2\

4|4

n
[=]

ull"

Full report
(sneeualuauyel)

Grant number: DBG5980004

Targeting of the FOXM1 signature for early diagnosis and treatment in cholangiocarcinoma

nsyjan FOXM1 wasasadneiivaidiadenassnuazisaviound

Chawalit Pairojkul, et al
Faculty of Medicine

Khon Kaen University



UV

unagudmiugusms
Summarized report of UK collaborator
a3y
a13UnIm
a13UYMI5
Research activities
1. Expression of FOXM1 protein and mRNA in CCA patient tissues
2. Effect of FOX axis on chemotherapeutics response in CCA
2.1 Role of FOXM1 on 5-fluorouracil sensitivity of cholangiocarcinoma
2.2 Role of FOXO4 on CCA cell biology
2.3 Application of anthocyanin (AC) on CCA cell and its role in sensitization
of drug resistant CCA cells to gemcitabine treatment.
3. Roles of FOX axis on glycosylation in CCA
4. Opposing roles of FOXA1 and FOXA3 in cholangiocarcinoma progression
4.1 Expressions of FOXAs in CCA tissues
4.2 Correlations of FOXAs and clinicopathological data
4.3 Functional analysis of CCA cell lines related to FOXA1l and FOXA3
baseline expression levels
4.4 Roles of FOXAT in CCA cell line
4.5 Roles of FOXA3 in CCA cell line
5. Effect of high glucose condition on FOXM1 expression and progression of
cholangiocarcinoma cells.
Research Outputs

AMANUIN

20
27

35
aq
aq
a5
a7

48
49
51

56
59



a13505yn N

Figure 1-1. The expression of FOXM1 in CCA tissue microarray.

Figure 1-2. Relationship between FOXM1 expression and overall survival of CCA
patients.

Figure 1-3. FOXM1c expression was associated with a shorter overall survival of
CCA patients.

Figure 2-1. Correlation of FOXM1 and TYMS expression in CCA tissues.

Figure 2-2. Baseline expression of FOXM1, E2F1 and TYMS in CCA cells.

Figure 2-3. 5-FU treatment suppresses proliferation of CCA cells.

Figure 2-4. Effects of FOXM1 silencing on CCA cells in response to 5-FU treatment.

Figure 2-5. Effects of ectopic expression of FOXM1 in KKU-D131 and HUCCA cells in
response to 5-FU treatment.

Figure 2-6. Effects of E2F1 and TYMS silencing on 5-FU treatment of CCA cells.

Figure 2-7. Expression of FOXM1, E2F1 and TYMS in CCA cell lines treated with a
lower 20-uM dose of 5-FU.

Figure 2-8. Analysis of FOXM1 binding on human TYMS promoter.

Figure 2-9. The IC50 values of gemcitabine against parental and gemcitabine-
resistant CCA cell lines.

Figure 2-10. Gemcitabine treatment inhibits clonogenicity of KKU214 but not
KKU214GemR.

Figure 2-11. Baseline expression of FOXO4 and FOXs protein family in KKU214 and
KKU214GemR CCA cell lines.

Figure 2-12. Gemcitabine treatment induces the changes of expression of FOX
protein family and their related molecules.

Figure 2-13. Expression of FOXO4 and Nanog in FOXO4-knocked out KKU214GemR
CCA cell line.

Figure 2-14. Effect of FOXO4 knock down on gemcitabine treatment and growth
rate of KKU214GemR CCA cell line.
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Figure 2-15. Effect of FOXO4 knock out on clonogenicity of KKU214%™ CCA cell
line.

Figure 2-16. Effect of FOXO4 knock down on cell migration of KKU214GemR CCA
cell line.

Figure 2-17. Anthocyanin complex (AC) inhibited cell growth of KKU213 and
KKU214 CCA cell lines.

Figure 2-18. AC treatment induced cellular apoptosis of CCA cell lines.

Figure 2-19. AC treatment reduced colony formation of CCA cell lines.

Figure 2-20. Mitochondrial superoxide production was dramatically induced by AC

treatment.

Figure 2-21. AC treatment downregulated the expression of several survival-related

proteins and ER stress proteins.
Figure 2-22. AC treatment sensitized the KKU-214GemR cell line to gemcitabine
treatment.
Figure 3-1. Effects of O-GlcNAcyaltion on migration and invasion of CCA cell lines.
Figure 3-2. Role of O-GlcNAcylation in expression and localization of hnRNP-K.
Figure 3-3. Role of hnRNP-K on proliferation, migration and invasion of CCA cell

lines.

Figure 3-4. Effects of O-GlcNAcyaltion on expression of N-glycans in CCA cell lines.

Figure 3-5. Effects of PSA on progression of CCA cell lines.

Figure 3-6. O-GlcNAcylation might regulate MAN1A1 expression via suppression of
FOXO3a.

Figure 3-7. Akt and Erk activations regulated FOXO3a and MAN1A1 expressions.

Figure 3-8. Mechanism of O-GlcNAcylation in regulating MAN1A1 expression.

Figure 4-1. FOXA1, FOXA2 and FOXA3 expression patterns in NBD and CCA (high

and low expressions) analyzed by IHC.
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Figure 4-2. Survival analysis of FOXA1, FOXA2 and FOXA3 expression patterns in
CCA patients

Figure 4-3. Cellular function analysis of KKU-100 and KKU-213.

Figure 4-4. Functional analysis of FOXAl-overexpressing KKU-213 cells and the
control cells.

Figure 4-5. Functional analysis of FOXA3-silencing KKU-213 cells and the control
cells.

Figure 5-1. High glucose promotes CCA progression via activation of FOXM1
expression.

Figure 5-2. High glucose induces CCA progression via STAT3.

Figure 5-3. Effect of STAT3 inhibition on FOXM1 expression.
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Table 1-1. Univariate analysis of FOXM1 protein expression in CCA tissues
and the clinico-pathological findings of CCA patients.

Table 1-2. Univariate and multivariate analysis of FOXM1c expression and
clinico-pathological findings in CCA patients.

Table 4-1. Correlations of FOXA1, FOXA2 and FOXA3 expression patterns

and clinic-pathological data
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Summarized report of UK collaborator

Research progress and Technology transfer: The project was officially started on 16th January 2016,
but the proposed work plan was delayed until June 2016. This was due to the problem in recruiting a
suitable postdoctoral fellow for the work and we have to obtained a new set of cholangiocarcinoma (CCA)

cell lines from KKU to pursue the experiments described in the project.

We have firstly explored the comprehensive expression profile of proteins involved in FOXM1-
FOXO3a axis among 5 human CCA cell lines. This work has been carried out by a PhD placement student
from Khon Kaen University, Mr. Kitti Intuyod and Dr. Paula Saavedra-Garcia, the postdoc. They have explored
the role of ER stress in CCA in relation to FOXM1 and FOXO3a and performed more work on drug resistance
of CCA. For Mr. Kitti Intuyod, he has learnt a lot of molecular biology techniques and he has brought it back
to Thailand to carry his project.

Since FOXM1 is one of the central regulators of a myriad of cancer development processes, this
research will increase and foster a greater understanding of the biology of cancer. An understanding of the
role and regulation of FOXM1 and its transcriptional targets in CCA will contribute towards the development

of better diagnostics and treatment strategies for CCA.

Not only the novel knowledge on CCA gained, this project also strengthened the collaborative work
between Thailand and UK researchers and served as bases for long-term collaboration between KKU and
ICL. This project also provides future opportunities for further junior researcher exchanges between KKU
and ICL. They will be exposed to cutting edge technology and stimulating research environment at ICL and

KKU.

Collaborative activities between Thai collaborators and among MRC-TRF-sponsored CCA research
groups: During this 3-year project, Professor Lam has visited the KKU group at Khon Kaen for 3 times. During
his visit in 4-6 October 2016, KKU team presented him the progress of the project. The overview of the
FOXM1 research project including conceptual framework, research plan and the outcomes were discussed
and adjusted to comply the status of the project. During 12-15 February, 2017, Prof. Lam and his colleagues;
Dr. Stefania Zona, a postdoctoral fellow and Ms. Catherine Yao, a PhD placement student, visited the
Faculty of Medicine, KKU. The main discussion focused on the progress of Mr. Kitti Intuyod, a RGJ-PhD
student under the supervision of Assoc. Prof. Somchai Pinla-or and Prof. Lam on “the effect of FOXM1 on
chemotherapeutics response in CCA”.  Apart from his visits, Prof Lam and Thai colleagues at KKU had

several face to face meeting via SKYPE.

Professor Lam had also met with the other MRC-TRF-sponsored CCA research groups (Dave Bates,
Anna Grabowska, Kiren Yacqub Usman, Kevin Gaston, and Sheela Padma Jayaraman) on 19th May, 2016 at

Imperial College London to explore collaborations in order to provide added-values to the MRC-TRF



funding. The second meeting among the MRC-TRF-sponsored CCA research groups and the Thai

representatives was held in Bangkok in September 2016.

Achievements:

«Mr. Kitti Intuyod completed his one-year placement in Prof Lam’s laboratory. Prof Lam was a co-
advisor with Dr. Somchai Pinlaor of Kitti Intuyod under the RGJ-PhD program supporting by TRF, Thailand,
to study the “Treatment and chemoresistant of CCA”. Dr. Kitti Intuyod was graduated his Ph.D. in Biomedical

science program and is now a postdoctoral fellow of Prof. Somchai Pinlaor, at KKU.

« Two manuscripts were published under the collaborative works.

1. Together with Mr. Kitti Intuyod and Prof. Pinla-or: FOXM1 modulates 5-fluorouracil
sensitivity in cholangiocarcinoma through thymidykate synthase (TYMS): implication of FOXM1-TYMS axis

uncoupling in 5IFU resistance. Intuyod, K. et. al. Cell Death & Diseases journal, (Impact factor: 5.638).

2. Together with KKU team: O-GlcNAcylation mediates metastasis of cholangiocarcinoma
through FOXO3 and MAN1A1 Chatchai Phoomak, Atit Silsirivani, Dayoung Park, Kanlayanee Sawanyawisuth,
Kulthida Vaeteewoottacharn, Chaisiri Wongkham, Eric W. Lam, Chawalit Pairojkul, Carlito B. Lebrilla®, Sopit
Wongkham* Oncogene 2018, 37:5648-5665. (Impact factor: 6.854)
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Research activities

1. Expression of FOXM1 protein and mRNA in CCA patient tissues

We have done immunohistochemical analyses of Forkhead box M1 (FOXM1) expression
in the tissue microarray (TMA) of CCA tissues from Thai patients (n = 113). The majority of CCA
tissues expressed high FOXM1 (95/113; 84.07%) with cytoplasmic staining while 15.92%
(18/113) showed negative for FOXM1 expression.  The representative images for FOXM1
expression in the TMA are shown in Fig. 1-1A and 1-1B. The correlations between expression
of FOXM1 and clinical findings of CCA patients were further analyzed. The univariate analysis
indicated that expression of FOXM1 had no correlation with clinical features and survival of
CCA patients (Table 1-1 and Fig. 1-2).

The human FOXM1 gene consists of 10 exons, two of which, exon Va (A1) and exon
Vlla (A2) are alternatively spliced. These splices give rise to three distinct isoforms: FOXM1a,
FOXM1b, and FOXM1c. FOXM1a, which harbors both exon Va and exon Vlla, is transcriptionally
inactive owing to the disruption of its transactivation domain (TAD) by the latter exon. In
comparison, both FOXM1b and FOXM1c, which has only exon Va, are transcriptionally active
and can activate expression of their target genes (Fig. 1-3A). Based on the molecular feature
of FOXM1, the expression of each FOXM1 isoform (a, b, and ¢) in CCA tissues from patients
and their normal adjacent counterparts were further identified using end-point PCR. The
results indicated that 70.00% of CCA tissues (n = 40) expressed FOXM1c and 25% expressed
FOXM1b whereas none of adjacent normal tissues had FOXM1c. These findings demonstrated
that FOXM1c was the major isoform found in CCA tissues. The survival analysis performed

according to the Kaplan-Meier analysis method showed a significant correlation between



positive FOXM1c expression and shorter survival of CCA patients (P <0.05) (Fig. 1-3B). Univariate
analysis indicated that metastasis status and FOXM1c expression were dependent factors for
shorter survival of CCA patients (Tables 1-2). The multivariate analysis indicated that FOXM1c

expression was an independent risk factor of poor prognosis of CCA patients (Table 1-2). This

information is now under manuscript preparation.
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FOXM1: Negative staining FOXM1: Positive staining

Figure 1-1. The expression of FOXM1 in CCA tissue microarray. (A) overview of hematoxylin
and eosin (H&E) and FOXM1 staining in a homemade tissue microarray. (B) the representative

picture of CCA tissues with negative and positive FOXM1 expression.



Table 1-1. Univariate analysis of FOXM1 protein expression in CCA tissues and the clinico-

pathological findings of CCA patients.

Clinical parameters FOXM1 p-value
Negative Positive

SEX Male 13 56 0.290
Female 5 39

AGE < 56 10 42 0.376
> 56 8 53

Stage 14243 12 46 0.168
4A+4B 6 48

Histopathological type Papillary 7 45 0.484
Mass forming 11 49

p53 Negative 14 52 0.296
Positive a4 28

1.04

0.8

0.6

Survival

0.4+

0.2

0.0+

—— Positive FOXM1
= Negative FOXM1

P=0.302

—

Figure 1-2. Relationship between FOXM1 expression and overall survival of CCA

patients.
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Figure 1-3. FOXM1c expression was associated with a shorter overall survival of CCA
patients. A. Diagram illustrates human FOXM1 splice variants FOXM1A, FOXM1B, and FOXM1C.

B. Survival analysis of patients based on FOXM1c expression in CCA tissues.



Table 1-2. Univariate and multivariate analysis of FOXM1c expression and clinico-pathological findings in CCA patients.

No. of Univariable analysis Multivariable analysis
Variables
patients HR 95% ClI P-Value HR 95% ClI P-Value
Histological type  Non papillary 24
1.161 0.611 - 2.207 0.649 0.759 0.332 - 1.731 0.512
Papillary 17
Age (year) > 57 23
0.993 0.525-1.878 0.983 0.725 0.297 - 1.773 0.481
< 57 18
Gender Male 24
0.776 0.408 - 1.475 0.439 1.017 0.455 - 2.273 0.967
Female 17
Tumor size =6 26
1.426 0.736 - 2.764  0.293 1.403 0.627 - 3.141 0.41
<6 15
Metastasis (n = 31) Positive 24
2.441 0.906 - 6.580 0.078 1.577 0.613 - 4.059 0.345
Negative 7
Positive 28
FOXM1c 2.277 1.067 - 4.860 0.033* 3.389 1.092 - 10.513 0.035*
Negative 13




2. Effect of FOX axis on chemotherapeutics response in CCA

2.1 Role of FOXM1 on 5-fluorouracil sensitivity of cholangiocarcinoma (CCA)

Overexpression of FOXM1 mRNA in O. viverrini-associated CCA has been shown in previous
cDNA array studies. To investigate further the role and regulation of Thymidylate Synthetase
(TYMS) and FOXM1 in O. viverrini-associated CCA, the expression of TYMS and FOXM1 was
determined by immunohistochemistry (IHC) in CCA tissue arrays. We found that 78% (88/113)
of FOXM1 and 48% (54/113) of TYMS were upregulated in O. viverrini-associated cases (n =
113) (Fig. 2-1). The results highlighted that FOXM1 is commonly overexpressed in CCA,
suggesting its involvement in CCA tumorigenesis. This finding also suggested that the FOXM1-
TYMS axis might have a wider role in tumor progression, such as chemosensitivity, as TYMS is
a cellular target of 5-FU, the first-line chemotherapeutic drug for CCA.

Correlated baseline expression of FOXM1 and TYMS in CCA cell lines

To explore the relationship between FOXM1, E2F1 and TYMS expression and their
functional roles in CCA, western blot and real-time quantitative PCR (gPCR) analyses were
performed to determine the baseline steady-state expression levels of FOXM1 and TYMS, as
well as one of their known regulator E2F1, in four CCA cell lines. Consistent with the IHC
results, western blot analysis revealed that in general FOXM1 was highly expressed and
displayed good correlations with TYMS in CCA cells (Fig. 2-2A). Expression of E2F1 differed
between the four cell lines and had little correlation with that of FOXM1 and TYMS, suggesting
that FOXM1 and TYMS expression is not related to E2F1. Interestingly, TYMS expression was
higher and FOXM1 expression lower in HUCCA compared to the other three CCA cell lines,
KKU-D131, KKU-213 and KKU-214 (Fig. 2-2A). The mRNA levels of FOXM1, E2F1 and TYMS
demonstrated good correlations with their protein levels in these CCA cells (Fig. 2-2B),
indicating that the expression of these proteins are regulated primarily at the transcriptional
level. Interestingly, the TYMS mRNA expression levels also demonstrated positive relationships
with the FOXM1 in all but the HUCCA cell line, while E2F1 expression levels again did not
appear to be associated with those of FOXM1 and TYMS in these CCA cell lines (Fig. 2-2B).
Together, these results suggest that TYMS expression is regulated by FOXM1 but not by E2F1
in CCA cells. The discordance between FOXM1 and TYMS expression levels in HUCCA also

suggests that TYMS expression is not coupled to FOXM1 regulation in this cell line.
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B FOXM1 * TYMS Crosstabulation
Count
TYMS
Negative Positive Total
FOXM1 Negative 19 6 25
Positive 40 48 88
Chi-Square Tests
Asymp. Sig. Exact Sig. | Exact Sig.
Value df (2-sided) (2-sided) (1-sided)

Pearson Chi-Square 7.280(b) 1 .007
Continuity
Correction(a) 6:108 L 013
Likelihood Ratio 7.610 1 .006
Fisher’s Exact Test 012 006
Linear-by-Linear
Association 7.216 1 007
N of Valid Cases 113

a Computated only for a 2x2 table
b 0 cells (.0%) have expected count less than 5. The minimum expected count is 11.95.

Figure 2-1. Correlation of FOXM1 and TYMS expression in CCA tissues. CCA tissue arrays
were prepared from 113 O. viverrini-associated CCA cases using tissue microdissection
techniques. (A) Representative immunohistochemical staining images showing correlated
FOXM1 (top) and TYMS (bottom) expression. (B) Staining results and Chi-square analysis. Chi-

square statistical analysis was used to test the correlations between TYMS and FOXM1



expression of CCA patients using GraphPad Prism 7.0 and SPSS 16.0. In statistical analysis, *p

< 0.05 was considered as significant.
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Figure 2-2. Baseline expression of FOXM1, E2F1 and TYMS in CCA cells. CCA cells were
harvested and the expression of FOXM1, E2F1 and TYMS at the translation and transcription
levels were investigated using (A) western blot and (B) RT-gPCR. The latter assay was carried
out in triplicate, and data are presented as means + S.E.M. Expression of each gene was
normalized relative to L19. The RT-gPCR data were analyzed by one-way ANOVA with Fisher’s
Least Significant Difference (LSD) post-test. Double and triple asterisks (** and ***) indicate

significant difference at p < 0.01 and p < 0.001, respectively, from HUCCA (n = 3).



HUCCA is a highly 5-FU-resistant CCA cell line

As TYMS is the direct cellular target of 5-FU, we next examined the four CCA cell lines,
HuCCA, KKU-D131, KKU-213 and KKU-214, for their sensitivity to 5-FU using sulforhodamine B
(SRB) assay. Viability of all CCA cell lines decreased in a dose-dependent manner after
treatment with 5-FU after 24, 48 and 72 h; HUCCA remained the more resistant line compared
with the other three and exhibited the highest ICs, (Fig. 2-3A). We next examined the sensitivity
of the CCA cells to 5-FU by clonogenic assays. Consistently, clonogenic assays revealed that
HUCCA was the most resistant cell line (Fig. 2-3B). The results also showed that these CCA cell
lines are relatively resistant to 5-FU treatment, consistent with the observations in the clinic

that most CCAs are resistant to genotoxic chemotherapy.

Coordinated FOXM1 and TYMS expression upon 5-FUtreatment in CCA cell lines

Since TYMS is an important target for 5-FU treatment and has previously been shown
to be regulated by FOXM1 and E2F1, we therefore hypothesized that the expression levels of
these proteins regulate 5-FU sensitivity. To test this conjecture, the four very 5-FU-resistant
CCA cell lines were treated with a high dose of 100 UM 5-FU (see Fig. 2-3) over the course of
48 h, and the expression levels of FOXM1, E2F1 and TYMS proteins were examined by western
blot analysis (Fig. 2-3C). Expression of FOXM1 in all four cell lines increased transient in a time-
dependent manner and its expression level was the highest at 24 h posttreatment and
declined thereafter, concomitant with a reduction in cell proliferation rates (Fig. 2-3A). This
kinetics of FOXM1 expression is consistent with other cancer cells following treatment with
genotoxic agents. Similarly, the expression of TYMS mirrored that of FOXM1 but at a slower
kinetics in the CCA lines, except for HUCCA where TYMS was expressed consistently at
comparatively higher levels throughout the time course. The active metabolite of 5-FU,
FAUMP, binds to TYMS to form an inactive slower migrating FAUMP-TYMS complex, which
inhibits the conversion of dUMP to dTMP. Notably, using a high dose of 100 UM 5-FU to treat
the CCA cells, the majority of the TYMS-proteins were in the FAUMP-complexed inactive
slower migrating (higher) forms following 5-FU treatment, and this lack of active unligated
TYMS would lead to dNTP shortage and the cytotoxic DNA damage. Expression of E2F1 in all
cell lines did not show good correlations with either FOXM1 or TYMS, indicating further that

E2F1 does not control FOXM1 and TYMS expression or vice versa in response to 5-FU in these
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CCA cells. These results also further suggest that FOXM1 regulates TYMS expression in CCA

cells, except for the resistant HUCCA.
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Figure 2-3. 5-FU treatment suppresses proliferation of CCA cells. CCA cells of HUCCA,
KKU213, KKU214 and KKU-D131 lines were treated with different concentrations of 5-FU using
DMSO as a vehicle. (A) Cell proliferation was assessed at 24, 48 and 72 h after 5-FU treatment
using SRB assay. The experiment was carried out in triplicates and data are presented as means

of the percentage of untreated control. The cell viability data were analyzed by two-way

ANOVA with Fisher’s Least Significant Difference (LSD) post-test (n = 3). The asterisks (***)
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indicate significant difference at p < 0.001. (B) The CCA cells were analyzed for their sensitivity
to 5-FU by clonogenic assays. After 48 h of incubation with the drugs, cells were cultured in
fresh media, grown for around 14 days and stained with crystal violet. The graphs are
representative of six experiments. Representative clonogenic images show the effects of 5-FU
treatment. Data were analyzed by two-way ANOVA with Fisher’s Least Significant Difference
(LSD) post-test. The asterisk (*) indicates significant difference at p < 0.05. (C) Expression of
FOXM1, E2F1 and TYMS in 5-FU-treated CCA cell lines in response to 5-FU. The CCA cell lines
were treated with 100 UM of 5-FU over a period of 48 h. Cells were trypsinized at specific
times and the expression of FOXM1, E2F1 and TYMS was determined using western blotting.

B-Tubulin was used as a loading control. Representative western blot images are shown.

Silencing of FOXM1 reduced the 5-FU resistance and TYMS expression in KKU-
D131 but not in HUCCA cells

To further investigate the role of FOXM1 in modulating the sensitivity of 5-FU in CCA
cells, western blot analysis was performed on the most sensitive KKU-D131 and resistant
HUCCA cells in the presence and absence of FOXM1 depletion. The result revealed that TYMS
expression decreased upon FOXM1 depletion using small interfering RNA (siRNA) in the
sensitive KKU-D131 but not in the resistant HUCCA cells, suggesting that TYMS s, at least
partially, regulated by FOXM1 in the sensitive but not in the resistant CCA cells (Fig. 2-4A). By
contrast, FOXM1 knockdown did not cause any substantial changes in E2F1 levels in both cell
lines, further confirming that FOXM1 does not regulate E2F1. Clonogenic assay was then
performed to investigate the effects of FOXM1 depletion on 5-FU sensitivity in HUCCA and
KKU-D131 cells (Fig. 2-4B). Silencing of FOXM1 did not overtly affect 5-FU sensitivity of the
resistant HUCCA cell line but caused a decrease in the clonogenicity of KKU-D131 (Fig. 2-4B),
suggesting that FOXM1 plays a significant role in modulating TYMS expression and hence 5-FU
sensitivity in the sensitive but not in the resistant CCA cells. FOXM1 was next overexpressed
in KKU-D131 and HUCCA cells. The control and FOXM1-overexpressing CCA cells were then
tested for their sensitivity to 5-FU. Western blot analysis revealed that FOXM1 was
overexpressed in the FOXM1-transfected KKU-D131 and HUCCA cells, and TYMS expression

was not affected by FOXM1 overexpression (Fig. 2-5A).
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Figure 2-4. Effects of FOXM1 silencing on CCA cells in response to 5-FU treatment. FOXM1
expression in HUCCA and KKU-D131 cells was silenced using siRNA (siFOXM1) and non-silencing
SIRNA (NS-siRNA) was used as control. After 24 h, CCA cells were reseeded and grown overnight.

(A) After treatment with 100 UM 5-FU for 24 h, cells were harvested and the expression levels
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of FOXM1, E2F1 and TYMS were determined by western blot and RT-gPCR analysis. Western
blot was performed using B—tubulin as loading control (upper panel). Expression of FOXM1,
E2F1 and TYMS mRNA was also determined by RT-gPCR analysis using L19 as an internal
control (lower panel). Data are presented as mean + SEM (n > 3). RT-gPCR data were analysed
by unpaired t tests. Double and triple asterisks (** and ***) indicate significant difference at p
< 0.01 and p < 0.001, respectively, from the non-targeting siRNA-treated control cells; ‘ns’
indicates no significant difference. (B) Effect of FOXM1 silencing on 5-FU sensitivity was also
investigated using clonogenic assays. Representative clonogenic images show the effects of
FOXM1 silencing on the outcome of 5-FU treatment. Data are presented as mean + SEM (n
=3) and were analyzed by two-way ANOVA. The asterisks (****) indicate significant difference
at p < 0.0001 from the non-targeting siRNA-treated control cells; ‘ns’ indicates no significant

difference.

In concordance, clonogenic assay showed that ectopic overexpression of FOXM1 did
not alter the sensitivity of either KKU-D131 or HUCCA cells to 5-FU (Fig. 2-5B). These results
indicated that, although FOXM1 plays a vital role in the proliferation and 5-FU sensitivity of
the KKU-D131, FOXM1 is already highly expressed and further overexpression would not
induce additional TYMS expression and thereby 5-FU resistance. This notion is consistent with
our earlier findings that FOXM1 is overexpressed in most CCA patient samples (Fig. 2-1) and
cell lines (Fig. 2-2).

Unexpectedly, TYMS knockdown also resulted in a downregulation of FOXM1 expression
(Fig. 2-6A), suggesting that TYMS might have a role in controlling the FOXM1 expression and
FOXM1 as a sensor for TYMS activity and DNA damage, probably through the induction of DNA
damage via blockage of replication fork progression. In addition, silencing of E2F1 by siRNA was
also performed because expression of TYMS has previously been shown to be regulated by
E2F1; however, E2F1 silencing did not affect the sensitivity of either HUCCA or KKU-D131 to 5-
FU (Fig. 2-6B). Collectively, these data showed that TYMS expression levels determine the drug
sensitivity in both sensitive and resistant CCA cells. In addition, the findings also supported the
idea that FOXM1 regulates TYMS expression and thereby 5-FU sensitivity in CCA cells and that
the uncoupling between FOXM1 and TYMS expression is linked to refractory to 5-FU in CCA

cells.
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Figure 2-5. Effects of ectopic expression of FOXM1 in KKU-D131 and HuCCA cells in
response to 5-FU treatment. FOXM1 expression in KKU-D131 cells was induced by
transfection with FOXM1-pcDNA3.1 plasmid DNA. Plasmid DNA from parental vector was used
as transfection controls. After 24 h, CCA cells were reseeded and grown overnight. (A) After
treatment with 100 pM 5-FU for 24 h, cells were harvested and the expression levels of
FOXM1, E2F1 and TYMS was determined by western blot analysis using B-tubulin as loading
control. (B) Effects of FOXM1 overexpression on 5-FU toxicity was also investigated using a
clonogenic assay. Representative clonogenic assay images show the effects of FOXM1
overexpression upon 5-FU treatment. (C) Data are presented as mean + SEM (n =3) and were

analyzed by two-way ANOVA. No significant difference is indicated by ‘ns’.
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Figure 2-6. Effects of E2F1 and TYMS silencing on 5-FU treatment of CCA cells. Either E2F1

or TYMS expression in HUCCA cell was silenced using siRNA (siE2F1 or siTS). Non-silencing siRNA

(NS-siRNA) was used as a control. After 24 h, HUCCA cells were reseeded and grown overnight.

