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Abstract: Arecoline is the principal alkaloid in the areca nut, a component of betel quids (BQs), which
are carcinogenic to humans. Epidemiological studies indicate that BQ-chewing contributes to the
occurrence of head and neck cancer (HNC). Previously, we have reported that arecoline (0.3 mM) is
able to inhibit DNA repair in a p53-dependent pathway, but the underlying mechanism is unclear.
Here we demonstrated that arecoline suppressed the expression of DDB2, which is transcriptionally
regulated by p53 and is required for nucleotide excision repair (NER). Ectopic expression of DDB2
restored NER activity in arecoline-treated cells, suggesting that DDB2 downregulation was critical
for arecoline-mediated NER inhibition. Mechanistically, arecoline inhibited p53-induced DDB2
promoter activity through the DNA-binding but not the transactivation domain of p53. Both
NER and DDB2 promoter activities declined in the chronic arecoline-exposed cells, which were
consistent with the downregulated DDB2 mRNA in BQ-associated HNC specimens, but not in those
of The Cancer Genome Atlas (TCGA) cohort (no BQ exposure). Lower DDB2 mRNA expression
was correlated with a poor outcome in HNC patients. These data uncover one of mechanisms
underlying arecoline-mediated carcinogenicity through inhibiting p53-regulated DDB2 expression
and DNA repair.
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1. Introduction

The areca nut is the fruit of the palm Areca catechu and is the basic component in all forms of
betel quid (BQ) across different geographic areas. The International Agency for Research on Cancer
(IARC) has recognized that areca nut and BQ without tobacco are carcinogenic to humans (Group
1) [1]. There are more than 600 million people who have BQ-chewing habits in the world [1]. Most
BQ chewers live in southern and southeast Asia, the South Pacific islands, and some chewers can be
found in immigrant communities from these regions. In addition to traditional culture and religion,
the psychoactive effect of areca nut is believed to be another cause for the habit of BQ-chewing [2,3],
which has led to the areca nut becoming the fourth most common addictive substance, following
cigarettes, alcohol, and caffeine [1]. The association between human malignancy and BQ-chewing has
been demonstrated for cancers of the head and neck [4,5], esophagus [6], liver [7], and others [8,9].
Notably, an epidemiological study showed that the risk for the development of oral cancer is higher
in people with a habit of BQ-chewing (28-fold versus control) than in those with a habit of cigarette
(18-fold) or alcohol (10-fold) consumption [4]. This result emphasizes the high carcinogenicity of
ingredients of BQs.

Arecoline is the major alkaloid in the areca nut and contributes to the genotoxic effects of the areca
nut [10-12]. Both arecoline and areca nut extract (ANE) can induce DNA damage, unscheduled DNA
synthesis, chromosome abnormality, and micronucleus formation in human epithelial cells and mouse
bone-marrow cells [11-16]. Some studies suggest that arecoline and ANE can increase reactive oxidative
species and induce DNA damage [17-19]. Previously, we have reported that arecoline at physiological
concentration (0.3 mM) and ANE inhibit DNA repair through the pathways of nucleotide excision
repair (NER) and DNA double-strand break (DSB) repair [20,21]. Arecoline and ANE upregulate the
expression of miR-23a, which targets to the 3’-untranslational region of FANCG mRNA, leading to the
downregulation of FANCG protein level and impairment of DSB repair [21]. We also showed that
arecoline deregulates chromosome segregation and increases the expression of aurora A [22], which is
an oncogenic kinase and is overexpressed in many human cancers [23]. In addition, arecoline enhances
the mutagenicity of benzo[a]pyrene, which is demonstrated by the comet assay [24]. The inhibitory role
of arecoline in NER occurred, at least in part, through interfering with the transactivation function of
p53, which results in a decreased expression of CDKN1A/p21%%1, a representative p53 target gene [20];
however, the mechanism underlying arecoline-mediated inhibition of p53’s function on NER is unclear.

Several studies have shown that p53 can enhance NER through its transactivation activity [25,26].
Upon UV irradiation, p53 targets the promoters of DDB2 and XPC, both of which are NER core
factors, and transactivates their expression in human cells [27-30]. However, p53 cannot activate DDB2
expression in mouse cells because mouse Ddb2 promoter lacks a functional p53 response element [29].
The role of DDB2 in NER is mediated by its chromatin decondensation activity. DDB2 functions
as the subtract adaptor of the DDB1-CUL4 E3 ligase complex, which ubiquitinates histone H2A,
H3, and H4 at DNA lesions and facilitates chromatin relaxation, allowing access for DNA repair
factors, such as XPC, to DNA lesions [31-33]. Individuals with xeroderma pigmentosum syndrome are
deficient in the core NER genes, such as DDB2 and XPC (xeroderma pigmentosum complementation
group E and C, respectively), and are susceptible to the development of skin cancer [34]. In animal
models, Ddb2-deficient mice are also predisposed to UV-induced skin cancer and several other
types of cancers [35,36]. These results indicate an essential role of DDB2 in protecting cells from
UV-induced carcinogenesis.

