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Abstract

Diabetes is a major risk factor in the development and progression of several cancers
including cholangiocarcinoma (CCA). However, the molecular mechanism by which
hyperglycemia potentiates progression of CCA is not clearly understood. Here, we
showed that a high glucose condition significantly increased reactive oxygen species
(ROS) production and promoted aggressive phenotypes of CCA cells, including pro-
liferation and migration activities. Mannosidase alpha class 2a member 2 (MAN2A?2),
was upregulated at both mRNA and protein levels in a high glucose- and ROS-
dependent manner. In addition, cell proliferation and migration were significantly
reduced by MAN2A2 knockdown. Based on our proteome and in silico analyses, we
further found that chromodomain helicase DNA-binding protein 8 (CHD8) was in-
duced by ROS signaling and regulated MAN2A2 expression. Overexpression of CHD8
increased MAN2A2 expression, while CHD8 knockdown dramatically reduced prolif-
eration and migration as well as MAN2A2 expression in CCA cells. Moreover, both
MAN2A2 and CHDS8 were highly expressed with positive correlation in CCA tumor
tissues. Collectively, these data suggested that high glucose conditions promote CCA
progression through ROS-mediated upregulation of MAN2A2 and CHDS8. Thus, glu-
cose metabolism is a promising therapeutic target to control tumor progression in
patients with CCA and diabetes.
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1 | INTRODUCTION

Cholangiocarcinoma (CCA) is a cancer that develops in bile duct
epithelial cells. The incidence and mortality rate of this disease
is increasing worldwide.> The highest incidence of CCA has
been reported in northeastern Thailand.? Most CCA patients
are usually diagnosed in late stages of the disease, resulting in
poor patient outcomes® with cancer recurrence and high met-
astatic rates as major causes of death in CCA patients.* Liver
fluke (Opisthorchis viverrini, OV) infection is a well defined major
cause of CCA development in northeastern Thailand, an en-
demic region for OV.>¢

Diabetes mellitus (DM) describes a group of abnormal met-
abolic disorders caused by high levels of glucose in the blood
circulation.” The prevalence of diabetes is increasing globally®
Diabetic patients are susceptible to serious complications such as
cardiovascular diseases and cancers.”!° Epidemiologic evidence
indicates that high glucose is linked to increased risk for several
cancers such as liver, pancreatic, colorectal, lung, and CCA.*%12
Previous research has shown that CCA patients with diabetes
in northeastern Thailand showed higher mortality rate when
compared with liver cancer patients without diabetes.'® More
importantly, two-thirds of patients with CCA also have diabetes
(Charupong Saengboonmee, 2015, unpublished data). This means
that high glucose conditions may increase the risk of developing
CCA. Although previous reports have shown that high glucose
levels enhanced CCA progression by activating STAT3, NF-kB,
and aberrant glycosylation,!*'> the molecular mechanisms for
high glucose promotion of the development and progression of
CCA remain largely unknown.

ROS are powerful cellular signaling molecules that play es-
sential roles in many physiologic and pathologic processes.
Tight regulation of the ROS balance is necessary for maintain-
ing cellular survival, proliferation, and differentiation. Increased
ROS levels are predominantly detected in various cancers,'’*?
resulting in promotion of tumorigenic signaling pathways.
However, excessive ROS levels over the cytotoxic threshold can
initiate apoptotic signaling in cancer cells.2%2! Thus, the role of
ROS in cancer is still controversial. It has long been accepted that
increased ROS is a key feature in the development of diabetic
complications. Several studies have revealed that high glucose
levels induce ROS and the resultant ROS activates many signal-
ing pathways.?? However, there have been few reports showing
that high glucose increased cancer progression by ROS pro-
duction in pancreatic cancer,?®?* preast cancer,?” and prostate
cancer.?® Furthermore, it remains totally unknown whether high
glucose levels can induce ROS signaling or ROS mediation in CCA
cell progression.

The present study was designed to investigate whether CCA
progression by high glucose levels is dependent on ROS and
also attempted to reveal the molecular mechanisms for how
high glucose-ROS signaling contributes to the progression of
CCA cells.
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2 | MATERIALS AND METHODS
2.1 | Cell culture

Human CCA cell lines, KKU-213A, KKU-213B,% and KKU-055 were
obtained from the Japanese Collection of Research Bioresources
(JCRB) Cell Bank, Osaka, Japan. Cell culture conditions have been
described previously." This study used NAC, which is a ROS inhibi-
tor, to investigate the effect of high glucose associated with ROS

signaling,

2.2 | Chemicals

NAC (A0918) was obtained from Sigma-Aldrich. Cell Counting Kit-8
(CCK-8 assay) was purchased from the Dojindo company. TRIzol
Reagent (#15596026) was purchased from Invitrogen, and Bio-Rad
protein assay (#500-0006) was obtained from Bio-Rad.

2.3 | siRNA, plasmid, and antibodies

The levels of MAN2A2, chromodomain helicase DNA-binding protein
8 (CHD8), CCCTC-binding factor (CTCF), and SMARCA4 were modu-
lated by siRNA. These siRNAs were synthesized by Nippon Gene
(Tokyo, Japan). siRNA sequence information is listed in Table S1.
siGL3 was used as a negative control for knockdown experiments.
Recombinant plasmid-pcDNA3.0-Flag-CHDS8, and anti-CHD8 an-
tibody were used.?® Transfection experiments for siRNA and plas-
mids were conducted using Lipofectamine RNAIMAX® and FUGENE
HD transfection reagents, respectively, following manufacturer's
instructions. Primary antibody against HDAC1 (#SC-7872) was pur-
chased from Santa Cruz Biotechnology. Anti-rabbit IgG antibody
(#NA934V) was obtained from GE Healthcare.