(A) After treatment with 100 pM 5-FU for 24 h, cells were harvested and the expression of

FOXM1, E2F1 and TYMS was determined by western blot analysis using B-tubulin as loading

control. (B) Effects of E2F1 and TYMS silencing on 5-FU toxicity was also investigated using a

clonogenic assay. Representative clonogenic assay images show the effect on 5-FU treatment

of silencing of either E2F1 or TYMS. Data are presented as mean + SEM (n = 3) and were

analyzed by two-way ANOVA. Single and triple asterisks (* and ****) indicates significant

difference at p < 0.05 and p < 0.001, respectively, from the non-targeting siRNA-treated control

cells; ‘ns’ indicates no significant difference.
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FOXM1 modulates TYMS levels and 5-FU response in CCA cells

To further test the hypothesis that FOXM1 modulates 5-FU response through regulating
TYMS expression levels in CCA, KKU-D131 and HuUCCA cells were treated with a lower dose
(20 UM) of 5-FU, which has differential cytotoxic effects on the comparatively more sensitive
and resistant CCA cells (Fig. 2-7). As expected, in the comparatively more sensitive KKU-D131
both FOXM1 and TYMS protein and mRNA expression increased coordinately reaching a peak
at 24 h posttreatment and decreased thereafter at 48 h. By contrast, despite the induction of
FOXM1 expression in response to 5-FU in the resistant HUCCA cells, the expression of TYMS
remained constantly high throughout the time course. Critically, in the sensitive KKU-D131
cells the majority of the TYMS proteins were in the FAUMP-complexed inactive slower
migrating forms especially after the coordinated downregulation of FOXM1 and TYMS
expression at 48 h following 5-FU treatment, and this lack of active unligated TYMS would
lead to cytotoxic DNA damage. By comparison, in HUCCA cells the levels of TYMS remained
relatively stable over the time course with a substantial proportion remaining in the
uncomplexed and active faster migrating species, and the cells could still be able to process

the dUMP to dTMP conversion for DNA replication (Fig. 2-7).

Differential binding of FOXM1 to endogenous TYMS promoter in 5-FU-sensitive
and -resistant CCA cells

We next investigated the regulation of TYMS by FOXM1 at the promoter level. To this
end, we first identified the putative FOXM1-binding regions from previously published FOXM1
chromatin-Immunoprecipitation-sequencing (ChIP-Seq) studies (Fig. 2-8). Both HUCCA and
KKU-D131 cells were either untreated or treated with 5-FU for 24 and 48 h. To confirm further
that FOXM1 binds to the endogenous TYMS promoter, we studied the occupancy of the
endogenous TYMS promoter by FOXM1 using ChIP in the absence and presence of 24 or 48 h
of 5-FU treatment in both cell lines. The ChIP analysis showed that FOXM1 is recruited to the
endogenous Forkhead response element (FHRE) in both HUCCA and KKUD131 cells and its
binding to the FHRE increases substantially in KKU-D131 but not in HUCCA in response to 5-
FU (Fig. 2-8). Together, these findings suggest that TYMS is a direct transcriptional target of
FOXM1 in CCA cells and that the incapacity of FOXM1 to modulate TYMS expression is due

its inability to be efficiently recruited by the promoter of TYMS.
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Summary

Our results evidently show that FOXM1, but not E2F-1, modulates TYMS expression
and thereby 5-FU sensitivity in CCA cells. Our data also demonstrate that the FOXM1-TYMS
axis plays a major role in mediating 5-FU sensitivity in CCA cells and its uncoupling may be
linked to 5-FU resistance. Our findings suggest the FOXM1-TYMS axis is a determinant of 5-FU
response and a target for designing more effective treatment for CCA patients. Since FOXM1
is overexpressed in almost all CCAs and may be essential for CCA tumorigenesis, FOXM1 and
its downstream transcriptional signature might also be useful for prognosis prediction of CCA.
These studies were concluded and published in Intuyod, K., P. Saavedra-Garcia, S. Zona, C. F.
Lai, Y. Jiramongkol, K. Vaeteewoottacharn, C. Pairojkul, S. Yao, J. S. Yong, S. Trakansuebkul, S.
Waraasawapati, V. Luvira, S. Wongkham, S. Pinlaor and E. W. Lam (2018). "FOXM1 modulates
5-fluorouracil sensitivity in cholangiocarcinoma through thymidylate synthase (TYMS):

implications of FOXM1-TYMS axis uncoupling in 5-FU resistance." Cell Death Dis 9(12): 1185.



18

A HuCCA KKU-D131

20pyM5-FU: 0 4 8 16 24 48 0 4 8 16 24 48 h pmw (Marker)

E2F1 | == s v s wi S e e cs o B0 KDa
TYMS (eSS SRS i R - CoTpleNed i G0kDa)
) — 60 kDa
B-tubulin | e s o s — e et S
s — 50kDa
B HuCCA KKU-D131
25
= FOXM1 mRNA *P<0.05
2.0
o *P<0.05
215
-
‘g 1.0
305
[V
0.0
25
< ns TYMS mRNA
g 201  P=0347 *F<0.06
@ 15
<
g 1.0 4
F 05
0.0

< E2F1 mRNA
% 10 ns
> P=0.133
=
T 05
o
w
0.0
20uM5-FU: 0 4 8 16 24 48 0 4 816 24 48 h

Figure 2-7. Expression of FOXM1, E2F1 and TYMS in CCA cell lines treated with a lower
20-puM dose of 5-FU. HUCCA and KKU-D131, the resistant and sensitive cell lines, respectively,
were treated with 20 uM of 5-FU over a period of 48 h. Cells were trypsinized at specific times
and the expression of FOXM1, E2F1 and TYMS was determined using western blotting. B-
Tubulin was used as a loading control. (A) Expression of FOXM1, E2F1 and TYMS was
determined by western blot analysis using B-tubulin as loading control. (B) Expression of
FOXM1, E2F1 and TYMS mRNA was determined by RT-gPCR analysis using L19 as an internal
control. Data are presented as mean + SEM (n > 3). The RT-gPCR data were analyzed by one-

way ANOVA. The asterisk (*) indicates significant difference at p < 0.05.
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Figure 2-8. Analysis of FOXM1 binding on human TYMS promoter. (A) FOXM1-binding site
on human TYMS promoter. ENCODE (the Encyclopedia of DNA Elements) project ChIP
sequencing data of FOXM1 binding in the MCF-7, SKSH and ECC1 cells were used for predicting
global genome-binding profiles for FOXM1 using the Integrative Genomics Viewer (Version
2.3.88) and the hg19 UCSC Genome Browser50. The predicted binding profiles of FOXM1 and
the locations of the designed ChIP primer pairs are aligned to the human TYMS promoter. (B)
KKU-D131 and HuCCA cells treated with 100 nM 5-FU for 0, 24 and 48 h were used for
chromatin immunoprecipitation assays using the IgG as negative control and anti-FOXM1
antibody. After reversal of cross-linking, DNA was amplified by gRT-PCR, using primers
amplifying the FOXM1 binding-site containing region. Data are presented as mean + SEM (n =
4, each with >3 replicates) and were analyzed by two-way ANOVA. The asterisk (*) indicates

significant difference at p < 0.05 and ‘ns’ no significant difference.
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2.2 Role of FOXO4 on CCA cell biology

We utilized the parental KKU214 and drug resistant cell line KKU214°“™ to study the
role of oncogenic transcription factor FOXO4 on gemcitabine treatment. Firstly, we compared
the degree of gemcitabine resistant among KKU214 and KKU214%*™ using SRB assay. We found

4% cell line was obviously higher

that the ICs5, concentration of gemcitabine against KKU21
(X170 fold) than that parental KKU214 CCA cell line (Fig. 2-9). Clonogenic assay was also
performed to confirm the finding in SRB assay. In agreement with SRB assay, clonogenic assay

showed the resistant property of KKU214%™" after treatment with gemcitabine (Fig. 2-10).
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B
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Figure 2-9. The ICs, values of gemcitabine against parental and gemcitabine-resistant
CCA cell lines. (A) Parental (KKU214) and (B) gemcitabine-resistant CCA cell lines (KKU214%¢™F)
were treated with different concentrations of gemcitabine for indicated time periods. Then,
percentage of cell proliferation was determined by the SRB assay compared to control,
treatment (DMSO). The ICs, of gemcitabine on KKU214 and KKU214°™ at 72 h post-treatment
was calculated by using a dose-response curve analysis. Experiments were carried out in

triplicate.
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Figure 2-10. Gemcitabine treatment inhibits clonogenicity of KKU214 but not
KKU214%™R (A) KKU214 and KKU214%*™ CCA cell lines were treated with gemcitabine at
indicated doses for 48h . The cells were then subsequently maintained in normal growth
medium for 14 days. The effect of gemcitabine treatment on colony formation of KKU214 and
KKU214%™ cell lines was determined by clonogenic assay. (B) Relative differences of colony
formation of KKU214 and KKU214%™ cell lines were investigated by dissolving stained
colonies with 33% acetic acid and absorbance at optical density (OD) 620 nM was measured
by ELISA reader. **** indicates a significant difference at p<0.0001. N.S. = no significant

difference.

Next, we performed the RT-gPCR and Western blot analyses to explore the expression
of FOXO4 at transcription and translation levels, respectively. RT-gPCR showed that FOXO4
expression in KKU214%™ cell line was 300 times higher than that in KKU214 cell line (Fig 2-
11A). Relevantly, the Western blot analysis also demonstrated that FOXO4 was highly
expressed in KKU214°™ cell line but undetectable in KKU214 cell line (Fig. 2-11B). We next
performed the Western blot analysis to explore the kinetic expression of FOXO4 and FOXs
protein members after time course treatment with gemcitabine. We found that the expression
of FOXM1 in KKU214 cell line was gradually increased and reach the highest level at 16 h
post-gemcitabine treatment, and was declined thereafter. In KKU214%™R  the different
expression pattern of FOXM1 was observed and seemed that FOXM1 was not expressed in
KKU214%™ cell line (Fig 2-12.); however, this needed to be further confirmed by RT-gPCR. On
the other hand, the expression of FOXO4 was not observed in parental KKU214 cell line but

substantially increased in time-dependent manner in KKU214%™ cell line. Interestingly, similar
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pattern was also observed for Nanog protein, suggesting that there might be the association
between FOXO4 and Nanog especially in drug-resistant cell line and this might involve in
gemcitabine resistant of CCA cell line. For another FOX protein family, Western blot analysis
illustrated that the expression of FOXO3a was decreased in time-dependent manner in
KKU214 cell line whereas opposite finding was observed in KKU214%™ cell line (Fig. 2-12).

Hence, FOXO3a might also involve in gemcitabine response of CCA cell lines.
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Figure 2-11. Baseline expression of FOXO4 and FOXs protein family in KKU214 and
KKU214%*™ CCA cell lines. (A) CCA cells were harvested and the expression of FOXO4 at
transcription level, relative to L19 gene, was determined by RT-gPCR. (B) The translational
levels of FOXO1, FOXO3a, FOXO4 and FOXAl were determined using Western blot analysis.

B-tubulin was used as loading control.
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Figure 2-12. Gemcitabine treatment induces the changes of expression of FOX protein
family and their related molecules. KKU214 and KKU214%™ CCA cell lines were treated
with 5 uM of gemcitabine with different time periods. After treatment at the designated time,
cells were trypsinized and the dynamic expression of FOX protein family and their related
molecules was determined by using Western blotting. B-actin was used as loading control.

Gem = gemcitabine.

In order to test whether FOXO4 is involved in gemcitabine resistance of CCA cells, the
expression of FOXO4 was inhibited by Crispr/Cas9 targeting FOXO4 gene. Western blot analysis
showed that the expression of FOXO4 protein was dramatically decreased in Crispr/Cas9-
FOXO4-transfected KKU214°™ cells compared to mock transfection (Fig. 2-13). RT-gPCR
analysis also confirmed that the FOXO4 expression was suppressed compared to mock
transfection (data not shown). Interestingly, in transfected cells, the expression of Nanog
protein was also reduced, highlighting the association of FOXO4 and Nanog in KKU214%™"

cells.
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Figure 2-13. Expression of FOXO4 and Nanog in FOXO4-knocked out KKU214%™® CCA cell
line. KKU214%™ cells were transfected with FOXO4-targeted Crispr/Cas9 plasmid DNA for 24
hr. The expression of FOXO4 and Nanog were determined using Western blot analysis. B-
tubulin was used as loading control. Cas 9 expression was determined by Western blot analysis

to indicate the success of transfection.
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Figure 2-14. Effect of FOXO4 knock down on gemcitabine treatment and growth rate of
KKU214%™R CCA cell line. (A-C) FOXO4 wild type and FOXO4d-knocked out KKU214%™ cells
were treated with different concentrations of gemcitabine for the indicated time periods. Then,
percentage of cell proliferation was determined by the SRB assay compared to its control
treatment (DMSO). (D) The growth rate at different time periods (0-72 h) of untreated FOXO4
wild type and FOXOd-knocked out KKU214°™ cells was determined by the SRB assay.

Experiments were carried out in triplicate.
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Figure 2-15. Effect of FOXO4 knock out on clonogenicity of KKU214%™ CCA cell line. (A)
FOXO4 wild type and FOXO4-knocked out KKU214%“™ cells were treated with gemcitabine at
indicated doses for 48h. The cells were then subsequently maintained in normal growth
medium for 14 days. The effect of gemcitabine treatment on colony formation of FOXO4 wild
type and FOXOd-knocked out KKU214%™ cells was determined by clonogenic assay. (B)
Relative differences of colony formation between FOXO4 wild type and FOXO4-knocked down
KKU214°™ cells were investigated by dissolving stained colonies with 33% acetic acid and
absorbance at optical density (OD) 620 nm was measured by ELISA reader. Percentage of
clonogenicity was calculated in comparison to untreated control. ** and **** indicate the

significant differences at p<0.01 and p<0.0001, respectively.

SRB assay demonstrated that the growth inhibitory effect of gemcitabine did not differ
between mock transfection and FOXO-knocked out KKU214%™ cells (Fig. 2-14A-C). However,
the growth rate of FOXO-knocked out KKU214°™ cells was lower than that control cells (Fig.
2-14D). This result was supported by the clonogenic assay (Fig. 2-15). Cell scratch assay
demonstrated that suppression of FOXO4 reduced the migration of FOXO4-knocked out
KKU214%°™ cells (Fig. 2-16), suggesting that FOXO4 did not involve in gemcitabine resistance
but involved with CCA cell growth and migration. The underlyingly molecular mechanisms of

these findings are under investigation.
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Figure 2-16. Effect of FOXO4 knock down on cell migration of KKU214%™? CCA cell line.

FOXO4 wild type and FOXO4-knocked down KKU214%™ cells were seeded in 6-well plate.
On the following day, a straight scratch was made using sterile P200 pipette tips. The cells
were then washed with sterile PBS and further cultured in complete medium. Pictures were
taken at the start of the experiment (0h) and 24, 48 and 72 h later. Experiment was performed
in triplicate.
Summary

Our study indicated that FOXO4 was upregulated in gemcitabine resistant CCA cells,
however, did not involve in gemcitabine resistance. FOXO4 may important in maintaining cell
growth and migration of CCA cells in the presence of gemcitabine. Further investigation on the
underlying molecular mechanisms is needed. This work is continuing to elucidate the function

of FOXO4 and nanog in gemcitabine resistant CCA cells.
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2.3 Application of anthocyanin (AC) on CCA cell and its role in sensitization of
drug resistant CCA cells to gemcitabine treatment.

AC treatment inhibited proliferation and induced apoptosis of CCA cell lines.

Inhibition of tumor growth and induction of cellular apoptosis are important modes of
action of most phytochemical agents. To determine whether AC exerts growth-inhibitory effect
on CCA cell lines, and to determine relevant ICs, values, KKU213 and KKU214 were treated
with various concentrations of AC. The SRB assay revealed that AC inhibited cell proliferation
of both cell lines in dose- and time dependent manners (Fig. 2-17A and 2-17B). KKU214 cell
line was more sensitive to AC treatment as its viability was completely inhibited by 600 ug/ml
of AC after 48 h, whereas proliferation of KKU213 was completely inhibited by treatment with
800 ug/ml of AC. In agreement with this, non-linear regression analysis showed that IC50 values

of AC for KKU213 and KKU214 were 620 and 540 ug/ml, respectively (Fig. 2-17C and 2-17D).
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Figure 2-17. Anthocyanin complex (AC) inhibited cell growth of KKU213 and KKU214 CCA
cell lines. (A, B) Two CCA cell lines (KKU213 and KKU214) were treated with different
concentrations of AC for the indicated time periods. Then, percentage of cell proliferation was
determined by the SRB assay compared to its control treatment (DMSO). (C, D) IC50 of AC on
KKU213 and KKU214 at 24 h post-treatment was calculated by using a dose-response curve

analysis. Experiments were carried out in triplicate. AC = anthocyanin complex.
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Next, we investigated whether suppression of CCA cell growth by AC treatment is
related to induction of apoptosis. We treated both cell lines with AC at dosages a bit lower
than their ICs, values for 24 h and cellular apoptosis was investigated by flow cytometry. This
revealed that cellular apoptosis was induced in a dose-dependent manner (Fig. 2-18). Slight
increases (relative to controls) in rates of apoptosis of KKU213 and KKU214 were observed
when treated with 300 and 250 ug/ml of AC, respectively (Fig. 2-18B and 2-18E). However,
cellular apoptosis of both cell lines was dramatically induced when treated with 600 (KKU-
213) or 500 ug/ml (KKU-214) of AC (Fig. 2-18C and 2-18F). These findings indicated that AC
exhibited anti-CCA activity through suppression of proliferation and induction of cellular

apoptosis.
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Figure 2-18. AC treatment induced cellular apoptosis of CCA cell lines. (A-C) KKU213 and
(D-E) KKU214 were treated with AC at indicated doses for 24 h. Apoptotic cells were stained
with  Annexin V-FITC/PI solution and analysed by flow cytometry. DMSO at a final

concentration of 1% was used as diluent control (0).
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AC treatment inhibited colony formation of CCA cell lines.

The clonogenic assay is the method of choice to determine cell reproductive viability
(ability of cells to produce progeny or ability of a single cell to form a colony) after treatment
with radiation or a cytotoxic agent. We used this approach to determine the cytotoxic effects
of AC treatment on CCA cell lines. Presence of AC significantly inhibited KKU-213 colony
formation in a dose-dependent fashion compared to control group (p<0.0001, Fig. 2-19A and
2-19B). For KKU-214, colony formation was significantly inhibited only when treated with 500
ug/ml of AC (p<0.0001, Fig. 2-19A and 2-19C). Additionally, colony formation of KKU-214
treated with 500 ug/ml of AC was significantly lower than when treated with 250 ug/ml of AC
(p<0.0001, Fig. 2-19C). This result indicated that AC-mediated reproductive death is one of the

underlying mechanisms of AC against CCA.
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Figure 2-19. AC treatment reduced colony formation of CCA cell lines. (A) KKU-213 and
KKU-214 cell lines were seeded in 6-well plates at a density of 1,000 cells/well and cultured
with AC or DMSO (control) for 48 h. At day 14, colony formation was visualized by crystal
violet staining and photographed with a digital camera. (B, C) Relative difference of colony

formation of CCA cell lines was investigated by dissolving stained colonies with 33% acetic
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acid and measuring absorbance at optical density (OD) 620 nM. **** indicates a significant
difference at p<0.0001.

AC treatment induced mitochondrial superoxide production partly via
suppression of Bcl-2 expression.

Induction of superoxide production in mitochondria is an important event in apoptosis
induction. To investigate whether induction of mitochondrial superoxide production is
involved in AC-induced apoptosis of CCA cell lines, both lines were treated with AC and
mitochondria-specific superoxide was measured by flow cytometry. We found that superoxide
production was slightly increased in mitochondria of KKU-213 and KKU-214 treated with 300
and 250 ug/ml of AC, respectively (Fig. 2-20B and 2-20E). However, treatment of KKU213 and
KKU-214 cell lines with 600 and 500 ug/ml of AC, respectively, significantly induced superoxide
production in mitochondria of both cell lines relative to controls (p<0.001, Fig. 2-20C and 2-
20F, 2-20G and 2-20H).

Since superoxide production can be inhibited by anti-apoptotic Bcl-2 protein, we further
investigated the expression of Bcl-2 protein in CCA cell lines. Western blot analysis revealed
that expression of Bcl-2 protein mirrored superoxide production. Expression of Bcl-2 protein
was decreased in AC-treated cell lines, especially in KKU-213 and KKU-214 treated with 600
and 500 ug/ml of AC, respectively, relative to DMSO-treated controls (Fig. 2-21). These results
indicated that AC induced superoxide production-mediated apoptosis partly via inhibition of

Bcl-2 protein expression.

AC treatment targeted pro-survival and endoplasmic reticulum stress (ER stress)
response of CCA cell lines.

FOXM1 and NF-kB are well-known oncogenic proteins involved in the survival of cancers.
We investigated the expression of these proteins in CCA cell lines after treated with AC for 24
h. Western blot analysis showed that expression of FOXM1 and the p65 subunit of NF-kB
decreased in a dose-dependent manner in KKU-213 and KKU-214 cell lines treated with AC
(Fig. 2-21). Notably, expression of these proteins was almost completely inhibited in KKU-213
and KKU-214 treated with 600 and 500 ug/ml of AC, respectively, compared with DMSO-
treated controls (Fig. 2-21). Previous experiment has shown that AC treatment dramatically
induces mitochondrial superoxide production. Excessive superoxide production can cause

protein misfolding and ultimately induces ER stress. We therefore investigated the expression
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of proteins in the PERK/elF2a/ATF4 axis which is an important ER stress response pathway.
Western blot analysis showed that expression of PERK, p-elF2a (Ser 51) and ATF4 in both KKU-
213 and KKU-214 decreased under AC treatment (Fig. 2-21). Notably, total elF2a expression
was not affected by AC treatment, suggesting that AC suppresses phosphorylation of elF2a in
these cell lines. In addition to FOXM1, p65 and the PERK/elF2a/ATF4 axis, we found that PARP

expression was also suppressed by AC treatment, particularly at the highest doses used (Fig.

2-21).
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Figure 2-20. Mitochondrial superoxide production was dramatically induced by AC
treatment. Mitochondrial superoxide production after AC treatment of (A-C) KKU-213 and (D-
F) KKU-214 was measured by MitoSOX Red coupled with flow cytometry. A peak at P2 indicates
superoxide production from mitochondria. Those cell lines treated with DMSO (1%) were used

as diluent control. (G, H) Percentage of mitochondrial superoxide production was calculated
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and plotted relative to the number of measured cells. *** indicates a significant difference at

p<0.001.
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Figure 2-21. AC treatment downregulated the expression of several survival-related
proteins and ER stress proteins. KKU-213 and KKU-214 were treated with AC for 24 h and
cells were harvested and lysed by RIPA buffer. Expression of indicated proteins was

investigated by Western blot analysis. B-tubulin expression was used as loading control.

AC treatment enhanced gemcitabine sensitivity of gemcitabine-resistant
KKU214%™" CCA cell line.

Resistance to chemotherapeutic treatment is an important obstacle for treatment of
various cancers including CCA. Therefore, we attempted to investigate whether co-treatment
with AC could enhance the effect of gemcitabine. The SRB assay revealed that the ICsq of
gemcitabine against KKU-214GemR CCA cell line was 32.11 uM at 72 h whereas the ICs, of
gemcitabine against the parental KKU-214 cell line was 0.40 uM at 72 h (data not shown),
agreeing with a previous report. Treatment of KKU-214GemR with AC inhibited cell proliferation
in dose- and time-dependent manners (Fig. 2-22A). For gemcitabine treatment alone, KKU-
214%™ cell growth was obviously inhibited by treatment with 40 uM for 48 h and 72 h (Fig.
2-22B). AC at a dose of 300 ug/ml which didn’t show a growth inhibitory effect on KKU-214%™",
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was chosen for co-treatment with 20 or 40 uM of gemcitabine. As expected, both combinations
significantly enhanced gemcitabine-mediated growth inhibition compared to treatments with
single agents (p<0.01 for Gem20 vs AC300+Gem20; p<0.001 for Gem40 vs AC300+Gem40, Fig.
2-22C). Furthermore, clonogenic assay also depicted a significant enhancement of gemcitabine
treatment when co-treated with AC (p<0.05, Fig. 2-22D). These results indicated that AC
treatment significantly enhanced efficacy of gemcitabine against gemcitabine-resistant KKU-

214%mR
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Figure 2-22. AC treatment sensitized the KKU-214GemR cell line to gemcitabine
treatment. The KKU-214%™ cell line was seeded in 96-well plates and treated with either (A)
AC alone or (B) gemcitabine alone at indicated times. (C) Cells were treated with either the
single agent (AC or gemcitabine) or a combination of AC (300 pg/ml) and gemcitabine (20 or
40 uM) for 72 h. Then, percentage of cell growth (relative to control) was determined using

the SRB assay. Cell growth inhibition was clearly seen in the combination treatment compared
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to treatment with either agent alone. (D) Effect of combinatorial treatment on colony
formation of KKU214GemR cell line was also determined by the clonogenic assay. Relative
difference of colony formation of KKU-214°™ cell line was investigated by dissolving stained
colonies with 33% acetic acid and absorbance at optical density (OD) 620 nM was measured
by ELISA reader. *, **, ¥*** and **** indicate a significant difference at p<0.05, p<0.01, p<0.001

and p<0.0001, respectively. Gem = gemcitabine.

Summary

Our study demonstrated that AC possesses cytotoxicity against CCA cell lines by
suppression of cell growth and induction of apoptosis via downregulation of FOXM1, NF-kB
the ER stress response and induction of mitochondrial superoxide production. AC also
sensitizes KKU-214%"" to gemcitabine treatment. Therefore, AC has potential as an alternative
treatment agent and might assist in overcoming drug resistance of CCA when co-administered
with other chemotherapeutic agents. This work was published in Intuyod, K., A. Priprem, C.
Pairojkul, C. Hahnvajanawong, K. Vaeteewoottacharn, P. Pinlaor and S. Pinlaor (2018).
"Anthocyanin complex exerts anti-cholangiocarcinoma activities and improves the efficacy of

drug treatment in a gemcitabine-resistant cell line." Int J Oncol.
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3. Roles of FOX axis on glycosylation in CCA

O-GlcNAcylation is an o-linked protein glycosylation with a single molecule of N-
acetylglucosamine (GlcNAc). Unlike N-linked or other O-linked glycosylation, the modifications
by O-GlcNAc are generally found in either cytoplasmic or nuclear proteins. The O-
GlcNAcylation is a dynamic process modulated by two enzymes;, O-linked B-N-
acetylglucosaminyl transferase (OGT) and B-N-acetylglucosaminidase (OGA) to add or remove
the GlcNAc from the proteins.  The O-GlcNAcylation can regulate the protein behaviors via
many mechanisms including protein phosphorylation, protein stability, protein-protein
interaction, and protein expression which involves in many cellular processes. The aberration
of this process can cause many human diseases, including cancer. We have studied the role
of O-GlcNAcylation in CCA. After the treatment of CCA cell lines with OGA inhibitor, PUGNAC,
the migration and invasion abilities were significantly increased in association with increasing
of O-GlcNAcylation (Fig 3-1).