In this study, we found that the p53-regulated expression of DDB2 was inhibited by arecoline in
human head and neck cancer (HNC) cells. This arecoline-mediated inhibition occurred, specifically,
through impeding the function of p53’s DNA-binding domain toward DDB2 promoter. Ectopic
overexpression of DDB2 was able to restore arecoline-mediated inhibition of NER. Decreased NER and
DDB?2 promoter activities were also observed in long-term arecoline-treated cells. In addition, DDB2
mRNA was downregulated in BQ-associated HNC specimens, but not in those without BQ exposure.
DDB2 downregulation was correlated with a poor outcome in HNC patients. These results suggest
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that arecoline may contribute to HNC development through inhibiting p53-regulated DDB2 expression
and NER.

2. Results

2.1. Arecoline Downregulates the Expression of DDB2

To investigate the mechanism underlying arecoline-mediated inhibition of NER through the p53
pathway, we examined the expression of p53-regulated NER genes DDB2 and XPC upon arecoline
treatment with the physiological concentration (0.3 mM for 24 h) by quantitative RT-PCR and Western
blot analysis. The results showed that arecoline specifically downregulated the mRNA expression
of DDB2, but not that of XPC, XPB, and DDB1 in HEp-2 cells (Figure 1A). The arecoline-mediated
downregulation of DDB2 mRNA was also observed in other HNC cell lines, such as KB, SAS, HSC3,
and SCC9 (Figure 1B); however, the expression of XPC mRNA in these HNC cell lines was not affected
(Figure 1C). The protein level of DDB2 was decreased in arecoline-treated HEp-2 and KB cells; in
contrast, the expression of XPC was not changed (Figure 1D). We also checked the microarray data of
ANE-treated human gingival fibroblasts from the Gene Expression Omnibus (GEO, GSE59414) [37]
and found that the expression of DDB2 mRNA was downregulated (Figure 1E). These results suggest
that arecoline specifically inhibits DDB2 expression.
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Figure 1. Arecoline specifically downregulates the expression of DDB2. (A) RT-qPCR showed that
arecoline treatment (0.3 mM, 24 h) decreased DDB2 mRNA level in HEp-2 cells. The mRNA levels
of DDB1, XPB, and XPC were not affected apparently. The relative mRNA expression in vehicle
control (H,O) was set as one by using GAPDH as an internal control. (B) RT-qPCR showed that DDB2
mRNA level was downregulated in arecoline treated KB, SAS, HSC3, and SCC9 cells. (C) The mRNA
expression of XPC was not affected by arecoline treatment in KB, SAS, HSC3, and SCC9 cells. (D)
Western blot analyses showed that arecoline treatment (0.3 mM, 24 h) decreased DDB2 protein level in
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HEp-2 and KB cells. The protein level of XPC was not affected. (E) The expression of DDB2 mRNA
was downregulated in ANE-treated human gingival fibroblasts (hGF). The results were extracted
from the Gene Expression Omnibus (GSE59414) and the expression level of DDB2 mRNA was log2
transformed. FC, fold-changed (ANE versus H,O). (F) Host cell reactivation (HCR) assay showed that
overexpression of DDB2 restored arecoline-mediated inhibition of nucleotide excision repair in HEp-2
cells. The expression of flag-tagged DDB2 was detected by Western blot analysis using an anti-flag
antibody. All data are shown as mean + standard deviation (1 = 3-5). Ctrl, vehicle control (H,O); Arec,
arecoline. * p < 0.05 versus control; ** p < 0.01 versus control. The full-length blots for Figure 1D,F can
found at Figure S1.

2.2. Reconstituted DDB2 Expression Restores Arecoline-Inhibited NER Activity

To evaluate whether DDB2 downregulation is critical for arecoline-mediated inhibition of NER [20],
we ectopically expressed DDB2 and conducted a host cell reactivation assay to examine the NER activity
in arecoline-treated HEp-2 cells. The results showed that overexpression of DDB2 enhanced NER
activity in vehicle-control cells (2.63-fold, compared to vector control) and restored arecoline-mediated
suppression of NER activity (from 0.66-fold to 1.75-fold, Figure 1F). These data indicate that arecoline
inhibits NER, at least in part, through downregulating the expression of DDB2.

2.3. Arecoline Inhibits the Recruitment of p53 and RNA Polymerase II to the Promoters of DDB2 and p21°*! in
HEp-2 Cells

To examine whether arecoline influences p53 binding to the DDB2 promoter in vivo, a chromatin
immunoprecipitation assay, followed by quantitative PCR, was performed. The results showed that
the binding of p53 to the promoters of DDB2 (around the transcription start site, TSS) and p21¢/! (at 2.3
kilobase upstream to the TSS of CDKN1A) was decreased by arecoline treatment (Figure 2A). We have
reported that the expression of p21“iP! is suppressed by arecoline in a p53-dependent manner [20].
Meanwhile, the binding of RNA polymerase II to the TSS of DDB2 and p21¢#! promoters was also
decreased (Figure 2B). No specific binding of control IgG to the promoters of DDB2, XPC, and p21¢¥!
was detected (Figure 2C,D). We also did not detect a binding of p53 to the XPC promoter (Figure 2D).
These results suggest that arecoline suppresses DDB2 and p21©P! expression through inhibiting the
recruitment of p53 and RNA polymerase II to their promoters.