2.4 | Measurement of ROS production

Cells were incubated in serum-free DMEM with 2.5 umol/L CM-
H2DCFDA (Invitrogen Life Technologies) for 30 min at 37°C in 5%
CO, in air. Cells were seeded into 12-well plates and cultured over-
night in normal glucose culture medium. For high glucose treatment,
culture medium was replaced with high glucose medium and cells
were incubated for 2, 6, 12, or 24 h. Cells were washed twice with
ice-cold PBS, trypsinized, and centrifuged to obtain a cell pellet. The
pellets were resuspended in PBS. Fluorescence intensity was ana-

lyzed by flow cytometry.

2.5 | Sulforhodamine B (SRB) assays

Cell proliferation was determined by SRB assay as previously de-

scribed.?? CCA cells at a density of 1.5 x 10° cells per well were



THONSRI ET AL.

RRVWATSVE Cancer Science

seeded into 96-well plates. Subsequently, cells were treated with
high glucose with or without 5 mmol/L NAC for 24 h. After 24 h

incubation, SRB assay was performed.

2.6 | Clonogenic assay

Cell proliferation was also assessed using clonogenic assay as pre-
viously described.?? The cells were seeded at a density of 80 cells
per well into 12-well plates and incubated for 24 h. After that cells
were exposed to high glucose medium with or without NAC for 7 d.
During incubation the medium was changed every 2 d. Colonies
were stained and then counted under a microscopy. The stained col-
onies were solubilized with 10% acetic acid for 5 min. Absorbance

was read at 540 nm using a microplate reader.

2.7 | Migration assay

For the Boyden chamber migration assay (Corning), after high glu-
cose and NAC treatment for 24 h, prepared CCA cells at a density
4 x 10* cells in serum-free medium were re-seeded into the upper
chamber. Then complete medium with 10% fetal bovine serum was
added to the lower chamber as a chemo-attractant. Next, migrated
cells were fixed in 4% PFA for 15 min, and stained with 0.4 w/v
SRB in 1% acetic acid (Sigma-Aldrich) for 30 min. The numbers of
migrated cells were counted under a light microscope (x100 mag-
nification) assaying 9 randomly selected fields per treatment. Each

experiment was performed in triplicate.

2.8 | RNA extraction and quantitative RT-PCR

Total RNA was isolated from CCA cells using TRIzol and following
the manufacturer's instructions. RNA concentrations were deter-
mined using a NanoDrop™ 2000 spectrophotometer. Reverse tran-
scription was performed using the ReverTra Ace gPCR RT Master
Mix with gDNA Remover (TOYOBO Life Science). gRT-PCR was run
with SYBR green fluorescence on a Step One Plus system (Applied
Biosystems). Relative gene expression was obtained by normaliza-
tion to the p-actin gene (ACTB). Experiments were performed in trip-
licate for each sample. The primer sets used in the present study are
listed in Table S2.

2.9 | Western blot analyses

The nuclear extracts from cells were obtained using the NE-PER™
Nuclear and Cytoplasmic Extraction Reagent Kit following the man-
ufacturer's instructions. Protein concentration of the cell lysate was
quantified using the Bio-Rad protein assay. Nuclear extracts were
separated by 15% SDS-polyacrylamide gel electrophoresis and

transferred to PVDF membranes (GE Healthcare, Buckinghamshire,

UK). Membranes were then blocked with 5% skimmed milk at room
temperature for 1 h and probed with primary antibody at 4°C over-
night. After washing with PBST, the membranes were incubated with
secondary antibody for 1 h at room temperature. Protein signals
were detected using a chemiluminescence kit and an ImageQuant™
Imager LAS 4000 mini system (GE Healthcare). Protein band inten-
sity was quantified by applying Image Quant™ Imager software.

2.10 | Proteomics analysis
Sample preparation

Cells were washed twice with ice-cold PBS, trypsinized, and centri-
fuged to collect a cell pellet. Pellets were lysed in Tris-lysis buffer
(20 mmol/L Tris-HCI, pH 7.5; 150 mmol/L NaCl; 10 mmol/L NaF; 1%
[v/v] Triton-X). Protein concentration was measured by Bradford
assay,*® using bovine serum albumin as the standard. Protein sam-
ples were subjected to in-solution digestion. Samples were com-
pletely dissolved in 10 mmol/L ammonium bicarbonate (AMBIC),
disulfide bonds were reduced by incubation in 5 mmol/L dithiothrei-
tol (DTT) in 10 mmol/L AMBIC at 60°C for 1 h and sulfhydryl groups
were alkylated using 15 mmol/L iodoacetamide (IAA) in 10 mmol/L
AMBIC at room temperature for 45 min in the dark. For digestion,
samples were mixed with 50 ng/uL sequencing grade trypsin (1:20
ratio) (Promega, Germany) and incubated at 37°C overnight. Prior to
LC-MS/MS analysis, the digested samples were dried and protonated
with 0.1% formic acid before injection into a LC-MS/MS system.

Proteomics data analysis

To quantify the proteins in individual samples we used the MaxQuant
1.6.5.0 package. Label-free quantitation with MaxQuant's standard
settings was performed: max. missed cleavages = 1, mass tolerance
of 0.6 Da, trypsin as digesting enzyme, carbamidomethylation of
cysteine as fixed modifications, and the oxidation of methionine as
variable modifications. The false discovery rate value was fixed at
1% and estimated using the reversed search sequences. The maximal
number of modifications per peptide was set to 5. As a search FASTA
file, the 173 260 proteins present in the Homo sapiens proteome
were downloaded from the UniProt Knowledge Base (UniProtKB)
on September 9, 2019. The MaxQuant ProteinGroups.txt file was
loaded into Perseus version 1.6.5.0 software. Maximum intensities
were calculated in log2-transformed and pairwise comparisons be-
tween conditions using t tests. Venn diagrams were used to present

the number of candidate proteins found in the experimental groups.