To understand the mechanism underlying effects of O-GlcNAcylation on migration and
invasion of CCA cells, we have identified the O-GlcNAcylated proteins using O-GlcNAc affinity
chromatography followed LC-MS/MS analysis. A multifaceted RNA/DNA-binding protein
associated with pre-mRNA/mMRNA metabolism and transport, namely hnRNP-K, was identified
and selected for further studies. We have further investigated the effects of O-GlcNAcylation
on the localization and expression of hnRNP-K by treating CCA cell lines with siOGT and
PUGNAc. The results showed that suppression of O-GlcNAcylation by siOGT or enhancing O-
GlcNAcylation by PUGNAc did not affect the expression of hnRNP-K in CCA cell lines (Fig. 3-
2A). However, the localizing of hnRNP-K to nucleus in CCA cell lines is significantly suppressed
after siOGT treatment (Fig. 3-2B), suggesting the role of O-GlcNAcylation in regulating functions

and nuclear localization of hnRNP-K.
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Figure 3-1. Effects of O-GlcNAcyaltion on migration and invasion of CCA cell lines.
CCA cell lines, KKU-213 and KKU-214, were treated with PUGNACc, an OGA specific inhibitor
followed by (A) Determination of O-GlcNAcylation level by Western blotting, (B) migration and

() invasion assays.
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Figure 3-2. Role of O-GlcNAcylation in expression and localization of hnRNP-K. CCA cell
lines, KKU-213 and KKU-214, were treated with siOGT or PUGNAc, (A) Determination of O-
GlcNAcylation level and expression of hnRNAP-K by Western blotting, (B) localization of

hnRNAP-K migration by immunofluorescent staining.

We further studied the role of hnRNP-K in CCA using specific siRNA. Knock down of
hnRNAP-K by si-hnRNP-K significantly suppresses the proliferation, migration, and invasion of
KKU-213 and KKU-214 CCA cell lines (Fig. 3-3).

Moreover, we further investicated whether O-GlcNAcylation can control other
glycosylation processes such as N-glycosylation of the CCA cells. We have determined the N-
glycan profiles in CCA cell lines and studied the effects of O-GlcNAcylation on the expression
profile of N-glycans. Our data showed that siOGT treated CCA cells exhibited the low
metastatic abilities with low expression of high mannose (Hex9HexNAc2) types of N-linked
glycan (Fig.3-4A).  While, the high metastatic CCA cell lines (KKU-213L5 and KKU-214L5)
exhibited higher level of hish mannose type N-glycans, comparing with their parental low
metastatic KKU-213 and KKU-214 cell lines (Fig.3-4B). Lectin cytofluorescent staining using
PSA, a lectin specific to mannose, showed that mannose-associated glycans wer dramatically
reduced in siOGT treated cells, compared with controls (Fig. 3-4C) This information suggested

the role of O-GlcNAcylation on mannose modification of N-glycans in CCA cell lines.
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Figure 3-3. Role of hnRNP-K on proliferation, migration and invasion of CCA cell lines.
CCA cell lines, KKU-213 and KKU-214, were transfected with specific siRNA against hnRNP-K
followed by (A) Determination of O-GlcNAcylation level by Western blotting, (B) migration and

(C) invasion assays.
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Figure 3-4. Effects of O-GlcNAcyaltion on expression of N-glycans in CCA cell lines.
siOGT treated KKU-213 and KKU-214 were compared with siControl (sc) and (B) High
metastatic CCA cell lines (KKU-213L5 and KKU-214L5) were compared with their parental
KKU-213 and KKU-214 cell lines, respectively. (C) PSA lectin fluorescent staining in siOGT
treated KKU-213, KKU-213L5, KKU-214 and KKU-214 cells.

To address the roles of mannose modified glycans in CCA progression, in vitro functional
assays; such as proliferation, migration, and invasion of CCA cell lines; were tested under the
present of PSA lectin. Our data revealed that PSA can significant inhibit migration and invasion,
but not proliferation, of CCA cell lines (Fig. 3-5).

We next explored the mechanism of which O-GlcNAcylation controls N-glycosyaltion. As
it is known that an increasing of hish mannose type N-glycans is mostly associated with
decreasing of mannosidase, we therefore determined the expression of mannosidase 1Al
(MAN1A1) after siOGT treatment in CCA cell lines. The results showed that MAN1A1 was
significant increased after knockdown of OGT (Fig. 3-6A). In addition, FOXO3A was also found
to be increased in siOGT treated cells, comparing with siControl treated cells MAN1A1(Fig. 3-

6A).
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Figure 3-5. Effects of PSA on progression of CCA cell lines. CCA cell lines; KKU-213, KKU-
213L5, KKU-214, and KKU-214L5; were treated by PSA followed by the in vitro (A) proliferation,
(B) migration by wound healing assay, (C) migration by Boyden’s chamber assay and (D)

invasion assay.

As it is known that the expression of FOXO3 can be regulated by the activation of 3
kinase enzymes; Akt, Ekr, and Ikk. Therefore, the activation of these kinases under the
suppressed O-GlcNAcylation condition were determined by western blot. Phospho-Akt and

phospho-Erk were reduced in siOGT treated cells but not phospho-lkk when compared with
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the negative siRNA treated cells (Fig. 3-6B). The regulation of FOXO3a by O-GlcNAcylation may

pass through the activation of Akt and Erk pathways.
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Figure 3-6. O-GlcNAcylation might regulate MAN1A1l expression via suppression of
FOXO3a. The parental (KKU-213 and KKU-214) and highly metastatic (KKU-213L5 and KKU-
214L5) CCA cells were treated with siOGT for 72h. (A) The expression of MAN1A1, FOXM1 and
FOXO3a were determined. (B) The activation of Akt, Erk, and Ikk were detected with the

western blot analysis of phosphorylated form.
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Figure 3-7. Akt and Erk activations regulated FOXO3a and MAN1A1l expressions.
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The

levels of phospho-FOXO3 at thr-32 or ser-294, FOX0O3a and MAN1A1 were determined in highly
metastatic (KKU-213L5 and KKU-214L5) CCA cells were treated with various concentrations of

(A) Akt inhibitor (MK-2206) or (B) Erk (PD98059) inhibitor.

As the O-GlcNAcylation modulated phosphorylation of Akt and Erk which might affect
the expression of FOXO3a and MAN1A1. To prove this hypothesis, Akt inhibitor, MK-2206, and
Erk inhibitor, PD98059, were applied. The highly metastatic (L5) CCA cells were treated with
Akt inhibitor or Erk inhibitor at various concentrations for 24h and the expression of FOXO3a
and MAN1A1 were determined. Akt inhibitor treatment could inhibit the phosphorylation of

FOXO3a at thr-32 and could increase the expressions of FOXO3 and MAN1A1 (Fig. 3-7A). The
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inhibition of phosphorylation of FOXO3 at ser-294 and the induction of FOXO3 and MAN1A1
expressions were also observed in Erk inhibitor treated cells (Fig. 3-7B).

In conclusion, as show in the figure below, the increasing of O-GlcNAcylation activated Akt and
Erk phosphorylation which led to the increasing of FOXO3a phosphorylation. The elevation
of FOXO3a phosphorylation by Akt and Erk resulted in increased of FOXO3a degradation which
might affect the expression of MAN1A1 (Fig. 3-8). These data were published in Phoomak, C.,
A. Silsirivanit, D. Park, K. Sawanyawisuth, K. Vaeteewoottacharn, C. Wongkham, E. W. Lam, C.
Pairojkul, C. B. Lebrilla and S. Wongkham (2018). "O-GlcNAcylation mediates metastasis of
cholangiocarcinoma through FOXO3 and MAN1A1." Oncogene 37(42): 5648-5665.
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Figure 3-8. Mechanism of O-GlcNAcylation in regulating MAN1A1 expression. The
speculated schematic diagram illustrates the mechanism of which O-GlcNAcylation regulates

expression of MAN1A1 through the activation of FOXO3A.
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4. Opposing roles of FOXA1 and FOXA3 in cholangiocarcinoma progression
FOXAs are transcriptions factors belong to FOX headbox family subfamily A that play

roles in chromatin remodeling, metabolism and organogenesis including the development of
liver. There are 3 isotopes of FOXAs including FOXA1/HNF3a (hepatocyte nuclear factor 3ou),
FOXA2/HNF3B and FOXA3/HNF3y. FOXAL (472 amino acids), FOXA2 (457 amino acids) and
FOXA3 (350 amino acids) that involved in chromatin remodeling. Insight into the unique
molecular basis of FOXAs function has been obtained from recent genetic and genomic data,
which identify the FOXA proteins as 'pioneer factors' whose binding to promoters and
enhancers enable chromatin access for other tissue-specific transcription factors. FOXAL,
FOXA2 and FOXA3, have been found to play important roles in multiple stages of mammalian
life, beginning with early development, continuing during organogenesis, and finally in
metabolism and homeostasis in the adult. Hepatic oval cells or liver stem/progenitor cells
have ability to differentiate into hepatocytes and cholangiocytes which is called “bipotential
liver stem/progenitor cells”. The FOXA transcription factors play role in liver development by
opening compacted chromatin structures within liver-specific target genes such as a
hepatoblast marker alpha-fetoprotein (Afp), albumin and transthyretin. These suggested that
FOXAs are involved in the bipotential liver stem developments and differentiations.

In this study, the expression patterns of FOXAs (FOXA1, FOXA2 and FOXA3) in CCA tissues
(n = 74) were detected using immunohistochemistry. Then, the expression patterns were
analyzed with clinical data including age, sex, metastasis status, and survival rates of the CCA
patients. After that, FOXA1 and FOXA3 that are related with the aggressive clinical data such
as poor prognosis and metastasis status were selected for the functional analysis in the CCA
cell lines.

4.1 Expressions of FOXAs in CCA tissues

Expressions of FOXAs (light brown to dark brown) in CCA tissues were showed in Fig. 4-
1. FOXAs were weakly detected in hepatocyte cells located at tumor adjacent areas. FOXA1
was highly detected in nucleus and cytoplasm of normal bile duct (NBD) cells adjacent to
tumor tissues and some CCA cells in the tumor tissues as shown in Fig. 4-1 (upper panel).

However, most of CCA tissues (72%; 53/74) had low expression of FOXA1. FOXA2 was detected
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in the nucleus and cytoplasm of some cancer cells in the tumor tissues as shown in Fig. 4-1
(middle panel). 80% (59/74) of CCA tissues had low FOXA2 expression pattern. FOXA3 was
highly detected in nucleus and cytoplasm of the cancer cells whereas it was weakly detected
in the NBD at tumor adjacent areas. Most of CCA tissues (61%; 45/74) had high FOXA3

expression level.
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Figure 4-1. FOXA1, FOXA2 and FOXA3 expression patterns in NBD and CCA (high and low

expressions) analyzed by IHC. Arrow heads indicate normal bile duct (NBD).

4.2 Correlations of FOXAs and clinicopathological data
The correlations of FOXAs expressions and clinicopathological data were showed in
Table 4-1. The survival analyses of FOXAs expressions in CCA patients were presented in Fig.
4-2. Low FOXAL expression pattern was significantly correlated with poor prognosis. The
median survival of CCA patients with high FOXA1 expression was 364 days whereas those of

patients with low FOXA1 expression was 256 days. FOXA2 expression was no correlated with
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clinical data of CCA patients. Moreover, high expression of FOXA3 in CCA tissues was

significantly correlated with metastasis status and patients’ ages.

Table 4-1. Correlations of FOXA1, FOXA2 and FOXA3 expression patterns and clinic-

pathological data

*P-value < 0.05; analyzed by Pearson’s Chi-square test

FOXA1 FOXA2 FOXA3
Clinical data Low Hish P- Low Hish *P- Low High *P-
(n=53) (n=21) value (n=59) (n=15) value  (n=29) (n=45) value
Age
< 57 26 10 0.911 32 4 0.056 20 16  0.005
> 57 27 11 27 11 9 29
Sex
Male 37 14 0.792 a1 10 0.833 19 32 0.612
Female 16 7 18 5 10 13
Metastasis status
Non- 24 9 0.850 27 6 0.688 18 15 0.015
metastasis
Metastasis 29 12 32 9 11 30
Median survival
(days) 256 364  0.031 260 344 0.159 266 286  0.394
A B c
o ] FoxA1 IHC score iy FoxA2 IHC score ] FoxA3 IHC score
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Figure 4-2 Survival analysis of FOXA1, FOXA2 and FOXA3 expression patterns in CCA patients
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According to the data analysis, low FOXAl expression was related with short survival
rates and high FOXA3 expression was correlated with metastasis status of CCA patients. These
results suggested that FOXA1 may relate with tumor suppressive roles whereas FOXA3 may
involve in the induction of CCA progression. Therefore, FOXA1 and FOXA3 were further
selected for the functional analyses in CCA cell lines (KKU-100 and KKU-213).

4.3 Functional analysis of CCA cell lines related to FOXA1 and FOXA3 baseline
expression levels

The mRNA and protein expression levels of FOXA1 and FOXA3 were measured in KKU-
100 and KKU-213 CCA cell lines using real time PCR and immunocytochemical analysis as
shown in Figs. 4-3A, 4-3B, 4-3C and 4-3D. KKU-213 cell line had low FOXAl expression and
high FOXA3 expression compared to KKU-100 cell line. Moreover, KKU-213 cells were
significantly increased in cell proliferation (Fig. 4-3E) and invasion (Fig. 4-3F and 4-3G) activities
compared to KKU-100 cells. These results indicated that FOXA1l and FOXA3 baseline

expressions may involve in the progression of CCA cells.
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Figure 4-3 Cellular function analysis of KKU-100 and KKU-213. (A, B) mRNA expressions of
FOXA1 and FOXA3 measured by real time PCR. (C, D) Protein expressions of FOXA1 and FOXA3

detected by immunocytochemistry. (E) Cell proliferation activities measured by MTT assay. (F)
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Graphical represents invaded cells from cell invasion assy. (G) Hematoxylin-stained invaded

cells under light microscope from cell invasion assay. *P < 0.05 analyzed by student t test.

4.4 Roles of FOXA1 in CCA cell line

KKU-213 had low FOXAl expression levels was selected for FOXAl over-expression
experiments. KKU-213 cell line was transfected with the FOXA1 expression vector (FOXA1
vector) and the control vector (empty vector). After that, the cell proliferation and invasion
activities were measured. FOXA1 mRNA and protein expression levels were significantly
increased in the FOXAl-overexpressing cells compared to the control cells (Fig. 4-4A and 4-
4B). The FOXAl-overexpressing KKU-213 cells were significantly reduced cell proliferation and
invasion activities as shown in Fig. 4-4C, 4-4D and 4-4E. These results indicated that FOXA1

expression plays tumor suppressive roles in the cancer cell line.
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Figure 4-4. Functional analysis of FOXAl-overexpressing KKU-213 cells and the control
cells. (A) mRNA expressions of FOXA1 measured by real time PCR. (B) Protein expressions of
FOXA1 detected by immunocytochemistry. (C) Cell proliferation activities measured by MTT
assay. (D) Graphical represents invaded cells from cell invasion assy. (E) Hematoxylin-stained

invaded cells under light microscope from cell invasion assay. *P < 0.05, student t test.
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4.5 Roles of FOXA3 in CCA cell line

KKU-213 had high FOXA3 expression level was selected for FOXA3-konckdown
experiments. KKU-213 cell line was transfected with the specific siRNA for FOXA3 (siFOXA3)
and the control siRNA (scramble). After that, the cell proliferation and invasion activities were
measured. FOXA3 mRNA and protein expression levels were significantly decreased in the
FOXA3-silencing cells compared to the control cells (Figure 4-5A and 4-5B). The FOXA3-
silencing KKU-213 cells were significantly reduced cell proliferation and invasion activities as
shown in Figure 4-5C, 4-5D and 4-5E. These results indicated that FOXA3 expression play

significantly roles in CCA progression.
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Figure 4-5 Functional analysis of FOXA3-silencing KKU-213 cells and the control cells. (A)
MRNA expressions of FOXA3 measured by real time PCR. (B) Protein expressions of FOXA3
detected by immunocytochemistry. (C) Cell proliferation activities measured by MTT assay. (D)
Graphical represents invaded cells from cell invasion assy. (E) Hematoxylin-stained invaded

cells under light microscope from cell invasion assay. *P < 0.05 analyzed by student t test.
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Summary

In this study, FOXAs expressions in human CCA tissues were detected using
immunohistochemistry (IHC) and the functions of FOXAs in CCA cell lines were studied using
specific knockdown and over-expression techniques. FOXA1 and FOXA2 were mainly localized
in the nucleus of normal bile ducts (NBD) and some of the cancer cells. Low expression of
FOXAL in the CCA tissues (72%) was significantly correlated with poor prognosis. FOXA3
expression was localized in nucleus and cytoplasm of the cancer cells whereas it was slightly
detected in NBD. High expression of FOXA3 in the cancer tissues (61%) was significantly related
with high metastasis status. These suggest the different roles of FOXA1 and FOXA3 in CCA.
Moreover, the FOXA1 over-expressing CCA cell line significantly reduced cell proliferation and
invasion activities compare to the control cells. The FOXA3-knockdown-CCA cell line
significantly decreased cell proliferation and invasion activities compare to the control cells.
Taken all together, FOXA1 is down-regulated and has tumor suppressive roles in CCA whereas
FOXA3 is up-regulated and has oncogenic roles in CCA. The manuscript is now under

preparation for submission.
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5. Effect of high glucose condition on FOXM1 expression and progression of

cholangiocarcinoma cells.

To investigate the effect of high glucose on FOXM1 expression, CCA cells were cultured
in normal glucose condition (NG; 5.6 mM) or High glucose media (HG; 25 mM). FOXM1
expression in these CCA cells were investigated using western blotting. The expression of
FOXM1 between NG and HG cells of each cell line were compared. As shown in Fig. 5-1A, HG
cells of all cell lines had significantly higher expression of FOXM1 than those in NG cells.

Silencing of FOXM1 expression using specific siRNA was performed in two CCA cell lines
with high expression levels of FOXM1, KKU-213 and KKU-214. The siRNA specifically to FOXM1
effectively suppressed FOXM1 expression from 24 to 96 h in both HG cells of KKU-213 and
KKU-214 (Fig. 5-1B). Suppression of FOXM1 expression (siFOXM1) did not affect rate of cell
proliferation (Fig. 5-1C). However, suppression of FOXM1 expression markedly decreased
number of migratory cells to 40% of those observed in KKU-213 and 20% of those in KKU-214
(Fig. 5-1D, P <0.001). The same treatment could decrease the number of invaded cells of HG
cells to 40% in KKU-213 and 30% in KKU-214 (Fig. 5-1E, P <0.001). In addition, the protein
expression levels of Epithelial to Mesenchymal Transition (EMT) proteins: E-cadherin and
Claudin-1 for the epithelial markers; vimentin and slug for mesenchymal markers and Matrix
metalloproteinase (MMP)-2 and 9 as the invasion markers were assessed in CCA cell lines using
western blot analysis. As shown in Fig. 5-1F, slug and MMP-2 were down-regulated in siFOXM1

treated cells compared with the control cells.
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Figure 5-1 High glucose promotes CCA progression via activation of FOXM1 expression.
(A) Expressions of FOXM1 protein in CCA cell lines, KKU-055, KKU-213 and KKU-214, in NG and
HG cells. (B) Western blots of FOXM1 from siFOXM1 and scramble control (sc) treated cells
from 24-96 h. Silencing of FOXM1 expression using siFOXM1 decreased levels of (C) cell

()

Western blot analysis of epithelial markers (E-cadherin and Claudin-1), mesenchymal markers

(vimentin and slug) and MMP-2 and MMP-9 were determined. Slug and MMP2 were decreased
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It is well known that STAT3 pathway is activated in many cancer types including CCA.
It is possible that high glucose activates FOXM1 via STAT3 signal pathway. To define the STAT3
pathway that response to high clucose, the activation of STAT3 in HG vs. NG cells were
compared using western blot. The activation of STAT3 were increased in HG cells (Fig. 5-2A).
These results indicated that high slucose activated the phosphorylation of STAT3. To verify
whether the activation of STAT3 affected progressive phenotypes observed under high
glucose, Stattic, the specific inhibitor of STAT3 activation was used to diminish the action of
STAT3. The HG cells of KKU-213 and KKU-214 were cultured in high glucose media in the
presence of 1 UM of Stattic. The action of Stattic on inhibition of nuclear translocation of
STAT3 was demonstrated by immunocytofluorescent staining (Fig. 5-2B). The effect of Stattic
on CCA proliferation were also determined in KKU-213 and KKU-214 with 1 uM Stattic for 24,
48 and 72 h. The proliferation of CCA cells treated with Stattic was significantly suppressed in
KKU-213 and KKU-214 (Fig. 5-2C). The effects of Stattic on migration and invasion ability of CCA
cells were tested. The sub-cytoxicity dose (1 uM) of Stattic significantly reduced number of
migrated cells of KKU- KKU-213 and KKU-214 to 30% and 60% of the controls (Fig. 5-2D). The
same treatment of Stattic could inhibit number of invaded cells of KKU-213 and KKU-214 to
30% and 50% of the untreated cells (Fig. 5-2E).
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High glucose induces CCA progression via STAT3. (A) Phosphorylations of

on CCA cells. The treatment of Stattic (STAT3 inhibitor) (B) inhibited nuclear translocation of

STAT3 and p-STAT3 (S727) of HG cells. (C) significantly reduced proliferation, (D) migration and

(E) invasion.
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To understand the effect of high glucose enhances FOXM1 expression in CCA cells via
STAT3, the nuclear translocation of was evaluated in the Stattic-treated KKU-213 and KKU-214
cells using immunocytofluorescent staining. As shown in Fig. 5-3A, the action of Stattic did not
affect the nuclear localization of FOXM1 in KKU-213 and KKU-214. However, FOXM1 expression
of KKU-213 and KKU-214 treated with Stattic were decreased compared with the control cells.

In addition, Stattic treatment also suppressed expression of slug (Fig. 5-3B).
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Figure 5-3 Effect of STAT3 inhibition on FOXM1 expression. HG cells of KKU-213 and KKU-
214 were treated with 1 pM of Stattic for 48 h. (A) Nuclear localization of FOXM1 was
demonstrated using immunocytofluorescent staining. (B) Level of FOXM1 and slug proteins

were determined using western blot.

Summary This study revealed the molecular mechanism of FOXM1 associated CCA
progression under high glucose condition. It was reported for the first time that high glucose
enhanced aggressive phenotypes of CCA cells by upregulating FOXM1 expression and

activation of STAT3. This work is now under preparation for submission.
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Research Outputs

1. Publications (15)

1.1_Original articles (8)

Phoomak, C., A. Silsirivanit, D. Park, K. Sawanyawisuth, K. Vaeteewoottacharn, C. Wongkham, E.
W. Lam, C. Pairojkul, C. B. Lebrilla and S. Wongkham (2018). "O-GlcNAcylation mediates
metastasis of cholangiocarcinoma through FOXO3 and MAN1A1." Oncogene 37(42):
5648-5665. (IF = 7.519)

Intuyod, K., A. Priprem, C. Pairojkul, C. Hahnvajanawong, K. Vaeteewoottacharn, P. Pinlaor and
S. Pinlaor (2018). Anthocyanin complex exerts anti-cholangiocarcinoma activities and
improves the efficacy of drug treatment in a gemcitabine-resistant cell line. Int J Oncol.
(IF = 3.079)

Intuyod, K., P. Saavedra-Garcia, S. Zona, C. F. Lai, Y. Jiramongkol, K. Vaeteewoottacharn, C.
Pairojkul, S. Yao, J. S. Yong, S. Trakansuebkul, S. Waraasawapati, V. Luvira, S. Wongkham,
S. Pinlaor and E. W. Lam (2018). "FOXM1 modulates 5-fluorouracil sensitivity in
cholangiocarcinoma through thymidylate synthase (TYMS): implications of FOXM1-
TYMS axis uncoupling in 5-FU resistance." Cell Death Dis 9(12): 1185.

Sawanyawisuth, K., C. Wongkham, C. Pairojkul and S. Wongkham (2018). “Translational cancer
research towards Thailand 4.0.” Science Asia 44S:11-18.

Phoomak, C., D. Park, A. Silsirivanit, K. Sawanyawisuth, K. Vaeteewoottacharn, M. Detarya, C.
Wongkham, C. B. Lebrilla and S. Wongkham (2019). "O-GlcNAc-induced nuclear
translocation of hnRNP-K is associated with progression and metastasis of
cholangiocarcinoma." Mol Oncol 13(2): 338-357.

Saengboonmee, C., K. Sawanyawisuth, Y. Chamgramol and S. Wongkham. (2018). “Prognostic
biomarkers for cholangiocarcinoma and their clinical implications.” Expert Rev

Anticancer Ther 18(6): 579-592.

Vaeteewoottacharn, K., C. Pairojkul, R. Kariya, K. Muisuk, K. Imtawil, Y. Chamgramol, V.
Bhudhisawasdi, N. Khuntikeo, A. Pugkhem, O. T. Saeseow, A. Silsirivanit, C. Wongkham,
S. Wongkham and S. Okada (2019). "Establishment of Highly Transplantable
Cholangiocarcinoma Cell Lines from a Patient-Derived Xenograft Mouse Model." Cells
8(5).

P Dana, S Saisomboon, R Kariya, S Okada, S Obchoei, K Sawanyawisuth, C Wongkham, C

Pairojkul, S Wongkham, K Vaeteewoottacharn. CD147 augmented monocarboxylate
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transporters-1/4 expressions through modulation of Akt-FoxO3-NF-KB pathway
promotes cholangiocarcinoma migration and invasion. Cellular Oncology (2019, IF =
4.761). (Article in press)

1.2 Review (2)

C Saengboonmee, K Sawanyawisuth, Y Chamgramol, S Wongkham, Prognostic biomarkers for
cholangiocarcinoma and their clinical implications. Expert Review of Anticancer
Therapy. 18(6), 2018. https://doi.org/10.1080/14737140.2018.1467760 (Impact Factor
2.212).

K Sawanyawisuth, C Wongkham, CPairojkul, St Wongkham. Translational Cancer Research
Towards Thailand 4.0 Science Asia 44S (2018): 11-18 (SJR = 0.18).

1.3_Manuscripts under revision (1)

B Sripa, W Suebwai, K Vaeteewoottacharn, KSawanyawisuth, A Silsirivanit, W Kaewkong, K
Muisuk, P Dana, C Phoomak, W Lert-itthiporn, V Luvira, C Pairojkul, Bin T Teh, S
Wongkham, S Okada, Y Chamgramol. Functional and genetic characterization of three
cell lines derived from a single tumor of an Opisthorchis viverrini-associated
cholangiocarcinoma patient. Human cells (2019, IF = 2.109).

1.4 Manuscripts under preparation (4)

S Thaenkaewa, W Seubwai, C Phoomak, S Intramanee, P Dana, C Pairojkul, S Wongkham. High
glucose promotes cholangiocarcinoma progression through STAT3/FOXM1 activations.

R Thanan et al. Role of FOXA1 and FOXA3 in progression of cholangiocarcinoma

N Klinhom-on, W Seubwai, W Lert-itthiporn, S Leung, S Thaenkaewa, S Wongkham.
Transcriptomic analysis revealed FOXM1 as a modulator of claudin-1 in progression
of cholangiocarcinoma.

Intuyod, K and S. Pinlaor et al. Role of FOXO4 in proliferation and progression of

cholangiocarcinoma.

2. Human resource development

2.1 Academic promotion: Four junior researchers including Sakda Waraaswapati, Raynoo
Thanan, Vor Luvira and Atit Silsirivanit have been promoted to be the assistant

professors.
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2.2 One PhD, two MSc students were graduated under the program. Two PhD candidates

are going to graduate by the year 2020.