2.4. Arecoline Inhibits p53-Induced DDB2 Promoter Activity

To further investigate the role of p53 in arecoline-mediated inhibition of DDB2 expression, DDB2
promoter-luciferase reporters containing wild-type (pDDB2-Luc) and mutated (pDDB2-p53x-Luc)
p53-binding site were constructed (Figure 3A). Figure 3B shows that ectopic overexpression of p53
increased the activity of wild-type but not that of the mutant DDB2 promoter, confirming that
P53 positively contributed to the expression of DDB2. The roles of p53 functional domains in the
activation of the DDB2 promoter were examined by using various p53 mutant-expression plasmids.
The results showed that the p53 with loss-of-function mutations in the DNA-binding (DB) domain
(p53-175m/R175H and p53-273m/R273H) abolished its activity of activating the DDB2 promoter
(Figure 3C); however, mutations at multiple phosphorylation sites of the N-terminal transactivation
(TA) domain (p53-N/S6A, S9A, S15A, S18A, S20A, S33A, and S37A) or the C-terminal regulatory
domain (p53-C/S315A, S371A, S376A, S378A, and S392A) did not affect its ability to activate the DDB2
promoter (Figure 3D). These results suggest that the DB domain is critical, but phosphorylation at the
N- and C-terminal domains is less important for p53-mediated activation of the DDB2 promoter. Next,
we found that arecoline inhibited DDB2 promoter activity in a dose-dependent manner (Figure 3E) and
overexpression of p53 could recover arecoline-mediated inhibition of the DDB2 promoter (Figure 3F).
Together with the decreased binding of p53 to the DDB2 promoter by arecoline (Figure 2A), these
results suggest that p53 is involved in arecoline-mediated inhibition of DDB2 promoter activity.
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Figure 2. Arecoline inhibits the recruitment of p53 and RNA polymerase II to the promoters of DDB2
and p21¢#! (CDKN1A) in vivo. The HEp-2 cells were treated with arecoline (0.3 mM) or vehicle
(HO) for 24 h and then were harvested for chromatin immunoprecipitation assays using anti-p53
(A), anti-RNA polymerase II (B), and control IgG (C) antibodies followed by quantitative PCR. The
PCR amplicons cover the p53-binding sites on the DDB2 (around the transcription start site, TSS) and
p21C#T (at 2.3 kilobase upstream to TSS) promoters. (D) Chromatin immunoprecipitation assays show
no specific binding of p53 and control IgG to the XPC promoter. Data are shown as mean + standard
deviation (n = 3). Ctrl, HyO; Arec, arecoline. ** p < 0.01 versus control.

2.5. Arecoline Inhibits p53-Regulated Promoters through p53’s DNA-Binding Domain

To elucidate the mechanism underlying the repression of p53-induced DDB2 promoter activity
by arecoline, we first focused on the effect of arecoline on p53’s DB domain. To this end, we used
the domain-swapped construct, p53DB-VP16TA, in which p53’s TA domain was replaced by VP16’s
TA domain (Figure 4A) [26]. When co-transfected with p53-regulated promoters, we found that
arecoline repressed p53DB-VP16TA-mediated activation of the promoters of DDB2 (Figure 4B), p21¢!
(Figure 4C), and the minimal reporter that contains only three copies of consensus p53-binding sites
and a TATA box (p3PREc-Luc, Figure 4D). Next, we analyzed the effect of arecoline on p53’s TA domain
specifically. The TA domains of p53 and that of VP16 were fused with GAL4’s DB domain to generate
PGAL-p53TA and pGAL-VP16TA, respectively, which could target pFR-Luc, containing five copies
of GAL4-binding sites (Figure 4E,F). When co-transfected, we found that arecoline did not suppress
the TA domains of p53 and VP16 when they were fused with GAL4’s DB domain (Figure 4G). These

results suggest that arecoline suppresses p53-regulated promoters through inhibiting the DB but not
the TA domain of p53.
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Figure 3. Arecoline inhibits p53-induced DDB2 promoter activity in HEp-2 cells. (A) Schematic
illustration of the DDB2 promoter-luciferase construct (pDDB2-Luc). (B) The wild-type p53 (p53-WT)
could activate pDDB2-Luc but not pDDB2-p53x-Luc, in which the p53 binding site was mutated. (C)
The mutations in DNA-binding domain (p53-175m/R175H, p53-273m/R273H) abolished p53-mediated
transactivation of pDDB2-Luc. (D)The mutations of multiple phosphorylation sites in the N-terminal
transactivation domain (p53-N/S6A, S9A, S15A, S18A, S20A, S33A, and S37A) or the C-terminal
regulatory domain (p53-C/S315A, S371A, S376A, S378A, and S392A) did not affect p53-mediated
transactivation of pDDB2-Luc. (E) Arecoline inhibited DDB2 promoter activity in a dose-dependent
manner. (F) Overexpression of p53 restored arecoline-mediated inhibition of DDB2 promoter activity.
Data are shown as mean + standard deviation (n = 3). Ctrl, vehicle control (H,O); Arec, arecoline; * p <
0.05 versus control; ** p < 0.01 versus vector (B-D) or control (E,F).
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Figure 4. Arecoline inhibits p53-regulated promoters through p53’s DNA-binding domain in HEp-2
cells. (A) Schematic diagram shows the DNA-binding (DB) and transactivation (TA) domains of
wild-type p53 and the p53DB-VP16TA chimeric construct; (B-D) Arecoline (0.3 mM, 24 h) inhibited
p53DB-VP16TA-mediated transactivation of the p53 binding site-containing DDB2 promoter (B), p2 1Cirl
promoter (C), and p3PREc-Luc (D). The p3PREc-Luc contains only 3 copies of consensus p53-responsive
elements and a TATA box [38]. (E,F) Schematic illustration of pPGAL-p53TA and pGAL-VP16TA chimeric
constructs (E) and the pFR-Luc reporter that contains 5 copies of GAL4-binding sites (F). (G) Arecoline
(0.3 mM, 24 h) did not inhibit p53’s or VP16’s TA domain-mediated transactivation of pFR-Luc. Data
are shown as mean + standard deviation (1 = 3). Ctrl, H,O; Arec, arecoline; * p < 0.05 versus control; **
p < 0.01 versus control.
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2.6. The DDB2 Promoter and NER Activities Are Decreased in Long-Term Arecoline-Treated Cells