2.11 | Statistical analysis

All data analyses were performed using GraphPad Prism v.7 soft-

ware. Descriptive data were presented as means + standard
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deviation (SD). For data comparison between 2 groups, two-tailed
Student t test was conducted to assess statistical significance. The
association between MAN2A2 and CHDS8 expression and its clinical
relevance was assessed by boxplot analysis (P-value cutoff: .01). The
association between MAN2A2 and CHD8 expression was calculated
using Pearson's rank correlation coefficient. A P-value <.05 was con-

sidered to be statistically significant.

3 | RESULTS
3.1 | High glucose promoted ROS production,
proliferation, and migration of CCA cells

To investigate whether high glucose influenced ROS production in
CCA cells, all cell lines were cultured under normal or high glucose
conditions. CCA cells were initially maintained in high glucose me-
dium (25 mmol/L glucose concentration). We then established nor-
mal glucose cells by sequentially reducing the glucose concentration
from high to normal glucose (5.5 mmol/L glucose concentration) in
the medium. At least 5 passages of culture for all cell lines in normal
glucose medium elicited an adaptive response in the cells to their
conditions before use, as described (Figure 1A). CCA cells cultured in

normal glucose medium were called normal glucose (NG) cells while
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NG cells switched to be cultured in high glucose medium were called
human neuronal-glial (HNG) cells. We first determined the levels of
ROS in CCA cells cultured with high glucose for 2, 6, 12, or 24 h.
ROS production was significantly increased at 2-24 h after high glu-
cose treatment compared with control NG cells in 3 CCA cell lines,
including KKU-213A, KKU-213B, and KKU-055 (Figure 1B). These
data suggested that high glucose could affect redox homeostasis in
CCA cells. We used 24 h high glucose treatment for further studies.

3.2 | High glucose enhanced the proliferation and
migration ability through ROS signaling

To investigate whether high glucose-accelerated ROS production
was required for progression of CCA cells, we added a ROS scaven-
ger, namely NAC, into the system. At first, we confirmed that NAC
treatment significantly reduced ROS levels in CCA cells (Figure 2A).
We next examined the role of ROS in proliferation of CCA cells
using SRB and colony formation assays. As shown in Figure 2B,
HNG cells had a significantly higher proliferation rate compared
with the NG cells. In contrast, induction of cell proliferation was
clearly reduced by NAC treatment compared with HNG cells
(Figure 2B). Consistent with the proliferation results from the SRB
assay, the colony formation assay showed a reduced phenotype

FIGURE 1 High glucose induces
reactive oxygen species (ROS) in
cholangiocarcinoma (CCA) cells. A,

A schematic diagram depicting the
establishment of high glucose cells. B,
Levels of ROS in CCA cells treated with
high glucose (HNG cells) compared with
those cultured in normal glucose (NG)
cells as indicated by DCFH-DA using
flow cytometry. Data represent mean
fluorescence intensity (MFI) + SD of 3
replicates. Student t test was used to
assess statistical differences (P-values
of *P < .05, **P < .01 were considered
statistically significant.)

A B
(A) (B) KKU-213A
=== Unstained
CCA cells were cultured in —— NG control
m normal glucose (5 mM) media HNG 24h & 50
for at least 5 passages. - wx -
x 40 *x
L
.7 =
X 20
~ Z 10
The NG cells were switched 5
m to culture in the high glucose oo
(25 mM) media. NG 2 6 1224 (h)
HNG
HN
| A ” B l KKU-213B
- === Unstained
High glucose exposure — NG control
2h 6h 12h 24h ES e 230
x
T 20
ROS formation =3
g 10
&
- o o0
Gene expression - { NG 2 6 12 24 (h)
Cell proliferation w0 102 10 w0t 10® HNG
Cell Migration DCFDA
KKU-055
=== Unstained
= NG control
=31 HNG 24h <30
*
T 20
= B
I‘:.,‘ E]( 10
;o L
o g o
"1 A NG 2 6 1224 (h)
10 10 10 10 10 HNG
DCFDA



THONSRI ET AL.

258 H
ZRRWATSE Cancer Science

(A kku213a (B) KKU-213A KKU-213B KKU-055 FIGURE 2 High glucose
N = sk 150 ok 150 potentiates aggressive phenotypes of
© 50 e c $150 | - e . . :
% 40 e S £ — cholangiocarcinoma (CCA) cells via ROS.
T 30 g 8100 100 _, 100 A, B, The effect of HG-ROS signaling
£ 50 on the proliferation of CCA cells using
< 20 22 50 50 50 )
8 10 25 SRB assay. C, D, Representative colony
L o . - .
8 0 3 S 04 r . 04 0 4 . . formation ability of CCA cells using
NG HNG HNG NG HNG HNG NG HNG HNG NG HNG HNG clonogenic assay and the number of
+NAC +NAC +NAC +NAC colonies are shown. E, Cell migration
(©) (D) KKU-213A KKU-213B revealed by Boyden chamber migration
HNG HNG+NAC 8 = e ey assay. Statistical differences were
— c £ i T .
< L SE 150 150 assessed using Student t test (*P < .05,
S ,‘5’ 8 100 100 **P <.01, ***P < .001)
o 4
§ g 5 50 50
Eg e
P z~ NG HNG HNG NG HNG HNG
2 +NAC +NAC
o) KKU-055
§ % = *hk
g g 200 wkk T
0 8§ 150
Yo
8 5@ 100
D [
< 8% 50
Ex O
z= NG HNG HNG
+NAC
(E) KKU-213A KKU-213B KKU-055
~ 200 Hkk 200 200 EEE
c © ok . e _kEr
2 € 150 150 150
S o
£© 100 100 100
z
25 50 50 50
°g [] H ﬂ
- oo+ 04 o+ -
NG HNG HNG NG HNG HNG NG HNG HNG
+NAC +NAC +NAC