3. Outcomes

3.1 A set of tissue micro array (TMA) of 113 patients with cholangiocarcinoma was

established under the project.

3.2 A set of tissue micro array (TMA) of 540 liver tissues from hamsters with

cholangiocarcinoma was established under the project.
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Abstract

The leading cause of death in cancer patients is metastasis, for which an effective treatment is still necessary. During
metastasis, cancer cells aberrantly express several glycans that are correlated with poor patient outcome. This study was
aimed toward exploring the effects of O-GlcNAcylation on membranous N-glycans that are associated with the progression
of cholangiocarcinoma (CCA). Global O-GlcNAcylation in CCA cells was depleted using specific siRNA against O-
GlcNAc transferase (OGT), which transfers GlcNAc to the acceptor proteins. Using an HPLC-Chip/Time-of-Flight (Chip/
TOF) MS system, the N-glycans associated with O-GlcNAcylation were identified by comparing the membranous N-glycans
of siOGT-treated cells with those of scramble siRNA-treated cells. In parallel, the membranous N-glycans of the parental
cells (KKU-213 and KKU-214) were compared with those of the highly metastatic cells (KKU-213L5 and KKU-214L5).
Together, these data revealed that high mannose (HexgHexNAc,) and biantennary complex (HexsHexNAc,Fuc;NeuAc,) N-
linked glycans correlated positively with metastasis. We subsequently demonstrate that suppression of O-GlcNAcylation
decreased the expression of these two N-glycans, suggesting that O-GlcNAcylation mediates their levels in CCA. In
addition, the ability of highly metastatic cells to migrate and invade was reduced by the presence of Pisum Sativum
Agglutinin (PSA), a mannose-specific lectin, further indicating the association of high mannose type N-glycans with CCA
metastasis. The molecular mechanism of O-GIlcNAc-mediated progression of CCA was shown to proceed via a series of
signaling events, involving the activation of Akt/Erk (i), an increase in FOXO3 phosphorylation (ii), which results in the
reduction of MAN1AT1 expression (iii) and thus the accumulation of HexgHexNAc, N-glycans (iv). This study demonstrates
for the first time the association between O-GlcNAcylation, high mannose type N-glycans, and the progression of CCA
metastasis, suggesting a novel therapeutic target for treatment of metastatic CCA.

Introduction

Metastasis, a progressive process in which cancer cells
develop the ability to colonize distant organs, is responsible

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41388-018-0366-1) contains supplementary
material, which is available to authorized users.
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(CCA), a cancer of the bile duct. CCA is highly prevalent in
southeast Asia and ranks among diseases with the highest
mortality rates, following HIV and stroke [2—4]. At present,
few effective treatments for advanced CCA outside of sur-
gical resection is available to prolong the survival of the
patients.

Modification of proteins via glycosylation is one of the
most common post-translational processes that exercises
key roles in homeostatic functions, e.g., inflammation,
cell-cell interactions, morphogenesis, and immunity.
Aberrant glycosylation is commonly found in cancer, some
of which associate with metastatic processes [5—7]. The
correlation between the membranous glycosylation and the
progression of cancer has been collectively reported [8—11].
In CCA, several aberrant glycans and glycoproteins are
correlated with CCA progression, such as carbohydrate
antigen 19-9, carcinoembryonic antigen, mucin (MUC)1,
MUC2, MUCS5AC, serum olf-glycoprotein, and several
lectin-binding glycans [12—17].

O-GlcNAcylation is a form of protein modification,
where a single moiety of N-acetylglucosamine (GlcNAc) is
added to the target protein without further elongation or
modification into more complex structures [18-20]. Mod-
ification with O-GlcNAc is a reversible process, in which
GlcNAc is added to or removed from the amino acid Ser/
Thr of a protein by O-GIcNAc transferase (OGT), or O-
GIcNAcase (OGA), respectively [19]. Alterations of O-
GlcNAcylation can dysregulate protein function, disrupting
processes such as protein phosphorylation, stability,
protein—protein interaction, and protein localization [21].
Accordingly, aberrant O-GIlcNAcylation relates to a number
of diseases, including cancer [22]. In particular, the increase
of O-GIcNAcylation in tumor tissues has been shown to
occur with the progression of cancers, including cancers of
the breast, colon, liver, lung, pancreas and prostate [23] as
well as CCA [24]. In contrast, suppression of OGT in CCA
cells could decrease invasion and migratory capabilities
[25]. Moreover, we have previously shown that CCA cells
with high metastatic abilities have higher O-GlcNAcylation
levels than those with low metastasis [26]. Nevertheless,
how O-GlcNAcylation modulates progression of CCA
metastasis remains unclear.

To our knowledge this study reports for the first time the
molecular link between O-GlcNAcylation and membranous
high mannose type N-glycans related to cancer progression.
Comparing the glycomic data from siOGT treated and
control cells with those from high and low metastatic cells,
the metastatic-specific membranous N-glycans that were
regulated by O-GIcNAcylation were identified. Subse-
quently, the molecular mechanism of how O-
GlcNAcylation regulates the metastasis-related N-glycans
were elucidated. These membranous N-glycans could be

new prognostic markers or novel therapeutic targets for
metastatic CCA.

Results

Expression of specific high mannose type N-glycans
may be modulated by O-GlcNAcylation

We first investigated the involvement of O-GlcNAcylation in
the membranous N-glycan expression. N-Glycan analysis was
performed by graphitized carbon column chip-mounted nano-
LC-MS. The N-glycan profiles of siOGT and control scramble
siRNA (sc) treated cells were determined and compared. LC-
MS analysis yielded nearly 130 N-glycans over a dynamic
range of four orders of magnitude. The majority of membra-
nous N-glycan on CCA cells were high mannose type N-
glycans (Fig. la, b and Table S1). A ratio of N-glycan
intensity of siOGT to sc higher than 1.2 was classified as up-
regulated and a ratio lower than 0.8 were set as down-
regulated. There were 16 N-glycans differentially expressed in
KKU-213 and 31 in KKU-214 (Table S1). Among these, only
five N-glycans were commonly altered when O-
GlcNAcylation was suppressed in both KKU-213 and
KKU-214 cells (Fig. 1c). Specifically, HexgHexNAc,, Hex¢-
HexNAc,Fuc,, and HexsHexNAcsFuciNeuAc, were down-
regulated, whereas Hex;HexNAcsFuc; and Hex;HexNAcy-
Fuc; were up-regulated. The synthesis of these five N-glycans
may be associated with O-GlcNAcylation in CCA cells.

Expressions of specific high mannose type N-glycans
associate with metastatic ability of CCA cells

We next sought to identify the membranous N-glycans that
may be correlated with metastasis. The expression profiles of
the membranous N-glycans from two pairs of CCA cell lines
with different metastatic potentials, the parental (KKU-213
and KKU-214) and the highly metastatic (KKU-213L5 and
KKU-214L5) cells, were determined. A total of 136 N-
glycans were found in both parental and highly metastatic
CCA cells with different expression levels (Fig. 2a, b and
Supplementary Table S2). There were 20 N-glycans differ-
entially expressed between KKU-213 and KKU-213L5, and
30 N-glycans between KKU-214 and KKU-214L5 (Supple-
mentary Table S2). Of these, eight differentially expressed N-
glycans in both KKU-213L5 and KKU-214L5 were revealed.
Six N-glycans were up-regulated (HexsHexNAc4Fuc,-
NeuAc,, HexgHexNAc,, HexgHexNAc,, HexsHexNAc;Fucy,
HexsHexNAc4Fuc;NeuAc;, and Hex;HexNAc,) while two
were down-regulated (HexsHexNAc,Fuc,NeuAc; and Hex;-
HexNAcgNeuAc;) (Fig. 2c). These eight N-glycans may
associate with the metastatic abilities of CCA cells.
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Fig. 1 Suppression of O-GlcNAcylation altered N-glycans expression in CCA cells. a Quantitative analysis of membranous N-glycans were
determined using the Agilent MassHunter Qualitative analysis software. The colors of each peak represent the type of N-glycans; red for high
mannose (HM) glycans; orange for undecorated complex/hybrid (C/H) glycans; green for fucosylated complex/hybrid (C/H—F) glycans; blue for
sialylated complex/hybrid (C/H—S) glycans; and purple for fucosylated-sialylated complex/hybrid (C/H-FS) glycans. b Heat map represented
numbers of differentially expressed N-glycans between scramble and siOGT-treated CCA cells (KKU-213 and KKU-214). Triplicate samples were
analyzed. ¢ The five N-glycans that were differentially expressed in both cell lines when O-GlcNAcylation was suppressed using siOGT
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(C/H-FS) glycans. b Heat map represents the numbers of differentially expressed N-glycans between parental and highly metastatic CCA cells.
Triplicate samples were analyzed. ¢ Given the expression of parental cells (KKU-213 and KKU-214) as 1, eight N-glycans were differentially
expressed in both highly metastatic CCA cells
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Two membranous N-glycans are associated with
metastatic activities and 0-GIcNAcylation

To determine the N-glycans that may be involved in
metastasis under the modulation of O-GlcNAcylation, the
membranous N-glycans associated with O-GlcNAcylation
(Fig. 1c) and those associated with metastatic potential (Fig.
2¢) were aligned. As shown in Fig. 3a, HexjHexNAc, and
HexsHexNAc,Fuc|NeuAc;, two N-glycans were commonly
found in both data sets. To confirm the structures of the
predicted N-glycans, the structures of HexoHexNAc, and
HexsHexNAc,Fuc|NeuAc; were analyzed using graphi-
tized carbon column chip-mounted nano-LC-MS/MS. The
predicted N-glycans were confirmed by MS/MS, as pre-
cursor m/z 942.33 for HexgHexNAc,, a high mannose type
N-glycan (Fig. 3b, upper panel) and precursor m/z 693.59
for HexsHexNAc,Fuc,NeuAc,, a biantennary complex type
N-glycan (Fig. 3b, lower panel).

Suppression of 0-GIlcNAcylation reduces expression
of membranous high mannose type N-glycans

The high mannose type N-glycan, HexjHexNAc,, was the
highest abundant in CCA cells (Figs la and 2a) and
therefore was selected for further study. To confirm the
connection between the expression of the high mannose
type N-glycans at the cell surface and intracellular O-
GlcNAcylation, the expression of high mannose type N-
glycans in the siOGT-treated vs. scramble siRNA-treated
cells were determined. Both Pisum Sativum Agglutinin
(PSA) and Concanavalin A (Con A) have been used to
detect high mannose type N-glycan in several studies [27—
30]. Our preliminary study using lectin-histochemistry of
PSA and Con A in tumor tissues from CCA patients
revealed that PSA but not Con A could differentiate non-
metastatic from. metastatic CCA tissues (Supplementary
Figure S1). The PSA signal was strongly positive in CCA
tissues with metastasis, weaker in non-metastatic tissue, and
negative with hepatocytes. Con A, in contrast, reacted
strongly with both metastatic and non-metastatic CCA, as
well as hepatocytes. On the basis of these observations, we
selected to use PSA to detect high mannose type N-glycans
in the subsequent study.

High mannose type N-glycans expressed at the cell
surface were quantified using cytofluorescent staining of
PSA, a mannose binding lectin. The specificity of PSA to
mannosylate N-glycan was first determined using a sugar
inhibition test. As shown in Fig. 3c, the PSA-
cytofluorescent staining was localized at cell mem-
branes. Adding 0.3 M D-mannose to neutralize the bind-
ing ability of PSA significantly diminish the staining
signal of PSA. PSA-cytofluorescent staining was next
performed and compared between the siOGT-treated cells

SPRINGER NATURE

and the scramble siRNA-treated cells. The PSA-
cytofluorescent staining signals were reduced in siOGT-
treated cells compared with those of scramble control cells
(Fig. 3d). Similar patterns were observed for both parental
and highly metastatic CCA cells. Quantitative analysis of
the cytofluorescent signals are presented in Fig. 3e. The
PSA-binding signals were significantly decreased in
siOGT-treated cells (P < 0.05) and the reduction was more
pronounced in the highly metastatic cells compared to the
parental cells. These data connect the intracelluar O-
GIcNAcylation to the expression of cell surface high
mannose type N-glycans. In addition, higher basal PSA-
binding signals of the highly metastatic cells compared to
the parental cells were also observed in both cell lines
(Fig. 3d, e) (P <0.05). This may indicate the involvement
of high mannose type N-glycans in the metastatic phe-
notype of CCA cells.

Cell surface high mannose type N-glycans promote
progression of CCA metastasis

To demonstrate the association of cell surface high mannose
type N-glycans with CCA progression, the surface high
mannose type N-glycans were masked with PSA prior to
metastatic activity assays. To prevent the possible cell
aggregation caused by lectin binding, the appropriate con-
centration of PSA was first optimized. CCA cells were
treated with 0—100 pg/ml of PSA for 1 h and the aggregated
cells were determined under a microscope. No aggregated
cells were observed at PSA 6.25-12.5 ug/ml (Supplemen-
tary Figure S2), therefore, PSA at 5 and 10 pg/ml were used
to neutralize high mannose glycans at the cell surface. As
shown in Fig. 4a, PSA treatment had no effect on growth of
CCA cells either in the presence of 2% or 5% fetal bovine
serum (FBS). The highly metastatic cells exhibited higher
migration capability than the parental cells as shown in the
wound scratch and migration assays (Fig. 4b, c). CCA cells
treated with 10 ug/ml of PSA did decrease the cell migration
abilities of both parental and highly metastatic cells, but to a
lesser extent in the parental cells. In the wound scratch
assay, PSA treatment extended the time of wound closing of
highly metastatic cells from 12h to more than 24 h (Fig.
4b). Moreover, treated cells with PSA significantly
decreased the migratory abilities of the parental cells to 40%
and those of highly metastatic cells to 20% relatively to the
control cells (P<0.001) (Fig. 4c). Similar effects were
observed in the invasion assay. PSA treatment markedly
decreased the number of invaded cells by 42-43% for
parental cells (P<0.05; P<0.01) and 25-30% for highly
metastatic cells (P <0.01; P<0.001) in both cell lines (Fig.
4d). These data highlight the significance of the surface high
mannose type N-glycans in promoting the progression of
CCA metastasis.
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Fig. 3 The expression levels of membranous N-glycans were modulated by O-GlcNAcylation. a Expression of high mannose type N-glycan,
HexgHexNAc, and biantennary complex type N-glycan, HexsHexNAc Fuc;NeuAc;, were found to be associated with metastatic ability and O-
GlcNAcylation. b The MS/MS spectra confirmed glycan structures of both N-glycans; high mannose type (m/z 942.33) and for biantennary
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and highly metastatic CCA cells, KKU-213L5 and KKU-214L5, for
24 h had no effect on (a) cell proliferation, but significantly affected

0-GIcNAcylation upregulates high mannose type N-
glycans via decreasing MAN1A1 and FOXO03
expression

The molecular mechanisms by which O-GlcNAcylation
controlled the expression level of high mannose type N-
glycans were further explored. The biosynthesis of all N-
glycans starts in the endoplasmic reticulum (ER), and the
elongation process for the peripheral glycan moieties
occurs in the Golgi apparatus [18, 31]. The core N-glycan
structure is mannosylated in the ER to yield HexgHexNAc,,
trimmed back by al,2-mannosidases, e.g., al,2-mannosi-
dase TA (MANI1A1l) in the Golgi apparatus to form
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ments; *P < 0.05, **P <0.01, ***P <0.001, student’s ¢ test

HexsHexNAc,, and further elongated to hybrid and com-
plex types (Fig. 5a). Therefore, the accumulation of
HexgHexNAc; is likely due to the decrease in expression of
MANI1AIL. We first tested whether MAN1A1 expression
was modulated via O-GIcNAcylation. The expression of
MANI1Al was determined in the parental and highly
metastatic CCA cells treated with siOGT. As shown in Fig.
5b, siOGT significantly reduced the Ilevel of O-
GIcNAcylation as determined by the levels of O-
GlcNAcylated proteins (OGP). Compared to untreated
cells, siOGT treatment dramatically reduced O-
GlcNAcylation of the parental cells 0.20-fold and of the
highly metastatic cells 0.25 fold. Suppression of O-
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GlcNAcylation indeed increased expression of MAN1A1
in all siOGT-treated cells. In contrast, inhibition of OGA
by PUGNAc, elevated O-GlcNAcylation and decreased
MANI1ALI expression compared with those of control cells
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(Fig. 5c¢). The data supports the link between O-
GlcNAcylation levels and MAN1A1 expression.

As FOXO03, a member of Forkhead box (FOX) tran-
scriptional factors, has been suggested to regulate MAN1A1
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<« Fig. 5 O-GlcNAcylation regulated migration and invasion abilities of

CCA cells via FOXO3 and MAN1A1 expression. a N-linked glycan
synthesis pathway in Golgi apparatus. b siOGT effectively suppressed
O-GIcNAcylation in parental (KKU-213 and KKU-214) and highly
metastatic (KKU-213L5 and KKU-214L5) CCA cells as the levels of
O-GIcNAcylated proteins (OGP) were reduced. The siOGT treatment
suppressed expression of MAN1A1 and FOXO3. ¢ PUGNAc treat-
ment could increase OGP and reduce the expression of MAN1A1 and
FOXO3 in the parental cells. GAPDH was used as the loading control,
data represent one of two independent experiments. d Suppression of
O-GIcNAcylation by siOGT reduced migration and invasion abilities
of parental and highly metastatic CCA cells. e Inhibition of MAN1A1
activity using kifunensine (Kif) enhanced migration and invasion
abilities of CCA cells. f The inhibition effect of siOGT on CCA
migration/invasion could be reversed by Kif treatment. The results are
mean + SEM of one representation from two independent experiments;
*P <0.05, **P < 0.01, ***P < 0.001, student’s # test

expression (http://www.sabiosciences.com/chipgpcrsearch.
php), we next tested whether FOXO3 expression was also
modulated by O-GlcNAcylation. Similar to MAN1AI, the
expression of FOXO3 increased in all siOGT-treated cells
and decreased in PUGNACc treated cells (Fig. 5b, c). The
data imply that O-GlcNAcylation affects MANIAI
expression by modulating FOXO3 expression.

To reveal whether O-GlcNAcylation affects CCA
metastasis, the progression of the parental and highly
metastatic CCA cells were compared in siOGT and
scramble siRNA-treated cells. siOGT treatment suppressed
O-GlcNAcylation and reduced the migration and invasion
abilities of both parental and highly metastatic CCA cells
(P<0.001) (Fig. 5d). To demonstrate whether MAN1A1
affects migration and invasion of CCA cells, MANI1Al
activity was inhibited using kifunensine, a specific inhibitor
of mannosidase 1. As demonstrated in Fig. Se, the migra-
tion/invasion abilities of kifunensine treated cells were
significantly increased relatively to those of the control
cells. Moreover, the inhibition effect of OGT silencing on
the reduction of migration and invasion could be rescued by
kifunensine treatment ~2 fold compared to siOGT-treated
cells (Fig. 5f). These data support the connection of O-
GIcNAc modifcation and MAN1A1 with the migration and
invasion capabilities of CCA cells.

0-GIcNAcylation regulates MAN1A1 expression via
activating Akt/Erk signaling and modulating
FOXO03 stability

We further elucidated how O-GIcNAcylation regulates
expression of MAN1A1 via FOXO3. The activations of
Akt, Erk, and Ikk, which are modulated by O-GIcNAc
modification and are the major kinases that regulate the
expression of FOXO3 [32], were proposed to be the con-
nection between O-GlcNAcylation and FOXO3. The
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phosphorylations of Akt, Erk, and Ikk were hence deter-
mined in the siOGT-treated cells. As shown in Fig. 6a, the
levels of pAkt/Akt and pErk/Erk, but not plkk/Ikk, were
markedly decreased in the OGT knocked down cells. All
the data at this stage indicated that suppression of O-
GlcNAcylation inhibits the activation of Akt and Erk, which
subsequently upregulates FOXO3 activity and MAN1AL.

We next explored whether activation of Akt and Erk
directly modulates FOXO3 expression. An allosteric inhi-
bitor of Akt, MK-2206, was used to inhibit Akt activity in
the high metastatic CCA cells. In the presence of MK-2206,
phosphorylation of Akt was reduced in a dose dependent
manner. As a result, phosphorylation of FOXO3 at Thr-32
was suppressed, whereas expression of total FOXO3 and
MANIA1 were dependently increased with increasing
doses of MK-2206 (Fig. 6b). Similar observations were
obtained when PD98059 (2'-amino-3'-methoxyflavone), a
selective MEK inhibitor, was used to inhibit Erk activation.
Phosphorylation of Erk was reduced by PD98059 treatment
in a dose dependent fashion. The treatment also decreased
phosphorylation of FOXO3 at Ser-294 and increased
expression of FOXO3 and MANI1A1 (Fig. 6¢). The inac-
tivation of Akt and Erk signaling pathways had no effect on
the status of O-GlcNAcylation in CCA cells (Figure S3).
These results demonstrate the direct effects of Akt and Erk
activation on FOXO3 and MAN1A1 expression.

As Akt phosphorylation of FOXO3 has been shown to
increase the degradation of FOXO3, we next explored
whether Akt affects FOXO3 stability in CCA cells. The
stability of FOXO3 was determined following cyclohex-
imide (CHX) treatment. As shown in Fig. 6d, the stability of
FOXO3 was prolonged by MK-2206 treatment, with a half-
life of ~5h for MK-2206 treated cells and ~1.5h for the
control cells. Together, Akt/Erk inhibitors inactivated Akt/
Erk phosphorylation, resulting in the reduction of FOXO03
phosphorylation, which in turn increased the stability of
FOXO03 and expression of MAN1AI.

To demonstrate the link between Akt activation and the
function of MANIA1 on CCA progression, we first
investigated the migration and invasion of CCA cells in the
presence of an Akt inhibitor, MK-2206. As shown in Fig.
6e, MK-2206 treatment markedly decreased the migration
of CCA to 40% and 60% in KKU-213L5 and KKU-214LS5,
respectively. Moreover, these effects could be reversed by
inhibiting MAN1A1 activity using kifunensine. Treatment
of cells with MK-2206 and kifunensine significantly
increased the motility 1.4-2 folds higher than those of MK-
2206 treated cells (P < 0.001). Similar results were observed
for their invasion abilities (Fig. 6f). Collectively, our data
show that O-GlcNAcylation promotes progression of CCA
metastasis via activation of Akt, which consequently
represses FOXO3 and MANIAI1 expression.
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determined using western blotting and compared with those of the
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nificantly reduced (e) migration and (f) invasion abilities of CCA cells
and these effects could be rescued by kifunensine (Kif) treatment. The
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experiments. *P < 0.05; **P <0.01; ***P < 0.001, student’s ¢ test
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FOXO03 positively regulates MAN1A1 expression in
CCA cells

As the level of MANIAI1 expression corresponded well
with FOXO3 expression, we further questioned whether
FOXO3 is a direct modulator of MAN1A1 expression. We
first verified the association of FOXO3 and MANIAI1 by
determination of MAN1A1 expression in siFOXO3 treated
cells. siFOXO3 treatment effectively suppressed FOXO3
and MANI1AL expression in both parental and highly
metastatic CCA cells (Fig. 7a). Suppression of FOXO3
expression could also significantly suppress expression
levels of MAN1A1 mRNA and protein (P < 0.001, Fig. 7b).

To prove the direct regulation of FOX0O3 on MANI1A1
expression, chromatin immunoprecipitation (ChIP) assay
was performed. The primer sequences were designed to
cover the binding region of FOXO3 on MANIAI gene as
revealed by EpiTect ChIP qPCR Primers (Fig. 7c). ChIP
assay was conducted in the parental cells, in the presence
and absence of siFOXO3 and MK-2206. The positive
binding of FOXO3 on MANIAI gene was detected, as
shown in Fig. 7d and Aupplementary Figure S4. Moreover,
suppression of FOXO3 by siFOXO3 reduced the FOXO3-
binding level, whereas increase of FOXO3 by inhibiting
Akt activity using MK-2206 significantly enhanced the
FOXO3 binding on the endogenous MANIAI gene in both
KKU-213 and KKU-214 cell lines. Taken together, this
information suggests for the first time that FOXO3 is a
positive direct regulator of MANI1AL.

Association of O-GlcNAcylation, high-mannose type
N-glycans and MAN1A1 observed in the in vitro
studies were confirmed in patients’ tissues

Upon demonstrating the correlation of OGP, OGT,
MANI1A1 and PSA with cell migration/invasion of CCA
cell lines (Figs 3-5), we next explored whether the same
could be observed in CCA tissues of patients. Immunohis-
tochemistry of OGP, OGT, MANIAl and PSA-
histochemistry were performed in five each of non-
metastasis and metastasis CCA cases. As shown in Fig.
8a, b, the expression of OGP, OGT and PSA were elevated
in CCA tissues with metastasis compared to those with non-
metastatic CCA. In contrast, MAN1A1 expression in CCA
tissues with metastasis was lower than that in non-metastatic
CCA. The correlation of OGP, OGT, MAN1A1 and PSA
levels in CCA tissues were determined using Spearman rank
correlation coefficient. As shown in Fig. 8c, OGP had a
positive correlation with expression of OGT and PSA but
had a negative correlation with expression of MAN1AL1. In
addition, OGT expression was correlated with OGP levels
while PSA signal was negatively correlated with MAN1A1
expression. These in vivo data confirmed the associations of
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Fig. 7 FOXO3 is a positive regulator of MAN1A1. CCA cells were
treated with siFOXO3 for 48h. The expression of FOXO3 and
MANIAL1 were determined using western blots and real-time PCR.
Compared with scramble (sc) treated cells, suppression of FOXO3
using siFOXO3 decreased expression of FOXO3 and expression levels
of (a) MANI1ALI protein and (b) MAN1A1 mRNA. GAPDH was used
as the loading control. ¢ Schematic illustrations of the locations of
primers and FOXO3-binding region on the MANIAI gene used in the
ChIP assays. d Chromatin immunoprecipitation (ChIP) assay was used
to determine the direct binding of FOXO3 on MANIAI gene. To
confirm the binding activity of FOXO3 on MANIAI gene, ChIP assays
of cells treated with siFOXO3 and MK-2206 for 24 h were performed
and compared to those of control cells. The results are one repre-
sentation from two independent experiments. *P <0.05, **P <0.01,
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O-GlcNAcylation, high-mannose type
MANI1AL1 observed in the in vitro studies.

N-glycan and

Discussion

The glycan moieties of glycoproteins and glycolipids on
cell membrane play several important biological roles.
Incomplete synthesis and neo-synthesis of glycans are
commonly found in cancer cells [33]. The regulation of
glycan synthesis, however, is not well understood. The
rationale of this study for the contribution of O-
GIcNAcylation on regulation of N-glycans was initiated
from several observations. First, elevation of O-
GlcNAcylation enhances CCA progression [25, 26]. Sec-
ond, increase of several membranous N-glycans are related
to progression of cancer [34-36]. Finally, O-GlcNAcylation
can regulate many transcriptional factors that modulate the
expression of several proteins including enzymes. These
lines of evidence led us to hypothesize that O-
GlcNAcylation may enhance progression of CCA by
modulation of membranous N-glycans via glycan synthe-
sizing enzymes.

Our study is the first report to demonstrate that O-
GlcNAcylation, an intracellular glycosylation, can modulate
the expression of a cell surface high mannose type N-gly-
can, HexgHexNAc,, and consequently promote progression
of CCA cells. The molecular link between O-
GlcNAcylation and high mannose type N-glycans via acti-
vation of Akt/Erk, and expression of FOX0O3 and MAN1A1
was elucidated. Moreover, the direct regulation of
MAN1AL1 expression by FOXO3 was first evidenced in this
study.