Because BQ chewers usually consume BQ daily, we simulated this scenario by repetitively treating
the HEp-2 cells with arecoline (0.3 mM, 6-8 h/day) every day for 60 days to obtain HA60d cells, and
then examined the activity of the DDB2 promoter and NER in these cells. Before analysis of the
HA®60d cells, arecoline was removed from medium for three days; therefore, the obtained results
were not from the acute effect (24 h) of arecoline. Instead, the results were more likely to reflect the
consequence of long-term arecoline treatment. When compared with parental cells that were cultured
in parallel without arecoline treatment, HA60d cells exhibited an increased cell viability in the presence
of arecoline for 48 h, as expected (Figure 5A). In addition, HA60d cells exhibited a reduced NER
capacity (Figure 5B), consistent with a decreased DDB2 promoter activity (Figure 5C). These results
suggest that long-term BQ chewing may decrease the function of the DDB2 promoter and NER.
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Figure 5. Long-term arecoline treatment leads to suppression of DDB2 promoter and nucleotide
excision repair (NER) activity. The long-term arecoline-treated HA60d cells were obtained by repetitive
treatment of arecoline (0.3 mM for 6-8 h/day) for 60 days. (A) MTT assays show the cell sensitivity
to arecoline treatment for 48 h; (B) HCR assay showed an impaired NER activity in HA60d cells; (C)
DDB?2 promoter activity was decreased in HA60d cells. Data are shown as mean + standard deviation
(n =3-4). *, p < 0.05 versus HEp-2 cells; **, p < 0.01 versus HEp-2 cells.

2.7. DDB2 mRNA Is Downregulated in Oral Submucous Fibroblasts (OSFs) and HNC in BQ-Epidemic Areas
and Is Correlated with Lymph Node Invasion and Patient Outcome

To examine the role of DDB2 in BQ-associated HNC, we first examined the expression of
DDB2 mRNA in premalignant OSFs, which have high probability to progress to oral cancer, from a
BQ-epidemic area using the GEO data set (GSE20170) [39]. The results showed that the expression of
DDB2 mRNA was decreased in 8 out of 10 OSFs (Figure 6A). Next, the expression of DDB2 mRNA
in 92 HNC specimens was compared with that in adjacent non-tumor tissues by using RT-qPCR.
The results showed that DDB2 mRNA was downregulated in most of the BQ-associated HNC cases
(Figure 6B). However, the expression of DDB2 mRNA was not altered in the HNC specimens of
The Cancer Genome Atlas (TCGA) cohort (Figure 6C,D), which were collected from HNC patients
without a history of BQ-chewing. These results were consistent with the in vitro finding of DDB2
downregulation by arecoline.

The clinical significance of downregulated DDB2 mRNA was examined by its association with
patients’ clinicopathological features. Table 1 shows that the decreased DDB2 mRNA (ratio of
tumor/adjacent non-tumor < 0.24, according to receiver operating characteristic curve analysis) in the
HNC of patients with BQ-chewing was positively correlated with lymph node invasion (p = 0.007) and
death (p = 0.002). Kaplan—Meier survival analysis demonstrated that the patients with decreased DDB2
mRNA levels exhibited poor overall survival (OS) rates (p = 0.047, Figure 7A,B). Larger tumor size (p =
0.001), positive lymph node involvement (p = 0.001), and advanced pathological stage (p = 0.013) were
also correlated with poor patient outcome (Figure 7B). Multivariate Cox model analysis showed that
both T- (HR: 2.300, 95% CI: 1.209-4.376) and N-stage (HR: 2.025, 95% CI: 1.010-4.058) independently
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predicted worse OS of patients; by contrast, the predictive power of DDB2 mRNA expression (HR:
1.325, 95% CI: 0.688-2.554) was affected by other confounding factors (Figure 7C).
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Figure 6. DDB?2 is downregulated in oral submucous fibroblasts (OSFs) and head and neck cancer
(HNC) specimens collected from betel quid (BQ)-epidemic areas. (A) The expression of DDB2 mRNA
was downregulated in 8 out of 10 OSFs in the GSE20170 dataset. FC, fold-changed (OSFs versus
normal tissues). (B) The DDB2 mRNA expression in the specimens of BQ-associated HNC versus that
in adjacent non-tumor tissues was examined by RT-qPCR and is shown as a ratio in a box plot. The
box represents upper and lower quartiles and the horizontal line in the box represents the median
expression among the 92 HNC cases of the Kaohsiung Medical University Hospital (KMUH) cohort.
(C,D) The DDB2 mRNA expression in the HNC specimens of The Cancer Genome Atlas (TCGA)
cohort. The level 3 RNA sequencing data was acquired from TCGA data portal and was checked for
the expression of DDB2 mRNA in (C) 43 pairs of tumor/normal samples (shown as a ratio of tumor
versus normal) and (D) all HNC samples (n = 521, shown by fragments per kilobase of transcript per
million mapped reads, FPKM).