following NAC treatment (Figure 2C,D). Apart from proliferative
effects, high glucose also promoted the progression of CCA cell
migration, as assessed by Boyden chamber assay (Figure 2E). The
relative migration rate increased significantly in HNG cells and in-
duction was blocked by NAC treatment (Figure 2E). In addition, to
examine whether ROS themselves activated proliferation of CCA
cells, we performed the proliferation assay with H,O, treatment
in CCA cells as shown in Figure S1. Our data showed that H,O,
induced CCA cell proliferation to a similar extent following high
glucose treatment when compared with untreated control. These
findings suggested that high glucose-dependent ROS production
was necessary for proliferation and migration ability of CCA cells.

3.3 | High glucose-ROS signaling promotes
progression of CCA cells by upregulation of MAN2A2

To understand the molecular mechanisms of how the high glucose-
ROS axis potentiates the progression of CCA cells, we used unbiased
high-throughput proteomic analysis to identify common proteins
among 3 CCA cell lines detected only under HNG conditions but not
under NG or HNG + NAC conditions. The Venn diagram represents

the strategy of how we evaluated the candidate proteins in the ex-
perimental setting (Figure 3A). The candidate proteins are listed in
Table S3. Based on the analysis, mannosidase alpha class 2a member
2 (MAN2A2) was identified as a candidate protein (Figure 3A). We
thus hypothesized that MAN2A2 might be an essential molecule for
promoting aggressive phenotypes of CCA cells in a high glucose-
ROS-dependent manner. Next, we determined the expression of
MAN2A2 mRNA in a high glucose-ROS-dependent manner using
gRT-PCR. Importantly, MAN2A2 mRNA levels were significantly up-
regulated in 3 CCA cell lines of HNG cells compared with control NG
cells (Figure 3B). In addition, MAN2A2 expression was dramatically
reduced in HNG cells treated with NAC, indicating that MAN2A2 ex-
pression was dependent on the high glucose-ROS axis in CCA cells.

We subsequently determined the role of MAN2A?2 in the progres-
sion of CCA under high glucose conditions. MAN2A2 mRNA levels
were clearly suppressed by 2 kinds of MAN2A2 siRNA (Figure 3C).
Importantly, significant reduction in cell proliferation rate was ob-
served in MAN2A2 knockdown in 3 CCA cell lines (Figure 3D). More
obviously, knockdown of MAN2A2 suppressed the high glucose-de-
pendent acceleration of migration in 3 CCA cell lines (Figure 3E,F).
These data suggested that MAN2A2 is crucial for CCA cell prolifera-

tion and migration in a high glucose environment.
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3.4 | Induction of MAN2A2 expression is regulated
by CHD8 under high glucose-ROS signaling

To understand the molecular mechanisms of how MAN2A2
was increased under the high glucose-ROS signaling axis, we
screened proteins that bound to MAN2A2 promoter. Because
nuclear factor erythroid 2-related factor 2 (NRF2) transcription
factor is commonly activated and leads to upregulation of tar-
get genes under the oxidative stress conditions, we first checked
NRF2 binding to the MAN2A2 promoter. However, we failed to
detect NRF2 binding to the MAN2A2 promoter (Figure S2A). This
result led us to hypothesize that other factors were involved
in MAN2A2 upregulation under high glucose-ROS signaling. As
a first screening using in silico analysis of 3295 ChlP-seq data
(https://chip-atlas.org/) and 107 transcription factors and tran-
scription-related factors, we found 16 factors that could bind

to the MAN2A2 promoter. As a second screening, we analyzed

NRF2 binding to their promoter. As a result, there were 3 genes,
including CHD8, CTCF, and SMARCA4, that were candidates
(Figure 4A). Data processing (Figure 4A) and promoter binding
site mapping are shown (Figure S2A,B). Based on these data, we
further evaluated the mRNA expression profiles of CHD8, CTCF,
and SMARCA4 under high glucose conditions in the KKU-213A
cell line. As shown in Figure 4B, these 3 genes were significantly
induced by high glucose treatment, and loss of expression was
observed following NAC treatment. Because strongest induction
was observed in CHD8 (Figure 4B) and proteomics studies also
showed CHD8 induction in some groups (Table S3), we next fo-
cused on CHD8 to study the possible relationship to MAN2A2
regulation. Significant induction of CHD8 in a high glucose-
ROS-dependent manner was also confirmed in 3 CCA cell lines
(Figure 4C). Importantly, CHD8 knockdown significantly reduced
CHD8 and MAN2A2 expression (Figure 4D). Conversely, CHD8
overexpression increased MAN2A2 mRNA levels (Figure 4E).
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Although the induction ratio was weaker compared with CHD8
(Figure 4B), a previous study had shown that CHDS8 directly inter-
acted with chromatin insulator binding protein CTCF,?® and both
CTCF and SMARCA4 were localized with CHD8 on the MAN2A2
promoter (Figure S2). We further investigated whether MAN2A2
expression was influenced by other factors such as CTCF and
SMARCA4. siRNA efficiently suppressed the expression of CTCF
and SMARCA4 (Figure S3A,B). The results showed that CTCF and
SMARCA4 knockdown significantly suppressed MAN2A2 mRNA
expression (Figure S3A,B). Based on these data, we further hypoth-
esized that high glucose-ROS signaling could activate CHD8-CTCF-
SMARCA4 complex formation. Although siRNA for CHD8, CTCF,
and SMARCA4 suppressed the expression of MAN2A2, interaction
of CHD8 with either CTCF or BRG1 was not observed in the immu-
noprecipitation assay, as shown in Figure S3C. These results sug-
gested that high glucose-ROS signaling activated CHD8, CTCF, and
SMARCAA4, and that those proteins might be independently involved
in the positive regulation of MAN2A2 gene in CCA cells.