Overexpression of OGT in tumor tissues and the asso-
ciation between high O-GlcNAcylation and poor patients’
outcome have been previously reported in CCA [24]. The
in vitro study indicated that the abilities of CCA cells to
migrate and invade could be monitored by modulating O-
GlcNAcylation levels [25]. In addition, higher level of O-
GlcNAc modification in highly metastatic CCA cells than
the parental cells were hitherto observed [26]. In the present
study, we further demonstrate the molecular pathway by
which O-GlcNAcylation modulates progression of CCA. As
the glycan moieties of membrane proteins have a significant
function in adhesion of cell-cell/cell-matrix, cell invasion
and migration, we postulated that O-GlcNAcylation mod-
ulates specific glycan moieties of membrane proteins.
Comparing the glycomic data of membranous N-glycans
between low and highly metastatic CCA cells and between
siOGT treated and scramble control cells suggested a
membranous high mannose type N-glycan, HexgHexNAc,,
and a biantennary complex type N-glycan, HexsHexNAcy-
Fuc|NeuAc,, to be associated with metastatic activity and
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be mediated by O-GlcNAcylation. Up to our search, this
study is the primary report of the link between O-
GlcNAcylation and the expression of high mannose type
N-glycans.

Normally, mammalian cells scarcely express cell surface
high mannose type N-glycans [37], with the exemption of
stem cells and macrophages [38]. In the current study, these
N-glycans were the highest abundant N-glycans found on
the membranous glycoproteins of CCA cells, indicating
dynamic changes of glycosylation in CCA progression. In
the current study, the significant increase of HexgHexNAc,
level in the highly metastatic cells was evident from the
glycomic analysis data (Fig. 2c) and PSA-cytofluorescence
signals (Fig. 3e). The involvement of high mannose type N-
glycans and progression of CCA cells was confirmed by the
PSA neutralizing experiment. Masking high mannose type
N-glycans with PSA, a mannose binding lectin, sig-
nificantly reduced the capabilities of CCA cells in migration
and invasion. Notably, the effect of PSA inhibition on
migration and invasion was more obvious in highly meta-
static cells than in the parental cells. This implies that the
magnitude of high mannose type N-glycans is positively
related to the progression of CCA metastasis. The associa-
tion of overexpression of HexoHexNAc, with metastasis has
been reported in several types of cancers [34-36]. In addi-
tion, HexgHexNAc, glycan was also stated in pancreatic
tumor tissues [39].

O-GlcNAcylation, an intracellular glycosylation, is
involved in key cellular processes, including nutrient sen-
sing, stress response, transcription-translation, signal trans-
duction, and proteolysis by proteasome [21]. To our
knowledge, the connection of O-GIcNAc modification and
the HexgHexNAc, expression has never been reported. We
demonstrate that reduction of O-GlcNAcylation with siOGT
significantly reduced cell surface high mannose type N-
glycans. To elucidate how O-GlcNAcylation modulates the
level of HexgHexNAc,, we first focused on the expression of
MANIALI, as it is the enzyme that mediates HexgHexNAc,
processing by removing 3 terminal mannose residues from
HexgHexNAc,. Suppression of O-GlcNAcylation using
siOGT elevated the expression level of MAN1A1 and con-
sequently reduced the level of HexgHexNAc,. Conversely,
induction of O-GlcNAcylation using an OGA inhibitor,
PUGNACc, decreased the expression of MANIAIL. These
data support our hypothesis that O-GlcNAcylation can reg-
ulate the level of surface N-glycan via modulating the
expression of glycan synthesizing enzymes, namely
MANI1A1. The significance of O-GlcNAcylation and
MANI1AT1 on the progression of CCA metastasis was con-
firmed by the facts that reduction of O-GlcNAcylation
markedly suppressed the migratory and invasion abilities of
both parental and highly metastatic CCA cells (Fig. 5d),
whereas inhibition of MANIA1 activity by kifunensine
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increased the observed functions (Fig. 5e). We further show
O-GlcNAcylation modulates the progression of CCA
metastasis via MAN1A1 by the finding that reduction of
CCA metastasis by siOGT treatment could be reversed by
inhibiting MAN1A1 activity using kifunensine (Fig. 5f).

We next explored how O-GlcNAcylation regulates
MANI1A1 expression. Our previous study demonstrated
that O-GlcNAcylation could activate Akt signaling and
promote progression of CCA metastasis [25]. This infor-
mation supports our finding that FOXO3, a transcriptional
factor under Akt and Erk activation, is a transcriptional
factor of MAN1AL. Our data led us to propose that FOXO3
is a transcriptional factor that linked O-GlcNAcylation and
Akt and Erk activation to MANIAL expression. We
demonstrate the link between FOXO3 and expression of
MANI1AL1 by the findings that suppression of FOXO3
expression decreased the expression level of MAN1AL in
both parental and highly metastatic cells. In addition, the
analysis of EpiTect ChIP qPCR Primers assay suggested
FOXO3 as a possible transcriptional regulator of MANIAI.
The ChIP assay showed that FOXO3 could bind to the
MANIAI gene and that DNA binding of FOXO3 correlated
well with the expression levels of FOXO3, especially in the
FOXO3 suppressed cells or Akt inhibited cells. These data
demonstrated for the first time that FOXO3 is a positive
transcriptional activator of MAN1A1.

The association of O-GlcNAcylation and FOXO3
expression was further shown to be via Akt and Erk acti-
vation. First, suppression of O-GlcNAcylation using siOGT
was able to inhibit the activation of Akt and Erk in both
parental and highly metastatic CCA cells. Second, inhibit-
ing activities of Akt and Erk by their specific inhibitors
reduced the phosphorylation of FOXO3 at Thr-32 and Ser-
294, leading to the increased expression of FOXO3 and
hence MANI1AL.

In agreement with our findings, the association of O-
GIcNAc modification and increased metastatic ability has
been shown in several types of cancers. Activation of PI3K/
Akt and MAPK/Erk pathways have been demonstrated to
be the link between O-GlcNAcylation and metastatic ability
of various cancer cells, including thyroid anaplastic cancer
[40] and breast cancer [41]. It has been shown that elevation
of O-GlcNAcylation by OGA inhibition or overexpression
of OGT could increase Akt phosphorylation at Ser-473 in
thyroid anaplastic cancer cells [40]. In addition, suppression
of O-GlcNAcylation by siOGT decreased O-GlcNAcylation
and phosphorylation of Akt in breast cancer cells [41]. In
primary mouse vascular smooth muscle cells, O-
GlcNAcylation of Akt at Thr-430 and Thr-479 promoted
Akt phosphorylation at Ser-473 and consequently induced
vascular calcification [42].

Furthermore, similar to our finding, earlier reports sug-
gest that activation of Akt and Erk promotes cancer

progression via downregulation of FOXO3 [32] in breast
cancer [43] and uveal melanoma cancer cells [44]. The
mechanism by which Erk activation promotes breast cancer
progression via inhibition of FOXO3 expression has also
been shown to be through MDM2-mediated degradation
[45]. This evidence is consistent with our study that sup-
pression of Akt using the protein synthesis inhibitor
cycloheximide increases the expression level of FOXO3 by
stabilizing the protein. The connection between Akt acti-
vation and MAN1A1 on CCA progression has also been
demonstrated for the first time in this study. Inhibition of
Akt activity markedly inhibited migration and invasion of
highly metastatic CCA cells and these effects could be
rescued by inhibiting MANIAI1 activity using kifunensine
(Fig. 6e, f).

The correlation between MANIA1 expression and
metastasis has been reported in liver cancer. Lower
expression of MAN1A1 in HCCLM3, MHCC97H, and
MHCCO97L, the metastatic hepatoma cells than Hep3B,
the non-metastatic hepatoma cells was reported [46].
Moreover, high expression of MAN1A1 was correlated
with a better outcome of breast cancer patients [47]. The
regulation of MANIAL in cancer, however, is still
unclear. It has been shown in melanoma, liver, breast and
cervical cancers that aberrant expression of MAN1A1 is
associated with the status of methylation at promoter
region [48]. Expression level of MAN1A1 was shown to
be modulated via FOXO3 in the present study. MAN1Al
and FOXO3 expression in CCA tissues and their asso-
ciation with clinical pathological features of the patients
should be explored to support the in vitro findings of this
study. Moreover, further investigation is needed on the
roles of the biantennary structure, HexsHexNAc,Fuc-
NeuAc;, as well as the truncated complex N-glycans,
HexsHexNAcsFuc; and HexsHexNAc4Fucy;, in O-
GlcNAc-mediated CCA progression.

Our earlier studies demonstrated the increase of O-
GlcNAcylation in CCA tissues with negative relationship
to survival of CCA patients [24]. In addition, elevation of
O-GIcNAcylation has been shown to increase progres-
siveness of CCA metastasis via activation of Akt and Erk
[25]. In the current study, the molecular link between O-
GlcNAcylation and CCA progression was further
shown to be via increasing of the membranous
high mannose type N-glycan, HexgHexNAc,. O-
GlcNAcylation activates the PI3K/Akt and MAPK/Erk
signaling pathways which negatively regulates the
expression level of FOXO3 leading to the decreased
expression of MAN1A1 and accumulation of HexqHex-
NAc, (Fig. 8d). These findings reveal new perspectives of
HexoHexNAc, as a candidate marker and therapeutic
target for CCA.
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Materials and methods
Antibodies and reagents

Antibodies were obtained from several sources: anti-O-
GlcNAc (RL-2, #MA1-072) from Pierce Biotechnology
(Rockford, IL); anti-MANIA1l (#M-3694) from Sigma-
Aldrich (St. Louis, MO); anti-pAkt (ser-473, #9271s), anti-
Akt, anti-pFOXO03 (ser-294, #5538s), and anti-pFOXO3 (thr-
32, #9464s) from Cell Signaling (Danvers, MA); anti-Erk (K-
23, #sc-94), anti-pErk (E-4, #sc-7383), anti-plkk (T23, #sc-
101706), and anti-Ikk (H470, #sc-7607) from Santa Cruz
Biotechnology; anti-FOXO3 (#07-702) and anti-GAPDH
(#MAB-374) from Merck Millipore (Billerica, MA). Akt
inhibitor, MK-2206 dihydrochloride (#sc-364537) was from
Santa Cruz Biotechnology (Santa Cruz, CA) and Erk inhi-
bitor, PD98059 (#9900) was obtained from Cell Signaling
(Danvers, MA). PNGase-F (#P0704) was purchased from
New England Biolabs (Ipswich, MA), Pisum Sativum
Agglutinin (PSA, #L-1050), biotinylated PSA (#B-1055),
biotinylated Concanavalin A (#B-1005) were obtained from
Vector Laboratories (Burlingame, CA). Mannosidase I inhi-
bitor, kifunensine (#K1140), OGA inhibitor, [O-(2-Acet-
amido-2-deoxy-D-glucopyranosylidenamino)-N-phenylcarba-
mate; PUGNAc, #A7229], and cycloheximide (CHX,
#C104450) were purchased from Sigma-Aldrich.

Cell culture and treatments

KKU-213 and KKU-214, the CCA cell lines were provided
from the Japanese Collection of Research Bioresources
(JCRB) Cell Bank, Osaka, Japan. Highly metastatic CCA
sublines; KKU-213L5 and KKU-214L5 were established
from the parental cells, KKU-213 [49] and KKU-214 [50].
All cells were cultured in HAM’s F-12 (Gibco, NY) con-
taining 10% fetal bovine serum (Gibco) and 1% antibiotic-
antimycotic (Gibco), under the standard protocol at 37 °C
and 5% CO,.

OGA inhibitor, PUGNAc, was used to enhance O-
GlcNAcylation level in CCA cells. CCA cells, (8x 10°
cells) in a 6cm-culture dish were treated with 20 uM
PUGNACc for 24 h prior to further experiments.

Cycloheximide (CHX) a protein synthesis inhibitor, was
used to determine protein stability. Adherent CCA cells
(3 x 10° cells/well) in a 6-well plate were treated with 20 pg/
ml of CHX for the indicated time.

Kifunensine, a mannosidase 1 inhibitor, was used to
inhibit the MAN1A1 activity. After plating 8 x 10° cells per
well in a 6 cm-culture dish for 24 h, 20 pg/ml of kifunensine
was added in each well and the plates were cultured further
for 48 h before subjecting to further experiments.

PSA neutralization test was used to neutralize cell sur-
face mannosylated N-glycans. CCA cells (3x 10° cells)
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were treated with 10 pg/ml of PSA in a complete media for
24 h at 37 °C prior to further experiments.

OGT- and FOXO03- siRNA-treated cells

The level of O-GlcNAcylation was modulated by suppres-
sing OGT expression using specific siRNA as described
previously [51]. The negative control siRNA (scramble
siRNA, QIAGEN, Hilden, Germany) was used as the
control. Similar procedures were performed for siFOXO3
[52].

Preparation of membrane fraction and purification
of membranous N-glycans

The membrane fraction was harvested according to the
standard procedure [53] with minor modification. In brief,
CCA cells were homogenized in 20 mM HEPES-KOH, pH
7.4 containing 0.25 M sucrose and 1:100 protease inhibitor,
using probe sonication (25 Amplitude, pulsed on 5 s and off
10s for 5 times). Cell nuclei were fractionated by cen-
trifugation at 2000 x g, for 10 min. Then, the membrane
fraction was separated by 3 times of ultra-centrifugation at
200,000 x g, 45 min. The final pellet was collected as the
membrane fraction and total N-glycans were released using
1000 U of PNGase-F at 37 °C in a microwave reactor (CEM
Corporation, Matthews, NC) at 20 watts for 10 min. The
released N-glycans were enriched and purified by porous
graphitized carbon solid-phase extraction as described pre-
viously [48]. The unbound fraction was first eluted with
9ml of pure water and the bound N-glycan fraction was
eluted with 4 ml of 40% ACN and 0.1% TFA in pure water.

Glycomic analysis of membranous N-glycans

Samples were reconsitituted in 30 pl pure water and com-
position of glycans were analyzed by Agilent HPLC-Chip/
Time-of-Flight (Chip/TOF) MS system (Agilent Technol-
ogies, Santa Clara, CA) as previously reported [48]. The
enrichment column was conditioned with 3% ACN and
0.1% formic acid (FA) in water. Sample (5 pul) was injected
at 4.0 u/min using a 6 °C maintained autosampler. The
mass spectra were analyzed using Agilent MassHunter
Qualitative Analysis software and the extracted compound
chromatograms (ECC) were determined using the Mole-
cular Feature Extractor algorithm. Each compound was
identified using an in-house retrosynthetic library [54]. Area
under the peaks was used for relative quantitation.

Cell aggregation test

To select the appropriated concentration of Pisum Sativum
Agglutinin (PSA), a mannose recognition lectin, cell
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aggregation test was first tested. In a 24-well plate, KKU-
213L5 of 5 x 10* cells per well were incubated in a serum
free Ham’s F-21 media containing 0—100 pg/ml of PSA
for 1h. The aggregated cells were visualized using a
light microscope. The highest PSA concentration that did
not initiate aggregated cells was selected for further
studies.

PSA-cytofluorescence staining

A solution of 4% paraformaldehyde was used to fix the
cells for 30 min prior to block the non-specific binding
with 0.5% BSA in PBS for 5 min. Cells were then incu-
bated with 0.01 mg/ml of biotinylated PSA (Vector
Laboratories) at 4 °C, overnight and 1h at room tem-
perature with 1:500 streptavidin-FITC (Invitrogen, UK).
Hoechst 33342 (Molecular probe, Invitrogen) was used to
stain the nuclei and the fluorescent image was visualized
using a ZEISS LSM 800 Confocal Laser Scanning
Microscope (Zeiss, Oberkochen, Germany). The inten-
sities of the fluorescent signals were analyzed using ZEN
2.1 software (Zeiss).

Cell proliferation

Viable cells in a 96-well plate were determined con-
tinuously for 4 days using the MTT proliferation assay
(Moleular probes, Eugene, OR) as previously described
[25]. Proliferation rate (fold change from control) was
determined as OD of treatment/mean OD of control.

Cell migration and invasion

The Boyden chamber assay (8.0 um pore size, Corning
Incorporated, Corning, NY) was used to determine the
migration and invasion as previously described [25]. For
invasion assay, the upper chambers were pre-coated
overnight with 100 pl of 0.4 mg/ml Matrigel (BD Matri-
gelTM, BD biosciences). At least 5 microscopic fields
of 10 x objective were determined for migrated and
invaded cells. Triplicate tests per experiment were
performed.

Western blot analysis

Cell lysate (30-50 pg) in a NP-40 lysis buffer was loaded
onto a 10% SDS-PAGE and the separated proteins were
electro-transferred onto a PVDF membrane. The immu-
noreactivity and captured signal were determined as men-
tioned previously [25]. Amount of proteins in cell lysates
were measured with Bradford reagent (Bio-rad laboratories,
Hercules, CA) as described by the manufacturer.

RNA extraction and real-time reverse transcriptase
polymerase chain reaction (RT-PCR)

Total RNA extraction and cDNA conversion were per-
formed as described previously [25]. PCR reactions were
performed using 40 ng cDNA, 0.4 uM of the specific for-
ward and reverse primers for MANIAI (5-GTGGA-
CAGTGGGGTCAACAT-3’ and 5'-
GCTGCTAGACTTGCGGATCA-3") in a total of 10ul
LightCycle 480° SYBR green I master mix (Roche Diag-
nostic, Mannheim, Germany), using the LightCycle 480°
real-time PCR system (Roche Diagnostic). f-actin expres-
sion was analyzed as an internal control. Gene expression
levels were determined using LightCycle 480° Relative
Quantification software (Roche Diagnostic).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using the EZ-ChIP™ chromatin
immunoprecipitation kit (17-371, Upstate, Millipore Cor-
poration) as suggested by the manufacturer. Briefly, after
treating cells with siFOXO3 or Akt inhibitor, the DNA and
proteins were crosslinked using formaldehyde at a final
concentration of 1% (v/v) in culture media. The cells were
sonicated on ice with 5 sets of 15 s pulses on and 10 s pulses
off using Ultrasonic homogenizer (sonic VCX 750, Sonics
& Materials inc., CT), equipped with a 2 mm tip and set to
30% power. The FOXO3-bound DNA was precipitated
with 3 pg/ml of anti-FOXO3 antibody. Rabbit IgG was used
as an isotype control. The chromatin-antibody complexes
were captured with Protein G-Agarose containing Salmon
Sperm DNA. After washing, the DNA—protein cross-links
that bound to Protein G-Agarose were eluted using elution
buffer, and the complexes were reversed at 65 °C overnight
in 0.2 M NaCl. Protein was removed from the DNA using
proteinase K at 45 °C for 1 h. The DNA was purified using a
spin column. The FOXO3-binding site on MANIAI gene in
the purified DNA and input genomic DNA were analyzed
by real-time PCR, using the primer sequences; primer-1, 5’-
TCCATCAGATTAGTTCAGGCAGA-3’ and primer-2, 5'-
CACTCTTGCCTCTCTAAAGCC-3’ as suggested by Epi-
Tect ChIP gPCR Primers (http://sabiosciences.com/
chipgpersearch.php). The results of FOXO3 binding are
normalized against the input DNA.

Immunohistochemistry

The immunohistochemistry (IHC) experiments were per-
formed using formalin-fixed paraffin-embed liver tissues
from histologically proven CCA patients which were
obtained from the specimen bank of Cholangiocarcinoma
Research Institute at Khon Kaen University (Khon Kaen,

SPRINGER NATURE


http://sabiosciences.com/chipqpcrsearch.php
http://sabiosciences.com/chipqpcrsearch.php

5664

C. Phoomak et al.

Thailand). Each subject gave informed consent and the
study protocol was certified by the Ethics Committee for
Human Research at Khon Kaen University (HE581369).

Expression levels of OGP, OGT, PSA and MANI1ALl in
10 CCA tissues (non-metastasis (n = 5) and metastasis (n =
5) CCA) were determined using IHC staining according to
the standard protocol [26]. The signals were amplified using
the EnVision-system-HRP (Dako, Glostrup, Denmark). The
immunoreactivity signals were developed using diamino-
benzidine (Sigma-Aldrich). The IHC score was determined
as described previously. Two independent assessors scored
the levels of ITHC staining signal blindly without prior
knowledge of clinical parameters.

Statistical analysis

At least two independent experiments and with two biolo-
gical replicates were performed in all experiments. Graph-
Pad Prism’ 5.0 software (GraphPad software, Inc., La Jolla,
CA) was used for statistical analysis. P<0.05 was con-
sidered as statistical significance.
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Abstract. Cholangiocarcinoma (CCA) is a deleterious bile
duct tumor with poor prognosis and is relatively resistant to
chemotherapy. Therefore, alternative or supplementary agents
with anticancer and chemosensitizing activities may be useful
for the treatment of CCA. A novel anthocyanin complex (AC)
nanoparticle, developed from extracts of cobs of purple
waxy corn and petals of blue butterfly pea, has exhibited
chemopreventive potential in vivo. In the present study, the
anti-CCA activities of AC and their underlying molecular
mechanisms were investigated further in vitro using a CCA
cell line (KKU213). The potential use of AC as a chemosen-
sitizer was also evaluated in a gemcitabine-resistant CCA cell
line (KKU214%™®) Tt was demonstrated that AC treatment
suppressed proliferation of KKU213 CCA cells in dose- and
time-dependent manners. AC treatment also induced apop-
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tosis and mitochondrial superoxide production, decreased
clonogenicity of CCA cells, and downregulated forkhead
box protein M1 (FOXM]), nuclear factor-kB (NF-xB) and
pro-survival protein B-cell lymphoma-2 (Bcl-2). The expres-
sion of endoplasmic reticulum (ER) stress-response proteins,
including protein kinase RNA-like ER kinase, phosphorylated
elF2a, eukaryotic initiation factor 2o and activating trans-
cription factor 4, also decreased following AC treatment. It
was also identified that AC treatment inhibited KKU214%™R
cell proliferation in dose- and time-dependent manners.
Co-treatment of KKU214%™R cells with low doses of AC
together with gemcitabine significantly enhanced efficacy of
the latter against this cell line. Therefore, it is suggested that AC
treatment is cytotoxic to KKU213 cells, possibly via downre-
gulation of FOXM1, NF-«B, Bcl-2 and the ER stress response,
and by induction of mitochondrial superoxide production. AC
also sensitizes KKU214%™R to gemcitabine treatment, which
may have potential for overcoming drug resistance of CCA.

Introduction

Cholangiocarcinoma (CCA) is a bile-duct tumor that is rare
in the majority of countries (1,2), but which has a far greater
incidence in the Greater Mekong sub-region of southeast
Asia, particularly in northeastern Thailand, where the preva-
lence of the small human liver fluke Opisthorchis viverrini
is high (3). O. viverrini is classified as a group I carcinogen
by the International Agency for Research on Cancer (4).
Infection with this fluke causes chronic inflammation, leading
to periductal fibrosis and ultimately contributing to the devel-
opment of CCA (5,6). In northeastern Thailand, CCA is the
major primary liver cancer, with its management costing
US$120 million annually (5,7). Clinical presentation is typi-
cally observed at a late stage and therefore the majority of
patients with CCA cannot be cured by surgical resection (8,9).
Furthermore, the disease is able to develop resistance to
standard chemotherapeutic drugs over time (10). Therefore,
using phytochemicals with anti-inflammatory and anticancer
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activities to treat cancer or to enhance the efficacy of other
chemotherapeutic drugs, may be an alternative approach for the
management of CCA and help to avoid drug-resistance (11-13).

Anthocyanins are the water-soluble flavonoids responsible
for the blue, purple and red colors in a number of fruits, flowers
and leaves (14). Anthocyanins exhibit anti-inflammatory,
anti-angiogenesis, antioxidant and anti-proliferative effects,
and thus have a number of medical applications (15-18).
Among these are prevention and treatment of cancer (19,20).
Previous studies have demonstrated that the consumption of
anthocyanin-rich foods is associated with a decreased risk of
chronic diseases, including cardiovascular disease, arthritis
and diabetes mellitus, and development of esophageal, colon,
lung and skin cancers (17,21).

Cyanidin and delphinidin glycosides are the most abun-
dant and well-studied anthocyanins with potential anticancer
activity (22-24). However, a major obstacle in the use of
anthocyanins is that they are unstable and prone to degrada-
tion (25). Previously, cyanidin and delphinidin were isolated
from cobs of purple waxy corn (Zea mays L. var. ceritina
Kulesh) and petals of blue butterfly pea (Clitoria ternatea L.)
and were manipulated to form a complex with turmeric extract
and other trace elements (26) to increase their stability and
activity. This novel anthocyanin complex (AC) nanoparticle
exhibited anti-inflammatory and anti-fibrotic effects in an
O. viverrini-infected hamster model, establishing its potential
for chemoprevention of CCA (26). However, the utility for
CCA treatment has not yet been investigated.

The aim of the present study was to demonstrate the appli-
cation of AC for CCA treatment. Anticancer activities of AC
and the potential underlying molecular mechanisms against
CCA were investigated in vitro using a CCA cell line. The
effect of combined treatment of AC and gemcitabine against
the gemcitabine-resistant CCA cell line (KKU214%™R) was
also investigated. The results of the present study provide an
insight into the promising use of AC phytochemical products
for the treatment of CCA.

Materials and methods

Chemicals and reagents. AC was prepared as described
previously (26). In brief, aqueous extracts of purple waxy
corn cobs and blue butterfly pea petals were mixed with
turmeric (Curcuma longa) extract (7:2:1) in the presence of
100 mM caffeic acid and piperine (Sigma Aldrich; Merck
KGaA, Darmstadt, Germany) and 2 mM zinc sulfate (Ajax
Finechem; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Thereafter, the mixture was cooled and dried to
yield of AC. Only one batch of AC was used throughout the
present study to avoid batch-to-batch variation. Dulbecco's
modified Eagle's medium (DMEM), penicillin/streptomycin,
trypsin-EDTA and fetal bovine serum (FBS) were purchased
from Gibco; Thermo Fisher Scientific, Inc. 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), dimethyl
sulfoxide (DMSO), sulforhodamine B (SRB) and the
broad-spectrum caspase inhibitor quinolone-Val-Asp-
difluorophenoxymethyl ketone (Q-VD-OPh) were purchased
from Sigma-Aldrich; Merck KGaA. Rabbit anti-protein kinase
RNA-like endoplasmic reticulum (ER) kinase (PERK; cat.
no. 5683), anti-p65 (cat. no. 8242), anti-activating transcription
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factor 4 (ATF4; cat. no. 11815), anti-phosphorylated eukaryotic
initiation factor 2a (p-eIF2a; cat. no. 3398) (Ser™), anti-eIF20.
(cat. no. 9722), anti-poly(ADP-ribose) polymerase (PARP; cat.
no. 9542), anti-B-cell lymphoma-2 (Bcl-2; cat. no. 2872), anti-
caspase-3 (cat. no. 9662) and anti-B-tubulin (cat. no. 2128) and
radioimmunoprecipitation assay (RIPA) buffer were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Rabbit anti-forkhead box M1 (FOXMI; cat. no. sc-502) (C-20)
was obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (cat. no. 111-035-003) secondary antibody was
purchased from Jackson ImmunoResearch, Inc. (West Grove,
PA, USA). A dead-cell apoptosis kit [Annexin V/propidium
iodide (PI)], Pierce™ bicinchoninic acid (BCA) protein assay
kit, Hank's balanced salt solution (HBSS) and MitoSOX™
Red mitochondrial superoxide indicator were obtained from
Thermo Fisher Scientific, Inc. ECL™ Prime western blot-
ting detection reagent and polyvinylidene difluoride (PVDF)
membrane were obtained from GE Healthcare (Chicago,
IL, USA).

Human CCA cell lines. The KKU213 CCA cell line was estab-
lished from Thai CCA patients as described previously (27).
The gemcitabine-resistant CCA cell line KKU214%™R was
established previously by exposure to stepwise increases
in the concentration of gemcitabine as described previ-
ously (28). It should be noted that the parental line of
KKU2146™R cells appears to be a KKU213 cell derivative
(web.expasy.org/cellosaurus/CVCL_M264). However, due
to the fact that KKU214%™R cells were induced to be a
gemcitabine-resistant CCA cell line, it would not have any
bearing on the results of the present study. The cell lines
were maintained in DMEM supplemented with 10% FBS,
100 U/ml penicillin and 100 pxg/ml streptomycin at 37°C in a
humidified incubator containing 10% CO,. KKU214%mR cells
were cultured in the presence of gemcitabine to maintain its
resistant phenotype, but were cultured in a drug-free medium
for one passage prior to performing experiments.