Table 1. Correlation between clinicopathological variables and DDB2 mRNA expression.

a
Variables DDB2 mRNA p°
<0.24 >0.24

Gender Male 38 (43.7%) 49 (56.3%)  0.391°¢
Female 1 (20.0%) 4 (80.0%)

Age <60 21 (38.9%) 33 (61.1%) 0.418
>60 18 (47.4%) 20 (52.6%)

T 1-2 19 (35.8%) 34 (64.2%) 0.139
3-4 20 (51.3%) 19 (48.7%)

N 0 18 (31.6%) 39 (68.4%) 0.007
1-3 21 (60.0%) 14 (40.0%)

Stage I-1I 12 (30.0%) 28 (70.0%) 0.035
M-IV 27 (51.9%) 25 (48.1%)

Death No 14 (28.0%) 36 (72.0%) 0.002
Yes 25 (59.5%) 17 (40.5%)

2 Ratio of tumor/normal; cut-off point was determined by the receiver operating characteristic curve. b Chi-square
test. © Fisher’s exact test.
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A B
1.0 Kaplan-Meier overall survival rates
Variables 5-yr (%) P?
- 087 DDB2 > 0.24 Age <60 32.2
s (N =53) > 60 47.2  0.115
2 0.6 T 1-2 45.8
a 3-4 301 0.001
£ 0.4 N 0 51.5
S 1-3 22.8 0.001
| DDB2 <0.24 Stage I-II 48.0
0.2 (N=39) -1V 335  0.013
DDB2® < 0.24 26.7
0.0 T T T T T 1 > 0.24 54.3 0.047
0 12 24 36 48 60 72 84 "Log-rank test
Survival (months) Ratio of tumor/normal
(o4
Multivariate Cox model analysis of overall survival®
Variables HRR 95% CI P
Tumor size (T, vs. Ty,) 2.300 1.209-4.376 0.011
N stage (N, vs. Ny) 2.025 1.010-4.058 0.047

DDB2 expression (<0.24 vs. > 0.24) 1.325 0.688-2.554 0.400
"Adjusted by age, gender, T and N stages, and DDB2 mRNA expression

Figure 7. Kaplan-Meier and multivariate Cox regression analyses of overall survival (OS). (A) The OS
curves of BQ-associated HNC patients (KMUH cohort). (B) Patients’ 5-yr OS rate. (C) Hazard rate ratio
(HRR) of T-, N-stage, and DDB2 mRNA expression calculated by multivariate Cox model. The patients
were sub-grouped based on the expression of DDB2 mRNA in tumor tissues versus that in adjacent
non-tumor tissues (cutoff: 0.24). N: patient number.

3. Discussion

This study demonstrates that the major alkaloid of the areca nut, arecoline, downregulated DDB2
expression through inhibiting p53’s DNA-binding (DB) activity toward the DDB2 promoter; however,
p53’s transactivation (TA) domain was not affected by arecoline. Ectopic expression of DDB2 restored
arecoline-inhibited NER activity, suggesting that arecoline-mediated suppression of DDB2 and NER
contributes to BQ-induced mutagenicity [10,12,14,15,20]. Because DNA repair serves as an anti-cancer
barrier in early human tumorigenesis [40,41], arecoline-induced DDB2 downregulation and impaired
NER activity may contribute to cancer development (Figure 8) and, as a result, may lead to a high
incidence of HNC among BQ chewers [1,4,5].

Arecoline did not suppress the expressions of other NER genes, such as DDB1 (Figure 1A), and the
expressions of these NER genes were not apparently changed in ANE-treated hGFs and OSFs, except
for XPG (ERCC)) (Figure S2). XPG is an endonuclease required for excision of damaged DNA during
NER [34]. Future work is warranted to investigate the role of XPG in arecoline-mediated suppression
of NER.

In addition to the effect of arecoline on the expression of NER genes, whether arecoline influences
the post-translational modifications (PTMs) of NER factors is unclear. The PTMs, such as ubiquitylation
and SUMOylation, of NER proteins play an important role in the regulation of the NER process [42]. For
example, polyubiquitylation of XPC increases its DNA binding affinity to UV-lesions, thus facilitating
DNA damage recognition [43]. However, PTMs of DNA repair proteins induced by arecoline or other
ingredients of BQ are an unexplored field, and need to be examined in the future to further illustrate
the mechanism underlying arecoline-mediated suppression of NER.

In HNC, the function of p53 can be inactivated by gene mutation (the majority in the DB domain)
and by the infection of human papillomavirus [44-47]. Here, we demonstrate another mechanism
underlying p53 inactivation in HNC, that is, through arecoline-mediated inhibition of p53’s DB domain.
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Because p53 plays an important role in the tumorigenesis of HNC [48,49], p53 inactivation through
this mechanism may have an important impact on the development of HNC in BQ-epidemic areas,
where there are more than 600 million BQ chewers [1].