To further investigate whether high glucose-ROS-induced
MAN2A2 and CHDS8 expression might be regulated by the NRF2
transducing pathway, we checked NRF2 expression in KKU-213A
and KKU-214B cells (Figure S4A,B). NRF2 was stabilized by high glu-
cose treatment in both cells, which was cancelled by NAC, a ROS
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adjacent normal tissues (NT; n = 9). G,
Correlation between MAN2A2 and CHDS8
was analyzed using the data from TCGA
database and Spearman's rank correlation
coefficient. mRNA levels represent
fragments per kilobase of transcript

per million mapped reads (FPKM) on
individual patient. The values represent
mean + SD of 3 replicates. *P < .05,
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inhibitor. In addition, induction of CHD8 and MAN2A2 mRNA by
high glucose was reduced by siRNA for NFE2L2 (NRF2), as shown in
Figure S4C NFE2L2, and a well known target gene, NQO1, was clearly
suppressed by siRNA-NFE2L2 These data suggested that CHD8 up-
regulated MAN2A2 mRNA expression under the high glucose-ROS-
NRF2 axis. To support our data that ROS is important for CHD8 and
MAN2A2 upregulation in vivo, correlation between NRF2 (NFE2L2)
and CHD8/MAN2A2 expression levels in human CCA tissue was an-
alyzed using TCGA database. There was a significant linear correla-
tion between NRF2 and CHDS8, or NRF2 and MAN2A2 expression in

human CCA tissues, as shown in Figure S5.

3.5 | Comprehensive analyses of MAN2A2 and
CHD8 expression in CCA patient tissues

To determine the clinical relevance of MAN2A2 and CHD8 expres-
sion in CCA patient tissues, we analyzed the data from the Gene
Expression Profiling Interactive Analysis (GEPIA) database (http://
gepia.cancer-pku.cn/index.html) that showed that expression of
both MAN2A2 and CHD8 were significantly higher in tumor tissues
(T) compared with the adjacent normal tissues (NT) (Figure 4F).
We next examined the correlation between MAN2A2 and CHDS8
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expression. We found that these 2 genes were positively correlated
(r=0.51; P = 1.4e-03) (Figure 4G). MAN2A2 and CHD8 expression
levels in various cancer tissues were also analyzed. Interestingly, rel-
ative gene expression of MAN2A2 and CHD8 was clearly upregulated
in CCA tissues compared with adjacent NT (Figure Sé6). Compared
with other cancers, high MAN2A2 and CHDS8 expression levels are
more likely to tend to be tumor tissue specific, especially in CCA.

3.6 | CHDS plays a crucial role for aggressive
phonotypes of CCA cells

CHD family proteins have crucial roles in chromatin assembly
and gene expression.>! CHD8 has also been identified as a can-
cer driver gene involved in the epigenetics of pancreatic cancer.
Upregulation of CHD8 and downregulation of MAN2A2 were also
observed in pancreatic cancer, as shown in Figure $6,%2 however
the effect of CHD8 in CCA progression has not been reported. We
wonder whether inhibition of CHD8 would reduce the proliferation
and migration ability of CCA cells. As shown in Figure 5A, CHD8

knockdown dramatically inhibited the proliferation rate in CCA cell
lines (Figure 5A). Also, CHD8 knockdown significantly inhibited cell
migration (Figure 5B,C). After knockdown, CHD8 protein levels were
confirmed by western blot analysis (Figure S7). These observations
suggested that consecutive upregulation of CHD8 and MAN2A2
played significant roles in the progression of CCA cells associated
with high glucose-ROS signaling.

4 | DISCUSSION

In the present study, we investigated the mechanism by which high
glucose-induced ROS could promote CCA progression. We identified
that MAN2A2 targeted high glucose-ROS signaling to promote cell
proliferation and migration mediated by CHD8. Our data enabled
us to draw several conclusions (Figure 6). First, high glucose-ROS
signaling enhanced CCA progression through modulating MAN2A2.
Second, there was regulation of MAN2A2 by high glucose-ROS sign-
aling. Third, high glucose-ROS signaling increased the NRF2-CHD8-
MAN2A2 pathway to promote CCA proliferation and migration.
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FIGURE 6 Schematic model of how high glucose-ROS
potentiates aggressive phenotypes of cholangiocarcinoma (CCA)