Assessment of half-maximal inhibitory concentration (ICs,)
of AC. The ICs, was assessed using the SRB assay. For
instance, KKU213 cells were seeded at 2,000 cells/well in
flat-bottomed 96-well plates (Corning Inc., Corning, NY,
USA). The following day, the cells were incubated with either
DMSO (diluent control) or various concentrations of AC
(100-800 pg/ml) dissolved in DMSO for 12, 24, 36 and 48 h
at 37°C in a humidified incubator containing 10% CO,. Cells
were fixed with ice-cold 40% trichloroacetic acid at 4°C for
1 h. Following washing three times with running tap water,
0.4% (w/v) SRB solution in 1% acetic acid was added and
incubated further for 1 h at room temperature. Excess SRB
solution was removed by washing with 1% acetic acid and
SRB was dissolved by adding 10 mM Tris buffer. Absorbance
at 492 nm was determined using an ELISA plate reader
(Tecan Group Ltd., Minnedorf, Switzerland). The absorbance
at 492 nm of DMSO-treated cells was used as control. For
KKU214%mR cells, the same procedure was performed, but the
cells were treated with either single agent (300 pg/ml AC; 20
or 40 uM gemcitabine) or a combination of AC (300 pug/ml)
and gemcitabine (20 or 40 M) for 24, 48 and 72 h.
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Figure 1. AC inhibits proliferation of the KKU213 CCA cell line. (A) KKU213 CCA cells were treated with different concentrations of AC for the indicated
time periods. The percentage of cell proliferation was determined using the SRB assay compared with its control treatment (dimethyl sulfoxide). (B) ICs, of
AC on KKU213 cells at 24 h post-treatment was calculated using a dose-response curve analysis. Experiments were carried out in triplicate. AC, anthocyanin
complex; CCA, cholangiocarcinoma; SRB, sulforhodamine B; IC;,, half-maximal inhibitory concentration; OD, optical density.

Assessment of cellular apoptosis. Cellular apoptosis was
determined by Annexin V/PI staining according to the
manufacturer's protocol. In brief, following trypsinization and
washing with sterile PBS, ~10° KKU213 cells were resuspended
in 1X binding buffer. Annexin V/PI solution was added prior to
incubation at room temperature in the dark for 15 min. Stained
cells were detected using a BD FACSCanto II flow cytometer
and analyzed using BD FACSDiva software (version 6.1.3)
(both from BD Biosciences, San Jose, CA, USA).

Plasmid transfection. The pCMV4-p65 plasmid was a
gift from Professor Warner Greene, Gladstone Institute
of Virology and Immunology, San Francisco, CA, USA
(Addgene plasmid #21966). In total ~2x10° KKU213 cells
were seeded into 10-cm cell culture dishes for 24 h, prior to
transfection with pCMV4-p65 plasmid using X-tremeGENE
HP (Roche Diagnostics, Basel, Switzerland), according to the
manufacturer's protocol. Cells were then harvested at 24 h
post-transfection for further experiments.

Clonogenic assay. CCA cells were seeded into 6-well plates
at a density of 1,000 cells/well overnight prior to drug
treatment. Cells were treated with different concentrations
of AC (100-800 pg/ml) and incubated for 48 h at 37°C in
a humidified incubator containing 10% CO,. In the case of
KKU214%mR cells, cells were treated with either a single
agent (300 ug/ml AC; 20 or 40 yuM gemcitabine) or a combi-
nation of AC (300 pg/ml) and gemcitabine (20 or 40 uM).
The culture medium was changed every 2 days and cells were
cultured for a further 14 days. Finally, cells were fixed with
4% paraformaldehyde and stained with 0.5% crystal violet.
Stained cells were dissolved with 33% acetic acid and absor-
bance at 620 nm was measured using an ELISA reader (Tecan
Group Ltd.).

Measurement of mitochondrial superoxide production.
Mitochondrial superoxide production was determined using
MitoSOX Red mitochondrial superoxide indicator, according
to the manufacturer's protocol. In brief, CCA cells were
trypsinized, washed once and resuspended in HBSS with
Ca?*/Mg*". Subsequently, 4 uM MitoSOX Red solution was
added and the mixture was incubated at 37°C for 30 min in

the dark. CCA cells were centrifuged at 600 x g for 5 min
at room temperature and washed with 1 ml HBSS/Ca*/Mg**.
Finally, CCA cells were resuspended in HBSS/Ca**/Mg** and
the fluorescence intensity at 575 nm was measured using a
flow cytometer (BD Biosciences).

Western blot analysis. Protein was extracted from CCA
cells using RIPA buffer (50 mM Tris/HCI, 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS and
1 mM AEBSF) and the protein concentration was determined
using the BCA assay. Subsequently, 20 ug protein was sepa-
rated by SDS-PAGE (7 or 12% gels) and then transferred
onto a PVDF membrane. Following blocking with 5% bovine
serum albumin in Tris-buffered saline containing 0.05%
Tween-20, membranes were incubated with primary anti-
bodies against PERK, p65, ATF4, p-elF2a (Ser”), elF2a,
PARP, caspase-3, Bcl-2 and B-tubulin (all 1:1,000) overnight
at 4°C. Following washing, membranes were incubated with
secondary antibody (1:3,000) and the chemiluminescent reac-
tion was developed using ECL™ Prime blotting detection
reagent. Immunoreactivity bands were captured using the
ImageQuant™ LAS4000 mini imager (GE Healthcare).

Statistical analysis. Data are expressed as the mean + standard
deviation. Student's t-test and analysis of variance and Tukey's
test were performed to determine differences among experi-
mental groups using SPSS (version 13.0; SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference. Non-linear regression analysis was
performed to determine the ICs, values using GraphPad Prism
(version 6; GraphPad Software, Inc., La Jolla, CA, USA).

Results

AC treatment inhibits proliferation and induces caspase-
independent apoptosis of the CCA cell line. Inhibition of
tumor growth and induction of cellular apoptosis are important
modes of action of the majority of phytochemical agents. To
determine whether AC exerts proliferation-inhibitory effects
on CCA cells, and to determine relevant IC, values, KKU213
cells were treated with various concentrations of AC. The SRB
assay revealed that AC inhibited cell proliferation in this cell
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Figure 2. AC treatment induces apoptosis of CCA cells. (A) KKU213 cells were treated with AC at the indicated doses for 24 h. Apoptotic cells were stained
with Annexin V-FITC/PI solution and analyzed by flow cytometry. Dimethyl sulfoxide at a final concentration of 0.1% was used as diluent control (0).
(B) Percentages of early apoptosis and (C) late apoptosis of AC-treated KK U213 cells were calculated from three independent experiments. “P<0.05, “P<0.01,
“"P<0.001 and "“P<0.0001. AC, anthocyanin complex; FITC, fluorescein isothiocyanate; PI, propidium iodide.

line in a dose- and time-dependent manner (Fig. 1A). The
proliferation of KKU213 cells was completely inhibited by
treatment with 800 ug/ml AC after 48 h. Non-linear regression
analysis identified that the ICy, value of AC for KKU213 was
620 pug/ml (Fig. 1B).

It was subsequently investigated whether suppression of
CCA cell proliferation by AC treatment is associated with
induction of apoptosis. KKU213 cells were treated with
300 or 600 ug/ml AC for 24 h, and cellular apoptosis was
investigated using flow cytometry (Fig. 2A). The results
revealed that early (1.50+0.27% for AC300 and 10.33+0.83%
for AC600) (Fig. 2B) and late (5.50+0.66% for AC300
and 56.70+6.05% for AC600) (Fig. 2C) apoptosis was
significantly induced dose-dependently in AC-treated groups
compared with the control group. These results indicated
that AC exhibited cytotoxicity against CCA cells through the
induction of cellular apoptosis. Levels of cleaved caspase-3, a
protein marker for cellular apoptosis, was also assayed using
western blotting. Cleaved caspase-3 was not observed in
AC-treated KKU213 cells, but was detected in a gemcitabine-
treated group (Fig. 3A). In addition, a pan-caspase inhibitor
(Q-VD-OPh) was combined with AC treatment to test whether
cell death was due to a caspase-independent pathway. A clono-
genic assay demonstrated that treatment with 2 and 10 yuM
Q-VD-OPh, identified to prevent caspase activation (29),
did not affect cell viability of the KKU213 cells (Fig. 3C).
Notably, Q-VD-OPh treatment was not able to prevent cell
death when combined with AC treatment (Fig. 3D and E),
indicating that caspase-independent cell death was occurring
in AC-treated CCA cells.

AC treatment inhibits colony formation of the CCA cell line.
The clonogenic assay is the method of choice to determine cell
reproductive viability (ability of cells to produce progeny or
ability of a single cell to form a colony) following treatment
with radiation or a cytotoxic agent (30,31). This approach was
employed to determine the cytotoxic effects of AC treatment
on a CCA cell line (Fig. 4A). Consistent with the results of the
SRB assay, the presence of AC significantly inhibited KKU213
colony formation in a dose-dependent manner compared with
the control group (P<0.0001) (Fig. 4B). This result indicated
that the AC-mediated decrease in reproductive viability is one
of the underlying molecular mechanisms of AC against CCA.

AC treatment induces mitochondrial superoxide produc-
tion partly via suppression of Bcl-2 expression. Induction
of superoxide production in mitochondria is an important
event in the induction of apoptosis (32). To investigate
whether induction of mitochondrial superoxide production
is involved in AC-induced apoptosis of CCA cells, KKU213
cells were treated with AC, and levels of mitochondria-specific
superoxide were determined using flow cytometry. Minimal
superoxide production was detected in the control group;
however, production was slightly increased in KKU213 cells
treated with 300 yg/ml AC (Fig. 5). Treatment with 600
pg/ml AC significantly induced superoxide production in the
mitochondria of KKU213 cells relative to the control group
(P<0.001) (Fig. 5).

Since superoxide production may be inhibited by the anti-
apoptotic Bcl-2 protein (32), the expression of Bcl-2 protein
was investigated further in KKU213 CCA cells. Western blot
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Figure 3. Pan-caspase inhibitor Q-VD-OPh does not protect KKU213 cells
from AC-induced cell death. (A) Western blot analysis was performed to
determine the expression of caspase-3 and its cleaved form in AC-treated
KKU213 cells compared with cells treated with gemcitabine. $-tubulin was
used as a loading control. The viability of KKU213 cells following (B) AC
treatment, (C) Q-VD-OPh treatment and the combination of (D) 2 uM and
(E) 10 uM Q-VD-OPh with AC treatment was determined using a clono-
genic assay. Q-VD-OPh, quinolone-Val-Asp-difluorophenoxymethyl ketone;
AC, anthocyanin complex.

analysis revealed that the expression of Bcl-2 protein mirrored
superoxide production. Expression of Bcl-2 protein decreased
in the AC-treated group, particularly when 600 pg/ml AC was
used, relative to the DMSO-treated control (Fig. 6). These results
indicated that AC induced superoxide production-mediated
apoptosis partly via the inhibition of Bcl-2 protein expression.

AC treatment targets pro-survival and endoplasmic reticulum
stress (ER stress) response of the CCA cell line. FOXMI1 and
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NF-xB are well-known oncogenic proteins involved in the
survival of cancer cells (33,34). The expression of these proteins
was determined in the CCA cell line following treatment with
AC for 24 h. Western blot analysis revealed that expression of
FOXMI1 and the p65 subunit of NF-kB decreased in a dose-
dependent manner in KKU213 cells treated with AC (Fig. 6).
Notably, expression of these proteins was almost completely
inhibited in KKU213 cells treated with 600 pzg/m1 AC compared
with the DMSO-treated control (Fig. 6). Additionally, KKU213
cells were transfected with p65 plasmid DNA and the influ-
ence of p65 induction on AC treatment of KKU213 cells
was determined using a clonogenic assay. The p65 subunit
of NF-kB was successfully induced in KKU213 as identified
using western blot analysis (Fig. 7A). However, the clonogenic
assay revealed that p65 overexpression did not affect the
viability of KKU213 cells compared with non-transfected and
mock-transfected controls (Fig. 7B and C). This implies that
AC is a potent inducer of apoptosis against CCA cells, and that
induction of a pro-survival transcription factor was not able
to protect CCA cells from cell death following AC treatment.
A previous study has identified that AC treatment dramati-
cally induced mitochondrial superoxide production; excessive
superoxide production may cause protein misfolding and
ultimately induce ER stress (35). Therefore, the expression of
proteins in the PERK/eIF2a/ATF4 axis, which is an important
ER stress-response pathway, was investigated. Western blot
analysis revealed that expression of PERK, p-eIF2a (Ser’")
and ATF4 in KKU213 cells decreased following AC treat-
ment (Fig. 6). Notably, total e[F2a expression was not affected
by AC treatment, suggesting that AC suppresses phosphoryla-
tion of the elF2a protein. In addition to FOXM1, p65 and the
PERK/elF20/ATF4 axis, it was identified that PARP expres-
sion was also suppressed by AC treatment, particularly at the
highest dose used (Fig. 6).

AC treatment increases gemcitabine sensitivity of the
gemcitabine-resistant KKU214%“"® CCA cell line. Resistance
to chemotherapeutic treatment is an important obstacle for
the treatment of various types of cancer, including CCA (36).
Therefore, whether co-treatment with AC was able to
enhance the effect of gemcitabine was investigated. The
SRB assay revealed that the IC;, of gemcitabine against the
KKU214%™R CCA cell line was 32.11 uM at 72 h, whereas
the 1C;, of gemcitabine against the parental KKU214 cell
line was 0.40 yM at 72 h (data not shown), agreeing with a
previous study (28). Treatment of KKU214%™R cells with
AC inhibited cell proliferation in a dose- and time-depen-
dent manner (Fig. 8A). For gemcitabine treatment alone,
KKU214%mR cell proliferation was markedly inhibited by
treatment with 40 yM for 72 h (Fig. 8B). AC at a dose of
300 pg/ml, which did not exert a proliferation-inhibitory effect
on KKU214%mR cells, was selected for co-treatment with 20
or 40 uM gemcitabine. As expected, the two combinations
significantly enhanced gemcitabine-mediated proliferation
inhibition compared with treatments with single agents (P<0.01
for 20 uM gemcitabine vs. 300 pg/ml AC+20 uM gemcitabine;
P<0.001 for 40 uM gemcitabine vs. 300 ug/ml AC+40 uM
gemcitabine) (Fig. 8C). Furthermore, the clonogenic assay also
identified a significant enhancement of gemcitabine treatment
when co-treated with AC (P<0.05) (Fig. 8D). Annexin V/PI
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with AC or dimethyl sulfoxide (control) for 48 h. At day 14, colony formation was visualized by crystal violet staining and images were captured using a digital
camera. (B) Relative difference of colony formation of CCA cells was investigated by dissolving stained colonies with 33% acetic acid and determining the
OD at 620 nm. “"P<0.0001. AC, anthocyanin complex; CCA, cholangiocarcinoma; OD, optical density.
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Figure 5. Mitochondrial superoxide production is markedly induced by AC treatment. (A) Mitochondrial superoxide production following AC treatment of
KKU213 cells was determined using MitoSOX Red coupled with flow cytometry. A peak at P2 indicates superoxide production from mitochondria. Cells
treated with dimethyl sulfoxide (0.1%) were used as diluent control. Experiments were performed in triplicate. (B) The percentage of mitochondrial superoxide

production was calculated and plotted relative to the number of cells measured. ““P<0.001. AC, anthocyanin complex.

staining coupled with flow cytometry was used to detect apop- (40 uM) significantly induced early apoptosis of these cells
totic cells following combination treatment of KKU214%™®  compared with single treatments and the control group
cells. Administration of AC (300 pg/ml) and gemcitabine  (P<0.0001) (Fig. 9). These results indicated that AC treatment
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Figure 6. AC treatment downregulates the expression of a number of survival-
associated proteins and endoplasmic reticulum stress proteins. KKU213 cells
were treated with AC for 24 h prior to western blotting. 3-tubulin expression
was used as loading control. AC, anthocyanin complex; FOXM1, forkhead
box M1; PERK, protein kinase RNA-like endoplasmic reticulum kinase;
NF-«B, nuclear factor-xB; ATF4, activating transcription factor 4; eIF2a,
eukaryotic initiation factor 2a; p-elF2a, phosphorylated elF2a; PARP,
poly(ADP-ribose) polymerase; Bcl-2, B-cell lymphoma-2.

significantly enhanced the efficacy of gemcitabine against the
gemcitabine-resistant KKU214%mR cell line.

Discussion

Several previous studies have demonstrated that anthocyanins
exert anticancer activity against various types of cancer,
including HCC, melanoma, colon cancer, lung cancer and
breast cancer (37-39). In our previous study, we developed
a novel AC, which primarily consisted of extracts of purple
corn cobs, blue butterfly peas and turmeric (26). The combi-
nation of these exhibited increased antioxidant activity and
increased thermal stability compared with that of individual
extracts (26). In the present study, to the best of our knowl-
edge, we have identified, for the first time, anti-CCA activity
of AC, which exhibited cytotoxicity against a CCA cell line
through the suppression of cell proliferation and induction
of caspase-independent apoptosis probably via increased
mitochondrial superoxide production. Furthermore, AC also
suppressed the expression of a number of oncogenic proteins
that have previously been reported to be upregulated in CCA,
including FOXM1, NF-kB and ER stress-response proteins.
The potential underlying molecular mechanisms of AC treat-
ment on CCA cells are summarized in Fig. 10. AC was able
to potentiate gemcitabine treatment against the gemcitabine-
resistant KKU214%™R cell line. We therefore hypothesize that
AC has a potential function as an alternative or supplementary
treatment for CCA.
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Figure 7. Overexpression of p65 NF-kB does not affect the anticancer acti-
vity of AC in the KKU213 cell line. Expression of p65 NF-kB was induced
in KKU213 cells using a combination of pCMV4-p65 plasmid DNA and
X-tremeGENE HP. (A) The expression of p65 in p65-transfected cells was
detected by western blot analysis compared with control and mock transfec-
tions. (B) The effect of p65 overexpression on AC treatment was determined
using a clonogenic assay. (C) Relative difference of colony formation of
KKU213 cell line was investigated by dissolving stained colonies with 33%
acetic acid and determining the optical density at 620 nm. NF-xB, nuclear
factor-kB; AC, anthocyanin complex.

cDNA analysis of O. viverrini-associated CCA clinical
samples revealed that FOXMI1 was highly expressed, being the
second most abundant gene in these samples (40). FOXMI has
been implicated primarily in cell proliferation and survival,
as well as in cancer progression (34). In the present study,
suppression of cell proliferation and induction of cellular
apoptosis following AC treatment were observed alongside
downregulation of FOXMI1 expression. These results suggest
that suppression of FOXM1 is, in part, the mode of action of AC
against CCA. To the best of our knowledge, the present study
is the first to identify the effects of cyanidin and delphinidin on
FOXMI1 expression. However, a previous study demonstrated
that curcumin, an important bioactive compound in turmeric
extract, was able to suppress FOXMI1 (41). Therefore, suppres-
sion of FOXM1 using AC treatment is potentially mediated by
either anthocyanin(s) (cyanidin and/or delphinidin) or turmeric
extract or both. In addition to FOXMI1, western blot analysis
also demonstrated the downregulation of NF-xB in AC-treated
CCA cells. NF-«B is a well-known transcription factor associ-
ated with inflammation and cancer (42-44). A previous study
has identified that NF-kB, particularly its p65 subunit, was
overexpressed in O. viverrini-associated CCA tumor tissues.
Furthermore, treatment with dehydroxymethylepoxyquin-
omicin inhibited CCA cell proliferation and induced apoptosis
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Figure 8. AC treatment sensitizes the KKU214%™R cell line to gemcitabine treatment. KKU214%™R cells were seeded in 96-well plates and treated with either
(A) AC alone or (B) gemcitabine alone at indicated times. (C) Cells were treated with either the single agent (AC or gemcitabine) or a combination of AC
(300 pg/ml) and gemcitabine (20 or 40 uM) for 72 h. The percentage of cell proliferation (relative to control) was determined using the SRB assay. Inhibition
of cell proliferation was observed in the combination treatment compared with treatment with either agent alone. (D) Effect of combined treatment on colony
formation of KKU214%mR cells was also determined using the clonogenic assay. The relative difference in colony formation of KKU214%™R cells was inves-
tigated by dissolving stained colonies with 33% acetic acid and absorbance at the OD at 620 nm was determined using an ELISA reader. "P<0.05, “'P<0.01,
“*P<0.001 and ““P<0.0001. AC, anthocyanin complex; Gem, gemcitabine; OD, optical density.

in KKU213 cells via the suppression of NF-kB and Bcl-2
proteins (45). The results of the present study are in general
agreement with this previous study, demonstrating that the p65
subunit of NF-kB and Bcl-2 were also suppressed concurrently
with induction of apoptosis in the AC-treated KKU213 CCA
cell line. Cyanidin and delphinidin are known to suppress
the expression of NF-kB and Bcl-2 (46,47). Furthermore, the
turmeric extract in AC was also identified to suppress NF-kB
and Bcl-2 (48,49). Therefore, we hypothesized that cyanidin,
delphinidin and turmeric extract in AC may synergistically
inhibit NF-«B and Bcl-2. Curcumin, an important active ingre-
dient in turmeric extract, is able to inhibit NF-xB expression
and induce cancer cell apoptosis. AC, composed of purple corn
cob, blue butterfly pea and turmeric extracts at a ratio of 7:2:1,
contains ~60 pg turmeric extract per 600 pg/ml AC. In its

standard form, turmeric contains 5% curcumin, implying that
there is ~3 pg or 8 yM curcumin in 60 ug turmeric extract. In
our previous study, we identified that significant suppression of
proliferation, induction of apoptosis (4% of the cell population
compared with the untreated control) and suppression of pro-
survival proteins in the KKU?213 cell line were only observed
when treated with 50 yM curcumin (49). The synergistic effect
of combining different anthocyanins was also demonstrated
previously (50,51). These results support our hypothesis that the
cytotoxicity of AC against CCA cells is mediated by synergism
of cyanidin, delphinidin and turmeric extract. Notably, in the
present study, the function of p65 on AC treatment of KKU?213
cells was also determined using p65 plasmid DNA transfection
coupled with a clonogenic assay. Although p65 was successfully
induced in KKU213 cells, the clonogenic assay revealed that
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Figure 9. Combination of AC and gemcitabine treatment induces early apoptosis of the KKU214%™ cell line. KKU214%™ cells were treated with (A) 0.1%
dimethyl sulfoxide, (B) AC (300 ug/ml) or (C) gemcitabine (40 #M), or (D) a combination of AC (300 ug/ml) and gemcitabine (40 xM) for 72 h. Apoptotic cells
were stained with Annexin V-FITC/PI solution and analyzed using flow cytometry. (E) The percentage of cells undergoing early apoptosis was calculated from
three independent experiments. “P<0.05 and “““P<0.0001. AC, anthocyanin complex; FITC, fluorescein isothiocyanate; PI, propidium iodide; Gem, gemcitabine.
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Figure 10. Schematic diagram of the postulated mechanism of AC against CCA cell lines. AC treatment downregulates FOXM1 and NF-xB expression,
leading to suppression of Bcl-2 expression. AC treatment also stimulates superoxide production from mitochondria, in part due to Bcl-2 suppression, since
this protein serves a function in inhibiting superoxide production from mitochondria. Massive superoxide production leads to DNA damage. Inhibition of the
DNA damage-repair protein PARP by AC treatment may induce DNA damage-mediated apoptosis. In addition to DNA damage, superoxide production may
result in the induction of protein misfolding or of unfolded proteins, accumulation of which stimulates the UPR in the ER. AC treatment inhibits the primary
UPR pathway (PERK/eIF2a/ATF4), leading to ER stress and induction of apoptosis. AC, anthocyanin complex; CCA, cholangiocarcinoma; FOXM1, forkhead
box M1; NF-«B, nuclear factor-xB; Bcl-2, B-cell lymphoma-2; PARP, poly(ADP-ribose) polymerase; UPR, unfolded protein response; ER, endoplasmic
reticulum; PERK, protein kinase RNA-like ER kinase; eIF2a, eukaryotic initiation factor 2a;; ATF4, activating transcription factor 4.

induction of pro-survival transcription factor expression was  CCA cell apoptosis through multiple pathways. Therefore, AC
not able to protect KKU213 cells from apoptosis following AC  is a potent apoptosis inducer against CCA cells.

treatment. Failure of NF-kB to prevent cell death has also been AC treatment also markedly induced superoxide production
demonstrated in tumor necrosis factor a-induced apoptosis in ~ from mitochondria in KKU213 cells. Mitochondrial super-
the HeLa cell line (52). Furthermore, failure to escape apoptosis  oxide has been demonstrated as an inducer of apoptosis (32).
following p65 induction may be because AC treatment induces  Apoptosis induced in this manner is consistent with a previous
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study demonstrating that diphenyleneiodonium induces mito-
chondrial superoxide-mediated apoptosis (53). Notably, in the
present study, cleaved PARP (data not shown) and cleaved
caspase-3 were not observed after 24 h of AC treatment in
CCA cell lines, suggesting that caspase-independent cell death
occurred without activating Bcl-2-associated X protein, cyto-
chrome ¢ and caspase-3 (54). Caspase-independent cell death
was also indicated by treatment with a combination of AC and
pan-caspase inhibitor (Q-VD-OPh): addition of Q-VD-OPh
was not able to protect CCA cells from AC-mediated cell
death. The defects in the caspase activation pathway are
common in cancer, leading to resistance to certain pro-apop-
totic stimuli (55). Therefore, triggering caspase-independent
cell death is one of the novel approaches to treat cancer (56).
Therefore, in addition to CCA, the AC may be useful for the
treatment of cancer, particularly that with the ability to evade
caspase-dependent cell death. Decreasing PARP expression
in CCA cell lines was observed following AC treatment. This
result may be explained by the fact that this protein is involved
in DNA damage repair (57). Induction of mitochondrial super-
oxide production was able to induce DNA damage (58,59),
suggesting that decreasing of PARP expression after AC treat-
ment could lead to a decrease in DNA damage repair by PARP.
Therefore, we hypothesize that AC-treated cells underwent
apoptosis via DNA damage-induced caspase-independent cell
death (60).

Superoxide in mitochondria may be converted into H,O,
and diffuse into the cytoplasm. H,O, may be catalyzed further
to form other highly reactive oxygen species (ROS). Under
basal physiological conditions, ROS accumulation may be
prevented by cellular antioxidant defense mechanisms (61).
However, excessive ROS production caused by excessive
mitochondrial superoxide production triggers disturbance of
ER redox homeostasis, thus aggravating the accumulation of
misfolded or unfolded proteins in the ER or ER stress (62).
The process known as the unfolded protein response (UPR) is
thus activated to restore ER homeostasis (63). However, if ER
stress is severe or prolonged, it may induce cell death (64). The
PERK/elF2a/ATF4 axis is important in UPR signaling during
ER stress (65). PERK activates the phosphorylation of elF2a
at Ser”', resulting in global translation inhibition (66), but
induces the expression of ATF4 (67) to overcome ER stress.
The results of the present study identified downregulation of
PERK/elF20/ATF4 in an AC-treated CCA cell line. Therefore,
we hypothesize that AC treatment induces ER stress and even-
tual cell death via the stimulation of mitochondrial superoxide
production and suppression of PERK/eIF2a/ATF4 axis-medi-
ated UPR. This hypothesis is supported by previous studies
demonstrating that inhibition of PERK or eIF2a rendered
cells susceptible to ER stress-mediated cell death (68-70).
Furthermore, a recent study has demonstrated that activation
of PERK and elF2a was inhibited in cyanidin-treated cells
(71).

