1299 cells
were treated with the indicated concentrations of CuB for 48 hours and
analyzed by ChIP-PCR for the enrichment of different chromatin markers at
the pZIC/P’/WAF7 promoter. Input DNA was used as control. IgG control was
used as a negative control. The gel images are representatives of 3
independent experiments. C, the x-axes represent CuB concentrations in
nmol/L, and the y-axes represent the relative enrichment of individual binding
factors. Each point indicates the mean + SE. *, P < 0.05 against respective
control.

CIPI/WAFI1

CuB alter the expressions of epigenetic enzymes and tumor-
related genes in NNK-induced lung tissues

To further validate our in vitro results, we analyzed the expres-
sions of epigenetic modulatory enzymes in the CuB-treated and
untreated NNK-induced mice lungs. As shown in the Fig. 6E, CuB
treatment led to decreased protein expressions of DNMTs. The
DNMT inhibitory effects were more pronounced at 0.2 mg/kgb.w.
CuB dose. Similarly, CuB also inhibited the protein expression of
different HDACs (HDACs 1-4), with considerably higher inhi-
bition of HDACGs expression at 0.2 mg/kg b.w. CuB dose. Fur-
thermore, we have observed that CuB-induced significant upre-
gulation of p16™* and p21"/WAL \which is consistent with
our in vitro results. However, we also found a significantly
increased expression of p16™*** in the NNK-induced group (Fig.
6F). The expression of tumor promoter Tert was significantly
inhibited in 0.1 and 0.2 mg/kg b.w. CuB-treated animal groups,
further validating our in vitro results (Fig. 6F). In accordance, we
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have also observed a considerable downregulation of the expres-
sions of oncogenes c-MYC and RAS in CuB-treated mice lungs
compared with NNK-induced lung tissue (Fig. 6F).

Discussion

The upregulation of TSGs and downregulation of TPGs have
been causally linked with the inhibition of cellular proliferation
and induction of cellularapoptosis (4, 8, 28). In our present study,
treatment of NSCLC cells with CuB-induced upregulation of key
TSGs and downregulation of oncogenes as well as TPGs. There are
multiple epigenetic mechanisms, such as promoter methylation,
chromatin modifications, and miRNA-mediated silencing, that
areinvolved in the alterations of gene expressions (21, 22, 28, 29).
Therefore, we evaluated the CuB-mediated epigenetic modifica-
tions, including changes in the global as well as gene-specific
methylation and histone modifications in NSCLC cells. Interest-
ingly, we found that CuB inhibited the expression of both DNMTs
and HDAGs in these cells. Previous studies have shown that
treatment with either DNMTs inhibitor alone or in combination
with HDACs inhibitor altered the expressions of TSGs and TPGs in
many cancers (3, 21, 28, 30). In general, promoter regions of
the TSGs are hypermethylated causing their silencing in cancer
and treatment with DNMTs inhibitor has been shown to
reactivate their expression by altering their methylation status
(28). In contrast, hypermethylation at hTERT promoter is
associated with transcriptional activation by inhibiting the
binding of various methylation-sensitive transcriptional repres-
sor proteins (21, 31). Together, our results suggest that CuB-
induced downregulation of DNMTs not only facilitated the
expression of TSGs but also inhibited the expression of hTERT
in H1299 cells.

In addition to alterations in DNA methylation, chromatin
modifications also play major role in gene regulation in cancers.
In general, HDACs are frequently overexpressed in many cancers,
and inhibition of HDACs induces re-expression of epigenetically
silenced genes (7, 8, 28). Our results suggest that CuB-mediated
HDAGCs inhibition altered the accessibility of various transcrip-
tional factors to the promoters of the TSGs and TPG in H1299
cells. Furthermore, we also observed that CuB at 6 nmol/L
concentration induced both class I and class II HDACs, which
seems to be the cellular survival strategy to combat with the
autophagic effects of CuB (32, 33). The protein expressions of
HATs, PCAF, and CBP were increased after CuB treatment, which
might also help in inducing the expressions of the TSGs, as
reported previously (34, 35).