Finally, high glucose-ROS signaling was required for progression of
CCA cells, and was consistent with previous reports.33 In addition,
CHD8 and MAN2A2 were highly expressed in CCA tissues and were
positively correlated (Figure 4F,G). These findings suggested a prom-
ising therapeutic target for CCA under high glucose conditions.
Targeting ROS signaling in cancer is considered a double-edged
sword, ie tumor-promoting and tumor-suppressing. Growing evi-
dence has indicated the positive aspects of higher ROS levels in
promoting high glucose-induced proliferation and migration of
cancer cells, whereas proliferative effects of high ROS levels can
be reduced by ROS inhibitor.2>3* Consistent with the evidence
from other cancers, our data also demonstrated that high glu-
cose-induced ROS generation enhanced CCA cell aggressiveness
and that NAC, a ROS inhibitor, significantly reduced ROS levels,
proliferation, and migration in CCA cells. As to the mechanism,
Luo et al demonstrated that high glucose-induced ROS markedly
reduced the phosphorylation of c-Jun-N-terminal kinase (JNK),
which enhances cell cycle and anti-apoptotic signals in pancre-
atic cancer.?* In addition, another downstream mechanism of high
glucose-ROS-dependent cancer progression is activation of the
NRF2 pathway. NRF2 has been reported to be activated under
oxidative stress conditions and leads to direct transcription of
NRF2 target genes, contributing to cancer progression.35 In this
study, we showed that high glucose activated NRF2 stabilization
and knockdown of NRF2 inhibited CHD8 and MAN2A2 in CCA
cells, as found for NQO1, a common target gene of NRF2 signaling
(Figure S4). In addition, NRF2 binding to the promoters for CHDS8,
CTCF, and SMARCA4 was clearly observed using in silico analysis
(Figure S3B). These data suggested that NRF2, at least in part, was
involved in the regulation of CHD8, CTCF, and SMARCA4 under

high glucose conditions in CCA cells. Future studies will focus on
the investigation of downstream mechanisms of how CHD8 and
other molecules are induced under the high glucose-ROS signaling
pathway.

Aprevious study showed that reduction of an alpha-mannosidase,
MAN1A1, resulted in the accumulation of high mannose N-glycans
in CCA cells and found a negative correlation with metastatic poten-
tial.3® Consistently, our data showed that MAN1A1 levels were signifi-
cantly lower in CCA tissues (Figure S8A), suggesting that MAN2A2
upregulation and MAN1A1 downregulation were associated with
progression of CCA cells. Fukuda et al reported that alpha-mannosi-
dase lIx (MX) (encoded by MAN2A?2) is an enzyme closely correlated
with alpha-mannosidase Il (Mll) (encoded by MAN2A1), a Golgi N-
glycan processing enzyme. MAN2A2 and MAN2A1 can compensate
for each other’s deficiencies.’” MAN2A2 was reported to mediate
conversion of Man6GIcNAc2 to Man4GlcNAc2.3%8 This evidence
and our data suggested that decreased MAN1A1 and increased
MAN2AZ2 levels resulted in aberrant high mannose-type N-glycan
accumulation, ie accumulation of Man9GIcNAc2, Man6GIcNAc2
and then Man4GlcNAc2 (Figure S8B). This modification could cause
inhibition of complex type N-glycans. Loss of N-liked glycosylation
led to lack of protein function, stabilization, and had links to cancer
progression including in CCA. A schematic diagram of this proposed
pathway combined with related enzymes that are closely associated
with MAN2A2 is shown (Figure S8B). We will focus in the future on
a more detailed understanding of how MAN2A2 works in the pro-
gression of CCA.

Another interesting finding was the CHD8 involvement in CCA
progression. CHD8 is a group of ATP-dependent chromatin re-
modeling enzymes from the chromodomain helicase DNA-binding
protein (CHD) family, which plays a key role in the regulation of
gene transcription and expression.®? Although CHDS8 has been
proposed to be an important epigenetic regulator by promoting
histone H1 recruitment of B-catenin target gene and p53, result-

ing in suppression of their transcription,*%*!

even this suggestion
is still controversial. CHD8 also acts as a transcriptional activator
of cyclin E2 (CCNE2) and thymidylate synthetase (TYMS) genes,
required for cell proliferation.*>*® However, only a few reports
have investigated the role of CHDS8 in cancer and its function in
CCA was totally unknown. Our data highlighted the importance
of CHD8 in CCA proliferation and migration, and the significance
of CHDS8 as an upstream regulator for MAN2A2. We previously
reported that CHD8 interacts with CTCF insulator protein.?® The
CHD8-CTCF complex is associated with an enhancer-blocking
mechanism that contributes to inactive chromatin states.** In
addition, it has been reported that CHDS8 interacts with BRG1,
a protein encoded by the SMARCA4 gene* and CTCF also inter-
acts with BRG1.*® These reports and our data led us to hypothe-
size that CHD8, CTCF, and BRG1 might form a protein complex
on the MAN2A2 promoter and upregulate MAN2A2 expression.
Consistently, knockdown of these genes suppressed MAN2A2 in
CCA cells (Figures 4D and S3A,B). Moreover, MAN2A2, CHDS,

CTCF, and SMARCA4 (BRG1) were highly expressed in CCA tissues



THONSRI ET AL.

compared with NT (Figure Sé6). However, a physical interaction
among proteins was not observed (Figure S3C). It might be possi-
ble that CHD8, CTCF, and BRG1 positively regulate MAN2A2 tran-
scription independently to promote CCA progression. This point
should be investigated in a future study.

In conclusion, our data demonstrated that high glucose in-
creased CHD8 and MAN2A2 expression by accumulation of ROS,
and that ROS production mediated proliferation and migration
of CCA cells. Inhibition of these mechanisms might be a power-
ful therapeutic regime for CCA patients with DM. Future studies
are needed to examine the potential mechanisms by which high
glucose-upregulated CHD8 and MAN2A2 promote aggressive CCA
cell growth.