It is still unclear how arecoline inhibits p53’s DB activity. The diverse functions of p53, such
as DNA repair, cell cycle arrest, apoptosis, senescence, and energetic metabolism, can be regulated
by PTMs of the p53 protein [50]. Previously, we have shown that arecoline treatment induces
hyperphosphorylation at serine 15 (S15-p) of p53’s TA domain [20]. However, S15-p may not be directly
involved in arecoline-mediated repression of DDB2 promoter activity, because arecoline did not affect
p53’s TA domain (Figure 4G), and the N-terminal serine mutations did not impair p53-induced DDB2
promoter activity (Figure 3D). The acetylation at lysine 120 (K120-ac) of p53’s DB domain by the lysine
acetyltransferase hMOF or Tip60 regulates p53’s DB activity and contributes to the activation of a
subset of p53 target genes [51,52]. Whether arecoline affects p53’s DB domain through regulating
K120-ac or other PTMs requires further investigation.

It has been reported that BRCA1 interacts with p53 and enhances p53 binding to the DDB2
promoter [53-55]. Interestingly, both Chiang’s study [56] and our unpublished data show that arecoline
treatment resulted in BRCA1 downregulation. In addition, the expression of BRCA1 is decreased in
mice with chronic exposure to ANE [57,58]. Therefore, it is of interest to investigate whether BRCA1
downregulation is involved in arecoline-mediated inhibition of p53 binding to the DDB2 promoter in
the future.

In addition to arecoline-mediated repression of p53’s DB domain, other mechanisms are reported to
contribute to DDB2 downregulation in HNC. For example, allelic imbalance and loss of heterozygosity
at the DDB2 locus (11p12-11) are observed in some HNC samples [59], suggesting that allelic loss
of the DDB2 gene may lead to DDB2 downregulation in cancer cells. Knijnenburg et al. report an
increased methylation at the DDB2 promoter in a subset of HNC samples [60]. Whether arecoline
affects methylation at the DDB2 promoter is unclear; however, arecoline is reported to increase the
recruitment of DNMT3B to the ANK1 promoter [61]. Long-term arecoline treatment also enhances the
expression of DNMT3B, which promotes methylation at the ALDH1A2 and ADHFE1 promoters [62].
In this regard, the methylation state of the DDB2 promoter in the long-term arecoline-treated HA60d
cells, as well as in HNC specimens, can be examined in the future.

Downregulation of DDB2 mRNA was mainly observed in the OSFs and HNC of patients with
BQ-chewing history, but not in those without BQ exposure (Figure 6). Furthermore, downregulation
of DDB2 mRNA was correlated with lymph node metastasis and poor overall survival of HNC
patients with BQ-chewing habits (Table 1 and Figure 7), although the effect of DDB2 on HNC
patients’ survival might be regulated by other confounding factors, especially the status of lymph
node involvement (data not shown). The association between downregulated DDB2 expression and
poor patient survival is also observed in colorectal cancer [63], astrocytoma [64], and another HNC
cohort [65]. The role of DDB2 downregulation in patients” worse outcomes may be due to its role
in suppressing epithelial-to-mesenchymal transition (EMT) [65,66], which is a process involved in
metastasis and chemoresistance of cancer cells [67] (Figure 8). Indeed, previous studies show that
DDB?2 is downregulated in metastatic colorectal and breast cancers [66,68]. Interestingly, arecoline is
known to promote EMT [69-71]. These results suggest that arecoline-mediated DDB2 downregulation
may contribute to EMT and lymph node metastasis of HNC cells. However, this notion needs to be
verified further.
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Figure 8. A schematic model of the roles of DDB2 in activating DNA repair and in suppressing
epithelial-mesenchymal transition (EMT). DDB2 cooperates with DDB1, XPC, and RAD23 in the
recognition of the DNA damage site to initiate the global genome-NER (GG-NER). The following
GG-NER steps include DNA unwinding (by XPB and XPD), excision (by XPF, ERCC1, XPG, and XPA),
synthesis (by DNA polymerase 6 and ¢), and ligation (by DNA ligase 1) [34]. This DNA repair function
plays a critical role in preventing genome instability and cancer formation [40,41]. DDB2 can also
suppress metastasis [65,66] and chemoresistance [67] of cancer cells through inhibiting the expression
of EMT activators Sanil, Zeb1, and VEGEF. The expression of DDB2 is positively regulated by p53, which
binds to the promoter of the DDB2 gene [28,29]. Arecoline suppresses DDB2 gene expression through
inhibiting p53’s DNA-binding domain (p53-dbd), which may ultimately facilitate tumorigenesis, cancer
metastasis, and chemoresistance.

4. Materials and Methods

4.1. Cell Culture and Arecoline Treatment

The human HNC cell lines HEp-2, KB, SAS, HSC3, and SCC9 were grown in Dulbecco’s modified
Eagle’s medium (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (Invitrogen, Carlsbad,
CA, USA) at 37 °C and 5% CO, with saturating humidity as described previously [20,72]. Arecoline
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in distilled water at 100 mM as a stock and was
stored at —20 °C in aliquot. For most experiments, cells were treated with arecoline at 0.3 mM, which is
an average concentration in the oral cavity of BQ chewers [73], for 24 h, and then were harvested for
subsequent analyses.