The changes in the expression and activities of epigenetic
modulatory enzymes lead to alterations in histone modifications.
In general, the acetylation at H3K9 results into gene activation,
whereas methylation at H3K9 (H3K9me3) results into gene
repression (2, 28, 36). It is a well-established fact that the sites
and degree of histone methylation define its role in gene regula-
tion (37). The sites with higher enrichment of histone methyla-
tion marks, H3K9me3 and H3K27me3, represent transcription-
ally inactive regions of chromatin. We found significantly lowered
enrichment of these histone methylation marks at the promoters
of TSGs, whereas their enrichment was increased at the hTERT
promoter after CuB treatment in H1299 cells. Many HDACs
inhibitory compounds have shown p53-independent
p21CPIWART ypregulation (38, 39), which again validates the
HDAGC:s inhibitory nature of CuB.
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Methyl-CpG-binding domain proteins (MBD) form a nuclear
DNA-binding protein family comprising MBD 1-4 and MeCP2.
These proteins are capable of binding specifically to methylated
DNA and are known to be involved in DNA methylation-medi-
ated transcriptional repression (2). Binding of MeCP2 to the
selected promoter regions of the p21°"/WA wag significantly
disrupted following CuB treatment, whereas at the hTERT pro-
moter sites, MeCP2 binding was found to be increased. Further-
more, we have also found a higher enrichment of active chromatin
marks at the p16™ 4 and p21°""/"A promoters and a higher
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enrichment of inactive chromatin marks at the h'TERT promoter,
which facilitate alterations in their expressions (21-22, 28, 31).
Furthermore, CuB-mediated downregulation of ¢-MYC expres-
sion facilitates the disruption of the binding of c-MYC, a tran-
scription activator of hTERT, to the hTERT promoter in H1299
cells. On the other hand, -MYC represses p21“""//WA expression
by forming complexes with transcription factors Sp1/Sp3, which
are required for its expression. Because of CuB-mediated inhibi-
tion, -MYC becomes incapable of binding to the transcription
factors Sp1/Sp3, which are required to bind to the p21¢/"/WAr
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promoter to facilitate its activation (40). The downregulation of
-MYC, due to the CuB treatment, thus indirectly leads to the
upregulation of the p21°"WA1  On the basis of these
observations, we propose that CuB-mediated upregulation of
p21CIPYWARL and downregulation of hTERT is, at least in part,
mediated through alterations in promoter methylation and
chromatin modifications in NSCLC.

NNK has been shown to induce lung carcinogenesis through
both genetic and epigenetic mechanisms. Early changes during
NNK-induced lung carcinogenesis include altered expression of
DNMT1 and HDACs (41, 42). Because CuB was found to alter the
expression of DNMTs and HDAC:s in vitro, we selected an NNK-
induced lung cancer mice model to assess the in vivo lung anti-
cancer potential of CuB. In previous studies, the use of combina-
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tions of 0.1 mg/kg b.w. 5-aza-2'-deoxycytidine, a standard DNMT
inhibitor, and 400 mg/kg b.w. valproic acid, a standard HDAC
inhibitor, have been reported to cause a moderate reversible
leukocytopenia in mice (43). In yet another study performed in
rats, the combinations of 20 mg/kg b.w. SGI-110, a DNMT
inhibitor along with 1 mg/kg b.w. entinostat, a HDAC inhibitor
also resulted in a significant weight loss in the animals (44). In
contrast, CuB doses used in this study inhibited the expressions of
both DNMTs and HDAC:s in vivo with no visible sign of toxicity in
the animals. Furthermore, alterations in the expressions of these
epigenetic modulatory enzymes facilitate the upregulation of
TSGs and downregulations of oncogenes as well as TPG as
observed in vitro. Expression of p16™** is transcriptionally
silenced in H1299 cells, whereas it was highly upregulated in the
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NNK-induced lung tissues in A/] mice. In contrast to the in vitro
results, CuB was found to downregulate NNK-induced p16™% 4
upregulation, which might be due to the dysfunctional down-
stream Rb phosphorylation pathway resulting in the inability of
the p16™%** 1o inhibit the cellular proliferation in NNK-induced
tumors (45). However, CuB-mediated upregulation of other TSGs
such as p21¢P/WA and downregulation of TPGs leads to the
inhibition of NNK-induced lung tumorigenicity. Furthermore, we
have also observed that CuB effectively reduced the severity of the
NNK-induced lung tumorigenesis by inhibiting tumor incidence,
multiplicity, and lung hyperplasia, which is well correlated with
the inhibition of PCNA and induction of apoptotic cells in the
CuB-treated NNK-induced lung tumors.

Our study is the first of its kind to show the efficacy of CuB
against NNK-induced lung tumors. As per our knowledge, this is
the first report showing CuB-mediated inhibition of both DNMTs
and HDAGs and its epigenetic mechanism of action both in vitro
and in vivo. This finding becomes even more significant due to the
strong anticancer activity exhibited by a low concentration of CuB
against NSCLC. In conclusion, our results suggest that CuB could
be developed as a very potent lung anticancer molecule and it
could also be used in designing novel epigenetic therapeutic
strategy against NSCLC in humans.
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