ACKNOWLEDGMENTS

This study was supported by a Senior Research Scholar Grant,
Thailand Research Fund/KKU (RTA5780012), Thailand Research
Fund (MRG6180074), Khon Kaen University (KKU6200020003),
Faculty of Medicine (IN62214), and Cholangiocarcinoma Research
Institute Scholarships (CARI). This work was also supported by a
JSPS KAKENHI Grant (20KK0185). The proteomics analysis was
kindly supported by Dr Sittiruk Roytrakul (National Center for
Genetic Engineering and Biotechnology (BIOTEC), Thailand). We
would like to acknowledge Professor John F. Smith, for editing this
manuscript via Publication Clinic KKU, Thailand.

DISCLOSURE

The authors have no conflict of interest to declare.

ORCID

Mitsuyoshi Nakao https://orcid.org/0000-0002-2196-8673

Wunchana Seubwai https://orcid.org/0000-0002-9265-5113

REFERENCES

1. Shin HR, Oh JK, Masuyer E, et al. Epidemiology of cholan-
giocarcinoma: an update focusing on risk factors. Cancer Sci.
2010;101:579-585.

2. Sripa B, Bethony JM, Sithithaworn P, et al. Opisthorchiasis and
Opisthorchis-associated cholangiocarcinoma in Thailand and Laos.
Acta Trop. 2011;120(Suppl 1):5S158-168.

3. Zografos GN, Farfaras A, Zagouri F, Chrysikos D, Karaliotas K.
Cholangiocarcinoma: principles and current trends. Hepatobiliary
Pancreat Dis Int. 2011;10:10-20.

4. Khan SA, Toledano MB, Taylor-Robinson SD. Epidemiology, risk
factors, and pathogenesis of cholangiocarcinoma. HPB (Oxford).
2008;10:77-82.

5. Kirstein MM, Vogel A. Epidemiology and risk factors of cholangio-
carcinoma. Visc Med. 2016;32:395-400.

6. Sripa B, Kaewkes S, Sithithaworn P, et al. Liver fluke induces cholan-
giocarcinoma. PLoS Med. 2007;4:e201.

7. Vigneri P, Frasca F, Sciacca L, Pandini G, Vigneri R. Diabetes and
cancer. Endocr Relat Cancer. 2009;16:1103-1123.

8. Aggarwal G, Kamada P, Chari ST. Prevalence of diabetes melli-
tus in pancreatic cancer compared to common cancers. Pancreas.
2013;42:198-201.

9. Suh S, Kim KW. Diabetes and cancer: is diabetes causally related to
cancer? Diabetes Metab J. 2011;35:193-198.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Cancer Science Nulia e

Szablewski L. Diabetes mellitus: influences on cancer risk. Diabetes
Metab Res Rev. 2014;30:543-553.

Shikata K, Ninomiya T, Kiyohara Y. Diabetes mellitus and cancer
risk: review of the epidemiological evidence. Cancer Sci. 2013;104:
9-14.

Jing W, Jin G, Zhou X, et al. Diabetes mellitus and increased
risk of cholangiocarcinoma: a meta-analysis. Eur J Cancer Prev.
2012;21:24-31.

Saengboonmee C, Seubwai W, Wongkham C, Wongkham S.
Diabetes mellitus: Possible risk and promoting factors of cholan-
giocarcinoma: association of diabetes mellitus and cholangiocarci-
noma. Cancer Epidemiol. 2015;39:274-278.

Phoomak C, Vaeteewoottacharn K, Silsirivanit A, et al. High glucose
levels boost the aggressiveness of highly metastatic cholangiocar-
cinoma cells via O-GlcNAcylation. Sci Rep. 2017;7:43842.
Saengboonmee C, Seubwai W, Pairojkul C, Wongkham S. High glu-
cose enhances progression of cholangiocarcinoma cells via STAT3
activation. Sci Rep. 2016;6:18995.

Sosa V, Moline T, Somoza R, Paciucci R, Kondoh H, LLeonart
ME. Oxidative stress and cancer: an overview. Ageing Res Rev.
2013;12:376-390.

Yuan X, Zhou Y, Wang W, et al. Activation of TLR4 signaling pro-
motes gastric cancer progression by inducing mitochondrial ROS
production. Cell Death Dis. 2013;4:e794.

Wang J, Zhang YS, Thakur K, et al. Licochalcone A from lico-
rice root, an inhibitor of human hepatoma cell growth via induc-
tion of cell apoptosis and cell cycle arrest. Food Chem Toxicol.
2018;120:407-417.

Cheung EC, DeNicola GM, Nixon C, et al. Dynamic ROS control by
TIGAR regulates the initiation and progression of pancreatic cancer.
Cancer Cell. 2020;37:168-182 e164.

Galadari S, Rahman A, Pallichankandy S, Thayyullathil F. Reactive
oxygen species and cancer paradox: to promote or to suppress?
Free Radic Biol Med. 2017;104:144-164.

Finkel T. Signal transduction by reactive oxygen species. J Cell Biol.
2011;194:7-15.

Zhang G, Darshi M, Sharma K. The Warburg effect in diabetic kid-
ney disease. Semin Nephrol. 2018;38:111-120.

Chen X, Jiang Z, Zhou C, et al. Activation of Nrf2 by sulfora-
phane inhibits high glucose-induced progression of pancre-
atic cancer via AMPK dependent signaling. Cell Physiol Biochem.
2018;50:1201-1215.

Luo J, Xiang Y, Xu X, et al. High glucose-induced ROS production
stimulates proliferation of pancreatic cancer via inactivating the
JNK pathway. Oxid Med Cell Longev. 2018;2018:6917206.
Flores-Lopez LA, Martinez-Hernandez MG, Viedma-Rodriguez R,
Diaz-Flores M, Baiza-Gutman LA. High glucose and insulin enhance
uPA expression, ROS formation and invasiveness in breast can-
cer-derived cells. Cell Oncol. 2016;39:365-378.