Drug resistance is a major barrier for chemotherapy in
a number of types of cancer, including CCA. Enhancement
of chemotherapeutic drug treatment and chemosensitiza-
tion of cancer cells by plant polyphenols have been the focus
of much work and discussion (72). In the present study, the
effect of co-treatment of AC and gemcitabine against a
gemcitabine-resistant KKU214%™R cell line was investigated.
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It was identified that KKU214%™ cells were ~80-fold more
resistant to gemcitabine compared with its parental cell line.
However, the combination of AC with gemcitabine significantly
enhanced the efficacy of gemcitabine against KKU214%™R cells
compared with single agent treatment. Although the potential of
AC against a CCA cell line as well as its potential as a chemo-
sensitizer in a gemcitabine-resistant CCA cell line have been
demonstrated in the present study, these results have not been
verified in an animal model of CCA. Therefore, the anticancer
activity of AC should be investigated further in xenograft mouse
or liver fluke-induced hamster CCA models. Furthermore, the
anticancer potential of AC requires testing in diverse cancer cell
types to support its potential use as an alternative or supple-
mentary treatment for cancer, particularly CCA. Additionally,
high-throughput approaches, including RNA sequencing, are
required to explore the precise mechanisms underlying anti-
cancer and chemosensitization activities of AC.

In conclusion, the results of the present study demon-
strated that AC possesses cytotoxicity against CCA cell
lines by suppression of cell proliferation and induction of
caspase-independent apoptosis possibly via downregulation of
FOXM1, NF-«B and the ER stress response, and by induction
of mitochondrial superoxide production. AC also sensitizes
KKU2146™R cells to gemcitabine treatment. Therefore, AC
has potential as an alternative treatment agent and may assist
in overcoming drug resistance of CCA when co-administered
with other chemotherapeutic agents.
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Abstract

Fluorouracil (5-FU) is the first-line chemotherapeutic drug for cholangiocarcinoma (CCA), but its efficacy has been
compromised by the development of resistance. Development of 5-FU resistance is associated with elevated
expression of its cellular target, thymidylate synthase (TYMS). E2F1 transcription factor has previously been shown to
modulate the expression of FOXM1 and TYMS. Immunohistochemical (IHC) analysis revealed a strong correlated
upregulation of FOXM1 (78%) and TYMS (48%) expression at the protein levels in CCA tissues. In agreement, RT-qPCR
and western blot analyses of four human CCA cell lines at the baseline level and in response to high doses of 5-FU
revealed good correlations between FOXM1 and TYMS expression in the CCA cell lines tested, except for the highly 5-
FU-resistant HUCCA cells. Consistently, SIRNA-mediated knockdown of FOXM1 reduced the clonogenicity and TYMS
expression in the relatively sensitive KKU-D131 but not in the highly resistant HUCCA cells. Interestingly, silencing of
TYMS sensitized both KKU-D131 and HUCCA to 5-FU treatment, suggesting that resistance to very high levels of 5-FU is
due to the inability of the genotoxic sensor FOXM1 to modulate TYMS expression. Consistently, ChIP analysis revealed
that FOXM1 binds efficiently to the TYMS promoter and modulates TYMS expression at the promoter level upon 5-FU
treatment in KKU-D131 but not in HUCCA cells. In addition, E2F1 expression did not correlate with either FOXM1 or
TYMS expression and E2F1 depletion has no effects on the clonogenicity and TYMS expression in the CCA cells. In
conclusion, our data show that FOXM1 regulates TYMS expression to modulate 5-FU resistance in CCA and that severe
5-FU resistance can be caused by the uncoupling of the regulation of TYMS by FOXM1. Our findings suggest that the
FOXM1-TYMS axis can be a novel diagnostic, predictive and prognostic marker as well as a therapeutic target for CCA.

Introduction
Opisthorchiasis, a hepatobiliary disease caused by infec-
tion with a small human liver fluke Opisthorchis viverrini, is
E?;gﬁ%’;?i;”:&i;’mhai Pinlaor (psomec@kku.acth) or Eric W-F. Lam (eric. 4 major health problem in Southeast Asia, predominantly in
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London, Hammersmith Hospital Campus, London W12 ONN, UK viverrini infection has been proven to be associated with
Kif:jg(‘)g iﬂ;gﬁjrogram, Graduate School, Khon Kaen University, Khon ChOlangiocarCinoma (CCA) developmentl. At least 6 mil-
Full list of author information is available at the end of the article. lion people are currently infected with O. viverrini and thus
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at risk for CCA”. Extensive research has revealed that O.
viverrini infection induces inflammation, leading to peri-
ductal fibrosis and ultimately cholangiocarcinogenesis in
patients”. Currently, surgical resection is the most effec-
tive treatment for operable cases but most CCA patients are
inoperable®’, resulting in poor prognosis. Despite che-
motherapy, particularly with the first-line drug 5-
fluorouracil (5-FU), resistance eventually develops over
time®'°, Therefore, an understanding of the mechanism
involved in the development of 5-FU resistance is urgently
needed for predicting and for improving treatment efficacy.

Previous cDNA microarray studies have revealed the
upregulation of Forkhead box M1 (FOXM1) mRNA levels
in tumour specimens derived from O. viverrini-associated
CCA patients''. FOXM1 is a potent oncogenic tran-
scription factor involved in normal development and also
progression of numerous cancer types'’. Furthermore,
FOXML1 is crucial for chemotherapeutic drug response
and resistance in many cancers'>™*> and is therefore an
attractive target for therapeutic intervention'®. Thymidy-
late synthase (TYMS) is an enzyme involved in DNA
synthesis process. It catalyses the conversion of deox-
yuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) and a target of 5-FU che-
motherapy. Specifically, the active metabolite of 5-FU,
fluorodeoxyuridine monophosphate (FAUMP) binds to
the active site of for dUMP on TYMS, leading to the
formation of an inactive FAUMP-TYMS complex and
inhibition of the conversion of dUMP to dTMP. This
causes deoxynucleotide (dNTP) pool imbalance and,
ultimately, DNA damage and cell death'®. Upregulation of
TYMS gene has been reported following 5-FU treatment
in human CCA cell lines'’; however, its steady-state
mRNA levels in human CCA tissues are not significantly
correlated with the response to 5-FU"®, Like FOXMI, the
transcription factor E2F1 is a potent oncogene involved in
cell cycle progression, DNA-damage response, drug
resistance and apoptosis'®~>*. Both FOXM1 and TYMS
have been reported to be the target genes of the E2F1
transcription factor’>**~**, Based on these previous
findings, we therefore hypothesized that FOXMI1 and
E2F1 may coordinately modulate 5-FU sensitivity by tar-
geting TYMS in CCA. Hitherto, the functional roles of
FOXM1 and TYMS in the development of 5-FU resis-
tance in O. viverrini-associated CCA have not been elu-
cidated. To test this conjecture, we investigated the role of
TYMS in 5-FU resistance and its regulation by FOXM1
and E2F1 in response to 5-FU in CCA.

Results
A strong correlated overexpression of TYMS and FOXM1 in
CCA tissues

Previous cDNA array studies have shown over-
expression of FOXM1 mRNA in O. viverrini-associated
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CCA''. To investigate further the role and regulation of
TYMS and FOXML1 in O. viverrini-associated CCA, the
expression of TYMS and FOXM1 was determined by
immunohistochemistry (IHC) in CCA tissue arrays. We
found that FOXM1 expression was upregulated in 78%
(88/113) and TYMS in 48% (54/113) of all O. viverrini-
associated cases (1 = 113) (Fig. 1; Supplementary Figs. S1,
S2, S3). Notably, the results highlighted that FOXM1 is
commonly overexpressed in CCA, suggesting its invol-
vement in CCA tumorigenesis. This finding also sug-
gested that the FOXM1-TYMS axis might have a wider
role in tumour progression, such as chemosensitivity, as
TYMS is a cellular target of 5-FU, the first-line che-
motherapeutic drug for CCA.

Correlated baseline expression of FOXM1 and TYMS in CCA
cell lines

To explore the relationship between FOXM1, E2F1 and
TYMS expression and their functional roles in CCA,
western blot and real-time quantitative PCR (qPCR)
analyses were performed to determine the baseline
steady-state expression levels of FOXM1 and TYMS, as
well as one of their known regulator E2F1, in four CCA
cell lines*, Consistent with the IHC results, western blot
analysis revealed that in general FOXM1 was highly
expressed and displayed good correlations with TYMS in
CCA cells (Fig. 2a). Expression of E2F1 differed between
the four cell lines and had little correlation with that of
FOXM1 and TYMS, suggesting that FOXM1 and TYMS
expression is not related to E2F1. Interestingly, TYMS
expression was higher and FOXM1 expression lower in
HuCCA compared to the other three CCA cell lines,
KKU-D131, KKU-213 and KKU-214 (Fig. 2a). The mRNA
levels of FOXM1, E2F1 and TYMS demonstrated good
correlations with their protein levels in these CCA cells
(Fig. 2b), indicating that the expression of these proteins
are regulated primarily at the transcriptional level. Inter-
estingly, the TYMS mRNA expression levels also
demonstrated positive relationships with the FOXM1 in
all but the HuCCA cell line, while E2F1 expression levels
again did not appear to be associated with those of
FOXM1 and TYMS in these CCA cell lines (Fig. 2b).
Together, these results suggest that TYMS expression is
regulated by FOXM1 but not by E2F1 in CCA cells. The
discordance between FOXMI1 and TYMS expression
levels in HuCCA also suggests that TYMS expression is
not coupled to FOXM1 regulation in this cell line.

HuCCA is a highly 5-FU-resistant CCA cell line

As TYMS is the direct cellular target of 5-FU, we next
examined the four CCA cell lines, HuCCA, KKU-D131,
KKU-213 and KKU-214, for their sensitivity to 5-FU using
sulforhodamine B (SRB) assay. Viability of all CCA cell lines
decreased in a dose-dependent manner after treatment with
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A FOXM1 TYMS
3
o
-
- 3
2
T
B FOXM1 * TYMS Crosstabulation
Count
TYMS
Negative Positive Total
FOXM1 Negative 19 6 25
Positive 40 48 88
Total 59 54 113
Chi-Square Tests
Asymp. Sig. Exact Sig. Exact Sig.
Value df (2-sided) (2-sided) (1-sided)
Pearson Chi-Square 7.280(b) 1 .007
Continuity
Correction(a) 6.108 d 013
Likelihood Ratio 7.610 1 .006
Fisher’s Exact Test 012 006
Linear-by-Linear
Association 7.216 1 .007
N of Valid Cases 113
a Computated only for a 2x2 table
b 0 cells (.0%) have expected count less than 5. The minimum expected count is 11.95.
Fig. 1 Correlation of FOXM1 and TYMS expression in CCA tissues. CCA tissue arrays were prepared from 113 O. viverrini-associated CCA cases
using tissue microdissection techniques. a Representative immunohistochemical staining images showing correlated FOXM1 (top) and TYMS
(bottom) expression. b Staining results and Chi-square analysis. Chi-square statistical analysis was used to test the correlations between TYMS and
FOXM1 expression of CCA patients using GraphPad Prism 7.0 and and SPSS 16.0. In statistical analysis, *p < 0.05 was considered as significant

5-FU after 24, 48 and 72h; HuCCA remained the more
resistant line compared with the other three and exhibited
the highest IC50 (Fig. 3a; Supplementary Figs. S4, S5). We
next examined the sensitivity of the CCA cells to 5-FU by
clonogenic assays. Consistently, clonogenic assays revealed

Official journal of the Cell Death Differentiation Association

that HuCCA was the most resistant cell line (Fig. 3b;
Supplementary Fig. S6). The results also showed that these
CCA cell lines are relatively resistant to 5-FU treatment,
consistent with the observations in the clinic that most

CCAs are resistant to genotoxic chemotherapy®°.
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Coordinated FOXM1 and TYMS expression upon 5-FU-
treatment in CCA cell lines

Since TYMS is an important target for 5-FU treatment
and has previously been shown to be regulated by FOXM1

Official journal of the Cell Death Differentiation Association

( A \'b\ o > ) ( Fig. 2 Baseline expression of FOXM1, E2F1 and TYMS in CCA
0?’ Q Q," 51," cells. CCA cells were harvested and the expression of FOXM1, E2F1
S 49 Q)) 49 and TYMS at the translation and transcription levels were investigated
Ay & & & MW (Marker) using (a) western blot and (b) RT-qPCR. The latter assay was carried
out in triplicate, and data are presented as means = S.E.M. Expression
FOXM1 B o= n — 110kDa of each gene was normalized relative to L19. The RT-qPCR data were
analysed by one-way ANOVA with Fisher's Least Significant Difference
(LSD) post-test. Double and triple asterisks (** and ***) indicate
E2F1 e _ 60KDa significant difference at p < 0.01 and p < 0.001, respectively, from
HUCCA (n=3)
. J
TYMS | S seas S @ | — 30kDa
— 60 kDa . .
B-tubulin N—— and E2F1, we therefore hypothesized that the expression
50kDa levels of these proteins regulate 5-FU sensitivity. To test
this conjecture, the four very 5-FU-resistant CCA cell
B o 14 55520001 lines were treated with a high dose of 100 uM 5-FU (see
§ 1.2 - Fig. 3) over the course of 48 h, and the expression levels of
i’ 1.0 - . FOXM1, E2F1 and TYMS proteins were examined by
Z i western blot analysis (Fig. 3c). Expression of FOXM1 in all
g four cell lines increased transient in a time-dependent
E 061 7 manner and its expression level was the highest at 24 h
E 0.4 4 posttreatment and declined thereafter, concomitant with
S 0.2 a reduction in cell proliferation rates (Fig. 3a). This
w kinetics of FOXM1 expression is consistent with other
0.0 cancer cells following treatment with genotoxic
” 1.2 “*Pp<0 01 agents'>*>?°™>°_ Similarly, the expression of TYMS mir-
E 1.0 - rored that of FOXM1 but at a slower kinetics in the CCA
2 lines, except for HuCCA where TYMS was expressed
g 081 consistently at comparatively higher levels throughout the
% 0.6 A time course. The active metabolite of 5-FU, FdUMP,
g 0.4 binds to TYMS to form an inactive slower migrating
= T FAUMP-TYMS complex, which inhibits the conversion
E 0.2 4 of dUMP to dTMP. Notably, using a high dose of 100 uM
0.0 - 5-FU to treat the CCA cells, the majority of the TYMS
proteins were in the FAUMP-complexed inactive slower
° & ***P<(0).001 migrating (higher) forms following 5-FU treatment, and
Co0d T this lack of active unligated TYMS would lead to ANTP
i’ 1 shortage and the cytotoxic DNA damage. Expression of
Z 1.5 4 E2F1 in all cell lines did not show good correlations with
£ either FOXM1 or TYMS, indicating further that E2F1
g 1.0 I_._l_. does not control FOXM1 and TYMS expression or
B 0.5 4 vice versa in response to 5-FU in these CCA cells.
§ These results also further suggest that FOXMI1 regulates
0.0 - TYMS expression in CCA cells, except for the resistant
AN M HuCCA.
L Q 051' oﬁv
V& EE Sitenci .
ilencing of FOXM1 reduced the 5-FU resistance and TYMS
expression in KKU-D131 but not in HUCCA cells
\ / To further investigate the role of FOXM1 in mod-

ulating the sensitivity of 5-FU in CCA cells, western blot
analysis was performed on the most sensitive KKU-
D131 and resistant HuCCA cells in the presence and
absence of FOXM1 depletion. The result revealed that
TYMS expression decreased upon FOXM1 depletion
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A
1201 120 120
24 h 48 h 72 h
100 100 100:
— KKU-M213 — KKU-M213
— KKU-M214 - KKU-M214
80 801 — HuCCA 801 — HuCCA
E ***Pe().001 E — KKU-D131 E — KKU-D131
3 601 — KKU-M213 E 601 ﬁ; 604
°>\= ~ KKU-M214 § §
401 — HuCCA 404 40+
— KKU-D131
***P<0.001
20+ 204 20+ ***P<0.001
000 0% 0% o7 100 000 0% 080 ous 100 000 0% 0% or5 100
Concentration (mM) Concentration (mM) Concentration (mM)
CCA cell lines ICs0at 48h ICsoat 72h
(mM) (mM)
KKU-D131 0.013 0.008
KKU-M213 0.023 0.011
KKU-M214 0.033 0.014
HuCCA 0.042 0.026
B
5FU: 0 1 25 5 10 20 uMm CCA cells
KKU-M213 : == KKU-M213
1. == KKU-M214
N i == HuCCA
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Fig. 3 5-FU treatment suppresses proliferation of CCA cells. CCA cells of HuCCA, KKU213, KKU214 and KKU-D131 lines were treated with different
concentrations of 5-FU using DMSO as a vehicle. a Cell proliferation was assessed at 24, 48 and 72 h after 5-FU treatment using SRB assay. The
experiment was carried out in triplicates and data are presented as means of the percentage of untreated control. The cell viability data were
analysed by two-way ANOVA with Fisher's Least Significant Difference (LSD) post-test (n = 3). The asterisks (***) indicate significant difference at p <
0.001. The IC50 for each CCA cell line at 48 and 72 h are shown (Supplementary Fig. S4). b The CCA cells were analysed for their sensitivity to 5-FU by
clonogenic assays. After 48 h of incubation with the drugs, cells were cultured in fresh media, grown for around 14 days and stained with crystal
violet. The graphs are representative of six experiments. Representative clonogenic images show the effects of 5-FU treatment (Supplementary
Fig. S6). Data were analysed by two-way ANOVA with Fisher's Least Significant Difference (LSD) post-test. The asterisk (*) indicates significant
difference at p < 0.05. ¢ Expression of FOXM1, E2F1 and TYMS in 5-FU-treated CCA cell lines in response to 5-FU. The CCA cell lines were treated with
100 uM of 5-FU over a period of 48 h. Cells were trypsinized at specific times and the expression of FOXM1, E2F1 and TYMS was determined using
western blotting. B-Tubulin was used as a loading control. Representative western blot images are shown

using small interfering RNA (siRNA) in the sensitive
KKU-D131 but not in the resistant HuCCA cells, sug-
gesting that TYMS is, at least partially, regulated by
FOXML1 in the sensitive but not in the resistant CCA
cells (Fig. 4a). By contrast, FOXM1 knockdown did not
cause any substantial changes in E2F1 levels in both cell
lines, further confirming that FOXM1 does not regulate
E2F1. Clonogenic assay was then performed to investi-
gate the effects of FOXM1 depletion on 5-FU sensitivity
in HuCCA and KKU-D131 cells (Fig. 4b). Silencing of
FOXM1 did not overtly affect 5-FU sensitivity of the
resistant HuCCA cell line but caused a decrease in the
clonogenicity of KKU-D131 (Fig. 4b), suggesting that
FOXML1 plays a significant role in modulating TYMS
expression and hence 5-FU sensitivity in the sensitive
but not in the resistant CCA cells. FOXM1 was next
overexpressed in KKU-D131 and HuCCA cells. The
control and FOXM1I-overexpressing CCA cells were
then tested for their sensitivity to 5-FU. Western blot
analysis revealed that FOXM1 was overexpressed in the
FOXM1-transfected KKU-D131 and HuCCA cells, and
TYMS expression was not affected by FOXM1 over-
expression (Fig. 5a). In concordance, clonogenic assay
showed that ectopic overexpression of FOXM1 did
not alter the sensitivity of either KKU-D131 or HuCCA
cells to 5-FU (Fig. 5b). These results indicated that,
although FOXM1 plays a vital role in the proliferation
and 5-FU sensitivity of the KKU-D131, FOXM1 is
already highly expressed and further overexpression
would not induce additional TYMS expression
and thereby 5-FU resistance. This notion is consistent
with our earlier findings that FOXM1 is overexpressed
in most CCA patient samples (Fig. 1) and cell lines
(Fig. 2).

Silencing of TYMS sensitizes both HUCCA and KKU-D131
cells to 5-FU treatment

In order to verify that TYMS expression is involved in
the modulation of 5-FU sensitivity in CCA cells, TYMS
expression was silenced using siRNA in both the 5-FU-
resistant HuCCA and 5-FU-sensitive KKU-D131 cells, and
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the effects of TYMS knockdown on 5-FU sensitivity
investigated using clonogenic assay. As shown in Fig. 6a,
siRNA efficiently silenced the expression of the TYMS
protein. Silencing of TYMS effectively sensitized both
HuCCA and KKU-D131 to 5-FU, even at the lowest
concentrations (e.g., 1 pM), confirming that TYMS is the
target of 5-FU and its levels modulate 5-FU sensitivity in
both the sensitive and resistant CCA cells (Fig. 6b; Sup-
plementary Fig. S7). Unexpectedly, TYMS knockdown also
resulted in a downregulation of FOXMI1 expression
(Fig. 6a), suggesting that TYMS might have a role in
controlling the FOXM1 expression and FOXM1 as a
sensor for TYMS activity and DNA damage, probably
through the induction of DNA damage via blockage of
replication fork progression. In addition, silencing of E2F1
by siRNA was also performed because expression of
TYMS has previously been shown to be regulated by E2F1;
however, E2F1 silencing did not affect the sensitivity of
either HuCCA or KKU-D131 to 5-FU (Fig. 6b; Supple-
mentary Fig. S7). Collectively, these data showed that
TYMS expression levels determine the drug sensitivity in
both sensitive and resistant CCA cells. In addition, the
findings also supported the idea that FOXM1 regulates
TYMS expression and thereby 5-FU sensitivity in CCA
cells and that the uncoupling between FOXM1 and TYMS
expression is linked to refractory to 5-FU in CCA cells.

FOXM1 modulates TYMS levels and 5-FU response in CCA
cells

To further test the hypothesis that FOXM1 modulates
5-FU response through regulating TYMS expression
levels in CCA, KKU-D131 and HuCCA cells were trea-
ted with a lower dose (20 uM) of 5-FU, which has dif-
ferential cytotoxic effects on the comparatively more
sensitive and resistant CCA cells (Fig. 7). As expected, in
the comparatively more sensitive KKU-D131 both
FOXM1 and TYMS protein and mRNA expression
increased coordinately reaching a peak at 24h post-
treatment and decreased thereafter at 48 h. By contrast,
despite the induction of FOXM1 expression in response
to 5-FU in the resistant HuCCA cells, the expression of
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Fig. 4 Effects of FOXM1 silencing on CCA cells in response to 5-FU treatment. FOXM1 expression in HUCCA and KKU-D131 cells was silenced
using siRNA (siFOXM1) and non-silencing siRNA (NS-siRNA) was used as control. After 24 h, CCA cells were reseeded and grown overnight. a After
treatment with 100 uM 5-FU for 24 h, cells were harvested and the expression levels of FOXM1, E2F1 and TYMS were determined by western blot and
RT-gPCR analysis. Western blot was performed using 3-tubulin as loading control (upper panel). Expression of FOXM1, E2F1 and TYMS mRNA was also
determined by RT-gPCR analysis using L19 as an internal control (lower panel). Data are presented as mean + SEM (n > 3). RT-qPCR data were
analysed by unpaired t tests. Double and triple asterisks (** and ***) indicate significant difference at p <0.01 and p < 0.001, respectively, from the
non-targeting siRNA-treated control cells; 'ns" indicates no significant difference. b Effect of FOXM1 silencing on 5-FU sensitivity was also investigated
using clonogenic assays. Representative clonogenic images show the effects of FOXM1 silencing on the outcome of 5-FU treatment. Data are
presented as mean + SEM (n = 3) and were analysed by two-way ANOVA. The asterisks (****) indicate significant difference at p < 0.0001 from the
non-targeting siRNA-treated control cells; 'ns' indicates no significant difference
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Fig. 5 Effects of ectopic expression of FOXM1 in KKU-D131 and HuCCA cells in response to 5-FU treatment. FOXM1 expression in KKU-D131
cells was induced by transfection with FOXM1-pcDNA3.1 plasmid DNA. Plasmid DNA from parental vector was used as transfection controls. After
24 h, CCA cells were reseeded and grown overnight. a After treatment with 100 uM 5-FU for 24 h, cells were harvested and the expression levels of
FOXM1, E2F1 and TYMS was determined by western blot analysis using B-tubulin as loading control. b Effects of FOXM1 overexpression on 5-FU
toxicity was also investigated using a clonogenic assay. Representative clonogenic assay images show the effects of FOXM1 overexpression upon 5-

FU treatment. ¢ Data are presented as mean £ SEM (n = 3) and were analysed by two-way ANOVA. No significant difference is indicated by 'ns’
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SIRNA (siE2F1 or siTS). Non-silencing siRNA (NS-siRNA) was used as a control. After 24 h, HUCCA cells were reseeded and grown overnight. a After
treatment with 100 uM 5-FU for 24 h, cells were harvested and the expression of FOXM1, E2F1 and TYMS was determined by western blot analysis
using B-tubulin as loading control. b Effects of E2F1 and TYMS silencing on 5-FU toxicity was also investigated using a clonogenic assay.
Representative clonogenic assay images show the effect on 5-FU treatment of silencing of either E2F1 or TYMS. Data are presented as mean + SEM
(n=13) and were analysed by two-way ANOVA. Single and triple asterisks (* and ****) indicates significant difference at p < 0.05 and p < 0.001,
respectively, from the non-targeting siRNA-treated control cells; 'ns’ indicates no significant difference

TYMS remained constantly high throughout the time
course.

Critically, in the sensitive KKU-D131 cells the majority
of the TYMS proteins were in the FAUMP-complexed
inactive slower migrating forms especially after the
coordinated downregulation of FOXM1 and TYMS
expression at 48 h following 5-FU treatment, and this lack
of active unligated TYMS would lead to cytotoxic DNA
damage. By comparison, in HuCCA cells the levels of
TYMS remained relatively stable over the time course
with a substantial proportion remaining in the uncom-
plexed and active faster migrating species, and the cells
could still be able to process the dUMP to dTMP con-
version for DNA replication (Fig. 7).
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Differential binding of FOXM1 to endogenous TYMS
promoter in 5-FU-sensitive and -resistant CCA cells

We next investigated the regulation of TYMS by
FOXM1 at the promoter level. To this end, we
first identified the putative FOXM1-binding regions
from previously published FOXM1 chromatin-
Immunoprecipitation—sequencing (ChIP-Seq) studies
(Fig. 8). Both HuCCA and KKU-D131 cells were either
untreated or treated with 5-FU for 24 and 48 h. To
confirm further that FOXM1 binds to the endogenous
TYMS promoter, we studied the occupancy of the
endogenous TYMS promoter by FOXM1 using ChIP in
the absence and presence of 24 or 48 h of 5-FU treat-
ment in both cell lines. The ChIP analysis showed that
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Fig. 7 Expression of FOXM1, E2F1 and TYMS in CCA cell lines
treated with a lower 20-uM dose of 5-FU. HUCCA and KKU-D131,
the resistant and sensitive cell lines, respectively, were treated with
20 uM of 5-FU over a period of 48 h. Cells were trypsinized at specific
times and the expression of FOXM1, E2F1 and TYMS was determined
using western blotting. 3-Tubulin was used as a loading control.

a Expression of FOXM1, E2F1 and TYMS was determined by western
blot analysis using B-tubulin as loading control. b Expression of
FOXM1, E2F1 and TYMS mRNA was determined by RT-gPCR analysis
using L19 as an internal control. Data are presented as mean + SEM
(n > 3). The RT-gPCR data were analysed by one-way ANOVA. The
asterisk (*) indicates significant difference at p < 0.05

FOXM1 is recruited to the endogenous Forkhead
response element (FHRE) in both HuCCA and KKU-
D131 cells and its binding to the FHRE increases sub-
stantially in KKU-D131 but not in HuCCA in response
to 5-FU (Fig. 8; Supplementary Fig. S8). Together, these
findings suggest that TYMS is a direct transcriptional
target of FOXM1 in CCA cells and that the incapacity
of FOXM1 to modulate TYMS expression is due its
inability to be efficiently recruited by the promoter of
TYMS.