4.2. Analysis of DNA Repair Activity Using Host Cell Reactivation (HCR) Assay

The HCR assay for NER was conducted as previously described [20,74]. Briefly, the UV (1000
J)-irradiated firefly luciferase reporter pPCMV-Luc was co-transfected with pRL-CMYV (internal control
for calibrating transfection efficiency) using Lipofectamine 2000 (Invitrogen) into cells with or without
arecoline treatment for 24 h, which allowed cells to repair the damaged pCMV-Luc. As a result,
the firefly luciferase derived from the UV-damaged pCMV-Luc depends on the repair function of
the transfected host cells. In parallel, an undamaged pCMV-Luc was also transfected to serve as a
reference (100% luciferase activity) for the UV-damaged one. After cell harvest, dual-luciferase assay
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was conducted and the HCR activity was represented by the ratio of luciferase activity derived from
the UV-damaged pCMV-Luc to that derived from the undamaged pCMV-Luc.

4.3. Promoter-Luciferase Reporters and DDB2- and p53-Expressing Plasmids

The DDB2 promoter-luciferase reporter (pDDB2-Luc) was constructed by the nested PCR
method to overcome the difficulty in the amplification of the DDB2 core promoter region that
contains multiple CG-repeated sequences. The two pairs of nested PCR primers are the outer
primers GTTCGTGTCAGGAAGTCAAGGC, ACAGGCAGTACCGGAGCCCTTC and the inner primers
GGGGCTAGCGGGACCATCTTTGCTCCAG, GGGAAGCTTCGCGTCCTCCGTGTGAAG. The nested
PCR products that contained the DDB2 core promoter sequence (—142 to +195) were cloned to the
pGL3-basic luciferase reporter (Progema, Ipswich, WI, USA) using Nhel and HindIII restriction
sites. The deletion of p53-binding site on the pDDB2-Luc was generated by overlapping PCR
method using Q5 Site-Direct Mutagenesis Kit (New England BioLabs, MA, USA) and the primers
GGGTCGCTTTGGCGGGAAGTTGGCT, AGGGGGAATTCAAACCAGCTTGGAGCTC to obtain
pDDB2-p53x-Luc. Both the wild-type and mutant DDB2 promoter sequences were verified by
DNA sequencing. The reporter plasmids p21-Luc (2.4-kb CDKN1A/p21¢"! promoter containing two
p53-binding sites) and p3PREc-Luc (3 copies of consensus p53-binding sites and TATA box), as well
as the wild-type and mutant p53-expressing plasmids (p53-WT, p53-175m, p53-273m, p53DB-VP16,
pGAL4-p53TA, pGAL4-VP16TA), have been described in previous papers [26,38]. The DDB2-expressing
plasmid was purchased from OriGene (RC200390, Rockville, MD, USA). The pFR-Luc (5 copies of
GAL4-binding sites and TATA box) and pRL-CMYV (serve as an internal control for transfection) were
from Stratagene (Santa Clara, CA, USA) and Promega, respectively.

4.4. Dual-Luciferase Assay

The dual-luciferase assays were performed as described previously [20]. Briefly, cells
were co-transfected with 250 ng of various reporters and p53- or DDB2-expressing plasmids (at
indicated amounts) using Lipofectamine 2000 (Invitrogen) in the presence of the internal control
reporter pRL-CMV (30 ng) for 6 h, then the cells were washed and treated with arecoline for an
additional 24 h (or indicated times) and harvested for dual-luciferase assay (Promega) according to
manufacturer’s instructions.

4.5. Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was conducted using SimpleChIP Enzymatic Chromatin IP Kit (#9003, Cell Signaling)
and the method as described [75] with slight modifications. Briefly, cells were fixed with 1% (v/v)
formaldehyde at room temperature (RT) for 10 min and neutralized with glycine at RT for 5 min. The
fixed cells were sonicated using Q700 sonicator (Qsonica, Newtown, CT, USA) to obtain chromatin
fragments with a range between 150 and 800 bp. The fragmented chromatin (5 ug) of each treatment
was subjected to immunoprecipitation using p53 and RNA polymerase II antibodies (sc-126X and
sc-899X, respectively, Santa Cruz), and then were purified for gPCR. A normal immunoglobulin
G (sc-2025, Santa Cruz) was used as a negative control. The primer sequences for ChIP-qPCR
analyses are: DDB2 (TSS): GCTCCAAGCTGGTTTGAACA and TAGCCGAGCTAAGCCAACTTCC;
XPC (TSS): GCCGCGCGTTTCCGAGCC and CGCGGCCGGGTGCGTCAC [30]; p21 (TSS):
TATATCAGGGCCGCGCTG and GGCTCCACAAGGAACTGACTTC; and p21 (=23 K):
AGCAGGCTGTGGCTCTGATT and CAAAATAGCCACCAGCCTCTTCT [76], where TSS represents
transcription start site. The amplicons of DDB2 (TSS), XPC (TSS), and p21 (-2.3 K) contain
p53-binding regions.