Huang YL, Lin YC, Lin CC, Chen WM, Chen BPC, Lee H. High
Glucose Induces VEGF-C Expression via the LPA1/3-Akt-ROS-
LEDGF Signaling Axis in Human Prostate Cancer PC-3 Cells. Cell
Physiol Biochem. 2018;50:597-611.

Sripa B, Seubwai W, Vaeteewoottacharn K, et al. Functional and ge-
netic characterization of three cell lines derived from a single tumor
of an Opisthorchis viverrini-associated cholangiocarcinoma patient.
Hum Cell. 2020;33:695-708.

Ishihara K, Oshimura M, Nakao M. CTCF-dependent chromatininsu-
lator is linked to epigenetic remodeling. Mol Cell. 2006;23:733-742.
Phanthaphol N, Techasen A, Loilome W, et al. Upregulation of TCTP
is associated with cholangiocarcinoma progression and metastasis.
Oncol Lett. 2017;14:5973-5979.

Kielkopf CL, Bauer W, Urbatsch IL. Bradford assay for determin-
ing protein concentration. Cold Spring Harb Protoc. 2020;2020:pdb.
prot102269.


https://orcid.org/0000-0002-2196-8673
https://orcid.org/0000-0002-2196-8673
https://orcid.org/0000-0002-9265-5113
https://orcid.org/0000-0002-9265-5113

ERRVWATSE Cancer Science

31.
32.

33.
34.
35.
36.
37.
38.

39.

40.

41.

THONSRI ET AL.

Robinson KM, Schultz MC. Replication-independent assembly of
nucleosome arrays in a novel yeast chromatin reconstitution sys-
tem involves antisilencing factor Asflp and chromodomain protein
Chd1p. Mol Cell Biol. 2003;23:7937-7946.

Chang S, Yim S, Park H. The cancer driver genes IDH1/2, JARID1C/
KDM5C, and UTX/ KDM6A: crosstalk between histone demethyl-
ation and hypoxic reprogramming in cancer metabolism. Exp Mol
Med. 2019;51:1-17.

Moloney JN, Cotter TG. ROS signalling in the biology of cancer.
Semin Cell Dev Biol. 2018;80:50-64.

Cao L, Chen X, Xiao X, Ma Q, Li W. Resveratrol inhibits hypergly-
cemia-driven ROS-induced invasion and migration of pancreatic
cancer cells via suppression of the ERK and p38 MAPK signaling
pathways. Int J Oncol. 2016;49:735-743.

Ganan-Gomez |, Wei Y, Yang H, Boyano-Adanez MC, Garcia-
Manero G. Oncogenic functions of the transcription factor Nrf2.
Free Radic Biol Med. 2013;65:750-764.

Phoomak C, Silsirivanit A, Park D, et al. O-GIcNAcylation mediates
metastasis of cholangiocarcinoma through FOXO3 and MAN1A1.
Oncogene. 2018;37:5648-5665.

Fukuda MN, Akama TO. In vivo role of alpha-mannosidase lIx: inef-
fective spermatogenesis resulting from targeted disruption of the
Man2a2 in the mouse. Biochem Biophys Acta. 2002;1573:382-387.
Fukuda MN, Akama TO. The in vivo role of alpha-mannosidase IIx
and its role in processing of N-glycans in spermatogenesis. Cell Mol
Life Sci. 2003;60:1351-1355.

Marfella CG, Imbalzano AN. The Chd family of chromatin remodel-
ers. Mutat Res. 2007;618:30-40.

Nishiyama M, Oshikawa K, Tsukada Y, et al. CHD8 suppresses
p53-mediated apoptosis through histone H1 recruitment during
early embryogenesis. Nat Cell Biol. 2009;11:172-182.

Thompson BA, Tremblay V, Lin G, Bochar DA. CHD8 is an ATP-
dependent chromatin remodeling factor that regulates beta-cat-
enin target genes. Mol Cell Biol. 2008;28:3894-3904.

42.

43.

44,

45.

46.

Rodriguez-Paredes M, Ceballos-Chavez M, Esteller M, Garcia-
Dominguez M, Reyes JC. The chromatin remodeling factor CHD8
interacts with elongating RNA polymerase Il and controls expres-
sion of the cyclin E2 gene. Nucleic Acids Res. 2009;37:2449-2460.
Menon T, Yates JA, Bochar DA. Regulation of androgen-respon-
sive transcription by the chromatin remodeling factor CHD8. Mol
Endocrinol. 2010;24:1165-1174.

West AG, Gaszner M, Felsenfeld G. Insulators: many functions,
many mechanisms. Genes Dev. 2002;16:271-288.

Ceballos-Chavez M, Subtil-Rodriguez A, Giannopoulou EG,
et al. The chromatin Remodeler CHDS8 is required for activation
of progesterone receptor-dependent enhancers. PLoS Genet.
2015;11:e1005174.

Marino MM, Rega C, Russo R, et al. Interactome mapping defines
BRG1, a component of the SWI/SNF chromatin remodeling com-
plex, as a new partner of the transcriptional regulator CTCF. J Biol
Chem. 2019;294:861-873.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Thonsri U, Wongkham S, Wongkham
C, et al. High glucose-ROS conditions enhance the progression
in cholangiocarcinoma via upregulation of MAN2A2 and
CHD8. Cancer Sci. 2021;112:254-264. https://doi.
org/10.1111/cas.14719



https://doi.org/10.1111/cas.14719
https://doi.org/10.1111/cas.14719