4.6. RNA Extraction, Reverse Transcription and Real-Time Quantitative PCR (RT-qPCR)

As described previously [20,74], total RNA was isolated using Tri-reagent (Sigma-Aldrich)
and one microgram of total RNA was reverse transcribed to cDNA in a volume of 20 pL using
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a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). The resultant
cDNA was diluted to 100 uL with distilled water and 2 pL of diluted cDNA was used for qPCR
reaction (20 pL) with PowerSYBR Green reagent (Applied Biosystems) and cycling condition:
50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 sec and 60 °C for 1
min in the ABI StepOne System. A dissociation (melting) curve analysis was used to check the
specificity of qPCR reaction. The relative mRNA expression of DDB2 (and other genes) in each
sample was normalized to that of GAPDH and represented by the 2724¢1 method. The primer
sequences were DDBI: CCCCTCAATTCAGATGGCTA and GGTGAGGGTGCTATTGTTIGG;
DDB2: TCAAGGACAAACCCACCTTC and AAACTTCAGCCCAGTGATGC;
XPB: ACTGGATGGAGCTGCAGAAT and GACATAGGGCACCAGACCTC; XPC:
AGACCATACCAGAGCCCATTT and  TCCATGTGTTTTGCCTGAAA; and  GAPDH:
AGCCACATCGCTCAGACAC and GCCCAATACGACCAAATCC.

4.7. Western Blot

Western blot analysis was performed as described [20,74]. Briefly, cell lysates were prepared using
RIPA lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 1% (v/v)
Nonidet P-40, 0.1% (w/v) SDS, 1 mM DTT) in the presence of protease inhibitors (Roche, Mannheim,
Germany). Protein lysates (30 ug) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, followed by transferring to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA), incubating with antibodies, and visualizing by enhanced chemiluminescence (Millipore,
Bedford, MA, USA) and the ChemiDoc-It imaging system (UVP, Upland, CA, USA). The primary
antibodies against DDB2 and XPC were purchased from Cell Signaling (#5416, Danvers, MA, USA)
and GeneTex (GTX70294, Irvine, CA, USA), respectively. The antibody against GAPDH (sc-32233,
Santa Cruz, CA, USA) was used as a loading control.

4.8. Simulation of BQ-Chewing Habit by Long-Term Repetitive Arecoline Treatment

To simulate the habit of BQ chewers, a long-term (up to 60 days) arecoline-treated HEp-2 cell
model was established by repetitive arecoline (0.3 mM) on-off treatment daily (6-8 h per day). The
resulting cells (HA60d) were cultured without arecoline for at least 3 additional days and then were
examined for DDB2 promoter activity and DNA repair capacity. These results represent the long-term
but not acute (24 h) effect of arecoline.

4.9. Analysis of DDB2 mRNA Expression in BQ-Associated HNC Specimens

This study protocol (IRB-950094) was approved by the Institutional Review Board of Kaohsiung
Medical University Hospital (KMUH) and specimens were collected from 92 HNC patients with
BQ-chewing histories after obtaining their written informed consent (KMUH cohort). Among the 92
HNC specimens, 60 had paired adjacent non-tumor tissues. RNA extraction, reverse transcription, and
qPCR were conducted for each tumor and non-tumor sample by using GAPDH as an internal control,
as described [74,77]. For each sample, at least 2 independent RT-qPCR reactions were performed to
obtain an average expression level. The expression of DDB2 mRNA was represented as a ratio of DDB2
mRNA level in tumors to that in paired non-tumor tissues. For the 32 HNC specimens without paired
non-tumor tissues, an average of DDB2 mRNA level in all non-tumor tissues was used for comparison.
The results were shown as a box plot using IBM SPSS Statistics (version 22, Armonk, NY, USA).

4.10. Acquisition of HNC Dataset from the Cancer Genome Atlas (TCGA)

TCGA Level 3 RNA-sequencing data of 521 HNC and 43 adjacent normal samples were
downloaded from TCGA data portal (https://portal.gdc.cancer.gov/) on 24 February, 2015. The
expression of DDB2 mRNA was represented as fragments per kilobase of transcript per million mapped
reads (FPKM) in a box plot, using IBM SPSS Statistics.
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4.11. Statistical Analysis

For cell culture experiments, data were presented as mean =+ standard deviation from at least
three independent experiments (as indicated in Figure legends). The difference between control and
experimental groups was examined using Student’s ¢-test and p < 0.05 was considered statistically
significant. For clinical analysis, BQ-associated HNC patients were divided into two groups according
to DDB2 mRNA expression (cutoff of tumor/normal: 0.24) by receiver operating characteristic
curve analysis. The overall survival rates were calculated by Kaplan-Meier estimates and log-rank
tests. The hazard rate ratio for patients’ overall survival was estimated using the multivariate Cox
regression model.

5. Conclusions

The present study shows that the major alkaloid of the areca nut, arecoline, inhibited p53’s
DNA-binding domain toward the DDB2 promoter, resulting in downregulation of DDB2 and
suppression of NER activity. These findings provide a mechanistic explanation for arecoline- and areca
nut-induced genotoxicity. The downregulation of DDB2 mRNA was observed in BQ-associated OSFs
and HNC and was correlated with metastatic lymph node and patients” worse overall survival rate.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2053/s1,
Figure S1: The full-length blots for Figure 1D,F, Figure S2: Expression of NER genes in GSE59414, which is
shown by an average of 2 samples of areca nut extract (ANE)-treated human gingival fibroblast (hGF), and in
GSE20170, which is shown by an average of 10 oral submucous fibroblast (OSF) and standard deviations, FC
(log2), fold-changed with log2-transformed.
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