Discussion

Surgery is the most effective treatment strategy for all
potentially resectable intrahepatic CCAs*. However,
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owing to the late presentation and/or the advanced stages
of most patients, CCA tumours are often not amenable to
resection and chemotherapy. 5-FU either alone or in
combination with other drugs is one of the most fre-
quently used first-line regimens for CCA treatment.
Nevertheless, the outcome is often sub-optimal because
CCA patients are commonly intrinsic resistant or will
become refractory after initial 5-FU treatment, leading to
disease recurrence®’!. As TYMS is a key target of 5-FU,
the possible mechanism of 5-FU resistance in CCA is
likely to involve TYMS'® and its putative regulators
FOXM1'* and E2F1°*,

To test this conjecture, we first investigated FOXM1
expression by IHC in CCA tissue arrays and found that
FOXML1 is highly expressed in almost all CCA cases, con-
sistent with previously published mRNA expression profil-
ing analyses'"*>, FOXM1 has previously been shown to be a
key genotoxic drug sensor and a regulator of chemother-
apeutic resistance in cancer'>>?°7*3* For instance, in
breast cancer, FOXM1 expression is consistently higher in
epirubicin (MCE-7"P®) and cisplatin (MCF-7*%) resistant
cells compared to the parental sensitive breast cancer MCF-
7 cells"****®, Moreover, drug treatment downregulates
FOXM1 expression at both the transcriptional and post-
translational levels in the sensitive breast cancer, whereas
FOXM1 expression remains at high levels in the resistant
cells!3?22627:293% " pyrthermore, depletion of FOXM1 has
been shown to sensitize breast cancer cells to genotoxic
agents'>*?, In agreement with this idea, high levels of
FOXM1 expression have also been found to convey poor
prognosis in breast cancer patients'®*>**, Taken together
with these previous observations, our IHC led us to inves-
tigate the hypothesis that FOXM1 regulates TYMS to
modulate 5-FU sensitivity. Notably, our finding that FOXM1
is overexpressed in almost all CCA cases (95%) is in con-
cordance with previous observations that most CCAs are
resistant to conventional chemotherapy®*'. However, owing
to the lack of comprehensive clinical follow-up data and the
late presentation of the patients, the correlations between
FOXM1/TYMS expression and 5-FU sensitivity were pur-
sued in CCA cell culture models and not in patient samples.

In vitro clonogenic and proliferative studies showed that
all CCA cell lines tested are highly resistant to 5-FU,
consistent with the previous published CCA patient
results®*!. These studies also identified HUCCA as the
most 5-FU resistant among four human CCA cell lines
(e.g, HuCCA, KKU-213, KKU-214 and KKU-D131).
Western blot and quantitative reverse transcriptase PCR
(qRT-PCR) analyses also unveil a discordance between
FOXM1 and TYMS expression at the base line level in
this highly 5-FU-resistant HUCCA line when compared
with the other comparatively more sensitive CCA cells.
Upon treatment with high doses of 5-FU, expression of
FOXM1 in all four cell lines increased transiently in a
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Fig. 8 Analysis of FOXM1 binding on human TYMS promoter a FOXM1-binding site on human TYMS promoter. ENCODE (the Encyclopedia of
DNA Elements) project ChIP sequencing data of FOXM1 binding in the MCF-7, SKSH and ECC1 cells were used for predicting global genome-binding
profiles for FOXM1 using the Integrative Genomics Viewer (Version 2.3.88) and the hg19 UCSC Genome Browser’
FOXM1 and the locations of the designed ChIP primer pairs are aligned to the human TYMS promoter. b KKU-D131 and HUCCA cells treated with
100 nM 5-FU for 0, 24 and 48 h were used for chromatin immunoprecipitation assays using the IgG as negative control and anti-FOXM1 antibody.
After reversal of cross-linking, the co-immunoprecipitated DNA was amplified by gRT-PCR, using primers amplifying the FOXM1 binding-site-
containing region. Data are presented as mean + SEM (n = 4, each with >3 replicates) and were analysed by two-way ANOVA (Supplementary
Fig. S7). The asterisk (*) indicates significant difference at p < 0.05 and 'ns’ no significant difference

°. The predicted binding profiles of

time-dependent manner with the expression levels high-
est at 24 h and declined thereafter, concomitant with a
reduction in cell proliferation and viability rates (Fig. 3).
This kinetics of FOXM1 expression is analogous to those
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observed in drug-sensitive cancer cells upon genotoxic
drug treatments, suggesting that FOXM1 is also a sensor
for 5-FU induced DNA damage in CCA cells'>?*>2%27%3%,
While FOXM1 and TYMS expression was coordinately
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modulated in response to 5-FU treatment in the 5-FU
sensitive CCA cell lines, TYMS expression remained
comparatively high throughout the time course in the
resistant HuCCA cells, indicating a potential uncoupling
between FOXM1 and TYMS expression in the resistant
HuCCA cells. This conjecture is supported by our siRNA
silencing analysis, which shows that FOXM1 depletion
only reduces TYMS expression and 5-FU sensitivity in
KKU-D131 but not in the highly resistant HuCCA cells.
Based on the results, we conclude that TYMS expression
is linked to 5-FU sensitivity, implying that TYMS over-
expression plays a major role in 5-FU resistance. Con-
sistent with this finding, previous studies have shown
overexpression of TYMS as a 5-FU-resistance mechan-
ism36-38,

Notably, the 5-FU sensitivity and TYMS expression in
HuCCA was not affected by FOXML1 silencing, suggesting
that HuCCA is not sensitive to regulation by FOXM1I. In
concordance, ChIP analysis shows that in response to 5-
FU, the binding of FOXM1 increases transiently before
dropping to basal levels in the KKU-D131 cells but
remains constantly low in the resistant HuCCA cells.
These findings confirm that TYMS is a direct transcrip-
tional target of FOXM1 in CCA cells and that FOXM1
fails to modulate TYMS expression in the resistant CCA
cells because of its inability to be efficiently recruited to
the TYMS promoter. This result is consistent with a
recent FOXK1-ChIP-Seq analysis which shows the TYMS
promoter contains FHRE®. The strong and significant
correlations between FOXM1 and TYMS expression in
CCA patient samples, further suggest that FOXM1 con-
trols TYMS expression.

Time course experiments with a lower dose (20 uM) of
5-FU provide further evidence to support the notion that
FOXM1 modulates TYMS expression levels and therefore
5-FU sensitivity in response to the drug. They also illus-
trate that the uncoupling of the FOXM1-TYMS axis
allows a consistent level of unligated active TYMS to
mediate DNA replication. This notion is supported by the
fact that TYMS depletion by siRNA rendered the 5-FU
resistance HuCCA cells sensitive to 5-FU treatment in
clonogenic assays (Fig. 6). Our siRNA depletion studies
also indicate that E2F1 is not involved in the regulation of
TYMS and FOXM1 in CCA cells. In concordance, others
have also found that TYMS is not regulated by E2F1 in
other cell models™.

Interestingly, downregulation of FOXM1 was observed
in TYMS knocked down HuCCA cell line. This observa-
tion might be explained by the fact that TYMS can sup-
press the 5-FU-induced DNA damage and expression of
p53, which can in turn repress FOXM1 expression®™ 2,
These results suggest that FOXM1 functions as a sensor
of 5-FU-induced DNA damage and its regulation of
TYMS determines 5-FU response in CCA. In agreement,
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FOXM1 has been shown to be a sensor of genotoxic
agents and a modulator of their response. Accordingly,
FOXM1 has been demonstrated to be regulated by
SUMOylation and ubiquitination in response to genotoxic
drug treatments and the ubiquitination-conjugating
enzymes, RNF8 and RNF168, and the deconjugating
enzyme OTUBI play a crucial role in mediating this
response by regulating FOXM1 expression at the post-
translational levels®”**%*,

Interestingly, in contrast, overexpression of FOXM1 in
both the 5-FU-sensitive and -resistant CCA cells does not
affect TYMS expression nor 5-FU sensitivity, further
confirming that in most CCA cells FOXM1 is already
overexpressed at high levels. This observation is con-
sistent with our IHC finding and previous gene expression
profiling results'"**>. FOXM1 overexpression could be a
feature of CCA tumorigenesis, and therefore, FOXM1 and
its gene transcription signature can be exploited as a
useful biomarker for early CCA diagnosis. The mechan-
ism for FOXM1 overexpression in CCA is unclear; how-
ever, exome sequencing has identified TP53 gene
mutation as an event that may contribute to the initiation
of O. viverrini-related CCA**. FOXM1, a gene highly
expressed in CCA'"?? is one of the targets of p53-
mediated repression®>*>, Furthermore, the molecular
mechanism of tumorigenesis for O. viverrini-associated
CCA has been linked to inflammation-induced DNA
damage*®®’, and this could lead to the selection of p53-
mutated and FOXM1-overexpressing CCA cells.

Collectively, our data provide evidence to show that
FOXM1 regulates TYMS to modulate 5-FU sensitivity in
CCA cells and that the high FOXM1 expression confers
5-FU resistance in most of these CCA cells through
promoting high levels of TYMS expression (e.g., in KKU-
M213, KKU-M214 and KKU-D131 cells). Moreover, we
also found an alternative and novel mechanism for further
5-FU resistance, which is the uncoupling of the regulation
of TYMS by FOXM1 (e.g., HuCCA). In support of the
idea that the uncoupling of the regulation of TYMS by
FOXML1 is uniquely important for 5-FU insensitivity in
HuCCA cells, our preliminary data show that, despite
HuCCA being the most resistant to 5-FU treatment
among all the CCA cells tested, it is one of the more, if not
most, sensitive to epirubicin and paclitaxel treatment
(Supplementary Fig. S9). This is consistent with our pre-
vious finding that epirubicin and paclitaxel target DNA
repair and mitotic genes via FOXM1 (e.g., NBS1 and
KIF20A, respectively) to modulate their drug sensitiv-
ity'>*>. Moreover, although overexpression of FOXM1
does not have any effect on 5-FU sensitivity in HuCCA, its
ectopic expression can confer resistance to epirubicin and
paclitaxel, respectively (Supplementary Fig. S10). These
findings also propose the possibility of using alternative
FOXM1-targeting cytotoxic agents to treat 5-FU-resistant
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cancer cells that have FOXMI1-TYMS
uncoupled and lower FOXM1 expression.

In conclusion, our results evidently show that FOXM1,
but not E2F-1, modulates TYMS expression and thereby
5-FU sensitivity in CCA cells. Our data also demonstrate
that the FOXM1-TYMS axis plays a major role in
mediating 5-FU sensitivity in CCA cells and its uncou-
pling may be linked to 5-FU resistance. Our findings
suggest the FOXM1-TYMS axis is a determinant of 5-FU
response and a target for designing more effective treat-
ment for CCA patients. Since FOXM1 is overexpressed in
almost all CCAs and may be essential for CCA tumor-
igenesis, FOXM1 and its downstream transcriptional
signature might also be useful for prognosis prediction of
CCA.

regulation

Materials and methods
Chemicals and reagents

SRB and 5-FU were purchased from Sigma Aldrich
(Irvine, UK). Rabbit anti-FOXM1 (C-20) and B-Tubulin
(H-235) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Rabbit anti-TYMS was obtained
from Cell Signaling Technology (New England Biolabs
Ltd. Hitchin, UK). Rabbit anti-E2F1 was purchased from
Abcam (Cambridge, UK) and horseradish peroxidase
(HRP)-conjugated secondary antibodies from Dako
(Glostrup, Denmark) and Jackson ImmunoResearch
(West Grove, PA, USA). Western Lightning® Plus-ECL
was acquired from Perkin Elmer (PerkinElmer Ltd,
Beaconsfield, UK) and SYBR Select Master Mix from
Applied Biosystems (Fisher Scientific UK Ltd, Lough-
borough, UK).

Human CCA cell lines

Four human CCA cell lines were used in this study.
KKU-213 (mixed papillary and non-papillary CCA) and
KKU-214 (well-differentiated CCA) were established from
Thai CCA patients as described previously'”. HuCCA was
established from Thai patient with intrahepatic CCA*®
and KKU-D131 CCA cell line was recently established
from a Thai CCA patient. All cell lines were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% foetal calf serum (FCS) (First Link Ltd, Birmingham,
UK), 2 mmol/L glutamine, 100 U/mL penicillin and 100
pg/mL streptomycin (Sigma-Aldrich, Poole, UK). All cell
lines were maintained at 37 °C in in a humidified incu-
bator with 10% CO.,.

IHC staining

IHC was performed as described elsewhere*®. In brief,
CCA tissue array slides were constructed at the Depart-
ment Pathology, Faculty Medicine, Khon Kaen University,
Thailand. All cancerous tissues were obtained from CCA
patients who underwent surgery at Srinagarind Hospital,
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Khon Kaen Province, Thailand. All patients did not
receive any chemotherapy prior to surgery. Tissue was
deparaffinized and antigens were unmasked by autoclav-
ing with sodium citrate buffer (10 mM sodium citrate,
0.05% Tween 20, pH 6.0). Thereafter, slides were
immersed in 3% H,O, for 10 min for endogenous per-
oxidase removal. Then non-specific binding was blocked
by incubating with 5% FCS for 1h at room temperature.
Slides were then immersed with either rabbit anti-
FOXM1 or TYMS (1:200) in 1% FCS overnight at 4 °C.
After washing with phosphate-buffered saline (PBS) for 3
times, slides were incubated with 1:1000 HRP-conjugated
secondary antibody for 1 h at room temperature. Immu-
noreactivity was developed by using 3,3-diaminobenzidine
and slides were counterstained with Mayer’s haematox-
ylin. The expression was categorized as 0= negative
(either negative staining or positive <10% of CCA tissue
area) and 1 = positive (positive staining >10% of the CCA
tissue area) by 3 investigators and consensus scoring by at
least two out of the three was chosen as definitive grading
score.

Cell viability assay

Cell viability was investigated by SRB colorimetric
assay. CCA cell lines were plated in 96-well plate at 2000
cells per well and incubated overnight. In the following
day, CCA cell lines were treated with various con-
centrations of 5-FU in dimethyl sulphoxide (DMSO) for
24, 48 and 72h. All plates were kept in humidified
incubator at 37 °C and 10% CO,. Then cells were fixed
with cold 40% (w/v) trichloroacetic acid and incubated
for 1h at 4°C. After washing 5 times with slow running
tap water, 100 uL of 0.4% SRB in 1% acetic acid was
added and incubated at room temperature for 1 h. Then
unbound dye was removed by washing with 1% acetic
acid and left to air-dry overnight. Finally, SRB dye was
dissolved with 10 mM Tris buffer and placed on a
rotator for 30 min. The optical density at 492 nm were
measured using the Sunrise plate reader (Tecan Group
Ltd, Mannedorf, Switzerland).

Clonogenic assay

CCA cells were seeded (1000 cells/well) in duplicate
into 6-well plate. Then cells were treated with either
vehicle (DMSO) or 5-FU for 48 h. Culture media was
changed every 2 days without further treatment. For
harvesting, media was removed and then colonies were
washed with PBS and fixed with 4% paraformaldehyde for
15min at room temperature. After washing with PBS
for 3 times, colonies were stained with 0.5% crystal violet
for 30 min. Finally, solution was removed and plates were
washed with tap water for 5 times and left to dry over-
night. Digital images of colonies were taken using digital
camera.
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Cell transfection

For gene silencing, HuCCA and KKU-D131 were plated
in at sub-confluent densities. The following day, HuCCA
and KKU-D131 were transfected with ON-TARGET plus
siRNAs (GE Dharmacon) targeting FOXM1, E2F1, or
TYMS using oligofectamine (Invitrogen, UK) following
the manufacturer’s protocol. Non-Targeting siRNA pool
(GE Dharmacon) was used as transfection control. For
gene overexpression study, either pcDNA3.1 plasmid
DNA or pcDNA3.1-FOXM1 plasmid DNA were trans-
fected into HUCCA or KKU-D131 using X-tremeGENE
HP (Roche Diagnostics Ltd, Burgess Hill, UK) according
to the manufacturer’s protocol. Cells were harvested at
24 h post-transfection for further experiment.

Western blot analysis

Protein was extracted from cell pellets using 2 volumes
of RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1% NP-
40, 5mM EDTA, 1 mM dithiothreitol, 1 mM NaF, 2 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovana-
date) with protease inhibitor cocktail. Protein (20 pg) were
separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and then transferred to a nitrocellulose
membrane. After blocking with 5% bovine serum albumin
in Tris buffered solution with 0.05% Tween-20 (TBST, pH
7.5), membranes were incubated with primary antibodies
overnight at 4°C. After washing with 0.05% TBST,
membranes were incubated with secondary antibodies
and chemiluminescence reaction was developed using
Western Lightning® Plus-ECL. B-Tubulin was used as
loading control.

RNA extraction, cDNA synthesis and real-time qPCR
mRNA was extracted from cell pellets using the RNeasy
Mini Kit (Qiagen Ltd, Crawley, UK) and mRNA was
reversed-transcribed to ¢cDNA using the SuperScript III
First-Strand Synthesis System (Invitrogen). Real-time
qPCR analysis was performed in triplicate using SYBR
Select Master Mix and specific primers (Supplementary
Figure S11) according to the manufacturer’s instructions.
The qRT-PCR conditions were as follows: 95°C for
10 min for enzyme activation, followed by 40 cycles of
denaturing at 95°C for 3s and primer annealing and
c¢DNA amplification at 60°C for 30s. Relative gene
expression was calculated and normalized by L19.

Statistical analysis

Data are expressed as mean + SD. Chi-square statistical
analysis were used to test the correlations between TYMS
and FOXM1 expression of CCA patients, respectively,
using GraphPad Prism 7.0 (GraphPad Software Inc., La
Jolla, CA, USA) and SPSS 16.0 (Imperial College London,
Software Shop, UK); p <0.05 was considered as statisti-
cally significant. For comparisons between groups of more
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than two unpaired values, analysis of variance was used,
and p < 0.05 was considered as statistically significant.
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ABSTRACT: Cancer is still a major cause of mortality in the Thai population. The heterogeneity and complexity of
cancer make this disease often result in ineffective treatment and a fatal outcome. Primary prevention for a known-
risk cancer is one way to minimize the number of new cancer cases; however, effective treatment with reasonable
cost-effectiveness is important for cancer patients. Basic and preclinical cancer research are necessary for better and
deeper understanding of the nature of cancer. Several research initiatives should be implemented to translate the
preclinical developments to clinical outcome. High specificity and sensitivity of tumour markers in serum or secretory
fluids are helpful for diagnosis of cancer before advanced, high cost, or invasive diagnoses are implemented. A set
of potential markers instead of a single marker should be researched to increase the diagnostic power of the tests for
a particular cancer. Simplicity, low cost, and highly effective diagnostic power of the test is also required to validate
a test for clinical use. The knowledge generated at the molecular level together with the advanced technologies of
next-generation sequencing, cellular and molecular biology, and computational biology, provide a new trend of precise
treatment against individual cancers. Histoculture drug response assays or in vitro chemo-sensitivity assays, genomic
profiling of tumours by next-generation sequencing, drug repositioning for cancer, and chimeric antigen receptor T-cell
therapy are exciting approaches that lead to precise and effective therapy for cancer patients. In this review, several

new directions for the precise diagnosis and effective treatments of cancer are highlighted.

KEYWORDS: precision medicine, histoculture drug response assay, repurposing drugs, CAR T-cell

INTRODUCTION

Cancer is considered a leading cause of death world-
wide in developed and developing countries, in-
cluding Thailand. The number of cancer cases and
deaths is expected to grow rapidly. As noted in
GLOBOCAN 2012, approximately 8 million people
died of cancer and 14 million new cases were
recorded worldwide!. The most commonly diag-
nosed cancer in each country varied considerably.
Based on GLOBOCAN 2012, prostate cancer was
the most common cancer among males in North
and South America, and Europe while the leading
cancers among males varied substantially in Africa
and Asia®. Breast cancer was the most common
cancer among females in North America, Europe
and Oceania, whereas breast and cervical cancers
were the most frequently found cancers in Africa
and most of Asia. According to the World Health
Organization, the numbers of new cancer cases
are expected to rise by about 70% over the next
20 years?>.

Cancer is also the highest cause of death of

Thais. The mortality rates of the Thai population in
2015, analysed from the Health Information System
Development Office, Ministry of Public Health of
Thailand (www.hiso.or.th) revealed that 417 per
100000 Thais died because of cancer, followed by
kidney failure (100), accident (98) and diabetes
mellitus (75) (Fig. 1). Among all cancer deaths,
lung cancer was highest in the north, while liver
cancer was extremely high in the north-east. Breast
and cervical cancers seemed to be distributed over
the country with lower rates in the north-east and
the south (Fig. 2). Except for cervical cancer that
seems to have been stable for a couple years, mor-
tality rates of all major cancers in Thailand have an
increasing trend. This may be due to the changes
of lifestyle that increases exposure and accesses to
risk factors, decreases physical activity, and changes
eating habits and behaviour.

Thailand is now facing an ageing society. Low
birth rates and longevity of the elderly population
moves Thailand towards an ageing society. Of
any developing country in East Asia and Pacific,
Thailand together with China, has the highest share

www.scienceasia.org


http://dx.doi.org/10.2306/scienceasia1513-1874.2018.44S.011
http://www.scienceasia.org/2018.html
mailto:sopit@kku.ac.th
www.hiso.or.th
www.scienceasia.org

12

Diabetes Mellitus Cancer

Kidney Failure

Chronic obstructive

Accident pulmonary disease

@ North
O Northeast

© central
@ south

Fig. 1 The major causes of mortality in the Thai popula-
tion, in 2015. The geographical distribution of mortality
rates of the major causes of death in the Thai population
in 2015. Cancer was the highest cause of death, followed
by kidney failure and accidents. The numbers are rates
of mortality per 100 000 persons; ** indicates the highest
mortality rate. Data from the Health Information System
Development Office, Ministry of Public Health of Thailand
(www.hiso.or.th).

of elderly people*. As the occurrence of cancer
increases with age, it can be presumed that there
will be a growing cancer incidence and mortality
in the Thai population and the rising of healthcare
expense for cancer patients in the next decade.
Besides the primary prevention, effective diagno-
sis, treatments and care for cancer patients should
be considered. The research and development to
achieve an early and definite diagnosis as well as
effective treatments for cancer patients should be
intensively evaluated. This article is intended to
share the perspective of cutting-edge biomedical
research that may ultimately contribute to specific
diagnosis and better treatments for cancer patients
towards Thailand 4.0.

INNOVATION OF TUMOUR MARKERS FOR
DIAGNOSIS AND PROGNOSIS OF CANCER

Cancer is a group of diseases that can occur in
any tissue or organ with a common characteristic—
uncontrolled cell growth. Cancer cells divide uncon-
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Mortality rate/100,000

Lung cancer Breast cancer

North 28.4%* North 87/

Northeast 15.7 Northeast 4.2
Central 18.9 Central 6.7*%*

South 143 South 4.1

Liver cancer Cervical cancer

North 28.3 North 3.8
Northeast ~ 35.4** Northeast 2.4
Central 18.5 Central 4.1%*
South 13 South 2.4

Fig. 2 Four major causes of cancer death in the Thai pop-
ulation in 2015. The leading cancers among Thai males in
2015 was liver cancer, followed by lung cancer, whereas
those in Thai females was breast cancer and cervical can-
cer. The numbers indicate rates of mortality per 100 000
persons and ** indicates the highest mortality rate. Mod-
ified figure from http://how2drawrunggg.blogspot.com/
2014/01/humanscale-1-7-4-normal-7-dialistic-8.html.

trollably, form masses and in the advanced stage,
metastasize to distant organs. Most fatal cancers are
slow growing and have no specific symptoms at the
beginning, thus almost all patients are diagnosed
when cancers have metastasized. The potentially
curative treatment is surgical resection, however,
this can only be offered effectively for early stage
cancers. Early detection of cancer is, thus crucial to
reduce morbidity and mortality. Advanced imaging
techniques such as X-rays, CT scans, MRI scans,
PET scans, and ultrasound scans are used to de-
tect tumour masses. These techniques, however,
have limited sensitivity in detecting small masses
or metastatic foci and are very much dependent on
the experience of the operators. In addition, they
are available only to a limited number of patients
due to their high cost. Tumour markers then play a
key role for primary diagnosis of suspected cancer in
persons before using invasive or high cost diagnostic
technologies.

Tumour associated markers are substances pro-
duced by a tumour itself or by the body as a response
to the tumour. These biomarkers can be detected
in tumour tissues and its microenvironments or
body fluids, such as whole blood, serum, urine,
and saliva. Several biomolecules reflecting the bi-
ological processes of cancer cells can be used as
tumour markers. They can be proteins, glycopro-
teins, DNA, long non-coding RNA (IncRNAs), mi-
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croRNAs (miRNAs), metabolites, tumour associated
macrophages and fibroblasts, circulating tumour
cells and white blood cells. Tumour markers are of
benefit not only for diagnosis, but also for prognosis
and prediction of drug response. Some markers are
good for screening as a health checkup. Long-term
surveillance should be provided for a person who is
positive for these markers. An early stage cancer,
may then be diagnosed during follow up. Some
tumour markers are of benefit for cancer diagnosis.
These markers should be determined in combina-
tion with other investigations for definite diagnosis
of a particular cancer. The prognostic markers are
suitable to provide the information for clinicians to
select the appropriate and effective treatment for
patients. These markers mostly reflect the clinical
manifestations of patients and are associated with
patient survival or tumour staging. Some tumour
markers are associated with drug responses or id-
iosyncratic genetic problems and can be used to
predict the responsiveness of patients to the drug
treatment.

The present high-throughput and large-scale
analytical technologies, i.e., genomics, transcrip-
tomics, proteomics and metabolomics, offer re-
searchers an opportunity to discover a number of
potential markers that could be used for diagnosis,
prognosis or prediction of treatment responses for
an individual patient. While many of them even
hold a promising potential to use in clinical practice,
many of them may not identify a particular type
of cancer. As cancer is heterogeneous, it is well
accepted that a combination markers may have
better diagnostic power than a single marker. Using
a ratio of two serum proteins may have high diag-
nostic and predictive powers in several cancer types.
A comparison of serum proteomes from cholan-
giocarcinoma (CCA) patients and healthy controls,
differential amounts of a,fp-glycoprotein (A1BG)
and afamin (AFM) were identified in sera from
CCA patients®. Determination of these two serum
proteins in a single blood test as an A1BG/AFM
ratio could differentiate CCA patients with 84%
sensitivity and 88% specificity. Besides, the albumin
to y-glutamyltransferase ratio® and the aspartate
aminotransferase to neutrophil ratio’” was proposed
as a potential prognostic markers for CCA. A
suitable combination of markers can give a precise
diagnosis for a specific cancer type with satisfactory
sensitivity and specificity for clinical implications.
Most researchers selected the markers as a combi-
nation based on the physiological functions of those
particular molecules. Machine learning decisions
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can effectively assist researchers in selecting a com-
bination of potential markers with designed speci-
ficity and sensitivity. Using a decision tree diagram
built by the C4.5 algorithm, 2 of the 8 diagnostic
markers were selected to distinguish CCA patients
from non-CCA subjects with sensitivity, specificity
and accuracy > 95% $. With the high sensitivity,
specificity and accuracy, a simple blood test could
be the way to replace the biopsy; the gold standard
for detecting cancer.

Based on a search on Pubmed from 2000-2017,
there were 645 publications published by authors
from Thailand on markers and cancers. Only a
limited number of these, however, could be trans-
lated to clinical practice. To discover novel and high
impact tumour markers available in clinical practice,
collaboration and integration of knowledge among
different disciplines are the keys to success. Bio-
molecular researchers, clinicians, biostatisticians,
bio-informaticians, granting agencies and private
sectors should join hands and set up a national
project to innovate development of diagnostic tests
for cancers that have a high incidence in Thailand.
Evaluation of the usefulness of candidate tumour
markers in routine pathological diagnosis is the next
step needed to analyse their values. Systematic
reviews and meta-analyses should be evaluated to
clarify the impact of the potential markers for par-
ticular cancers and to prevent over-diagnoses. The
detection techniques and the cohorts of studies with
appropriate clinical data and precise sample collec-
tions are of importance and should be considered.
A nationwide biobank to collect bio-samples taken
with standard protocols should be set to support the
discovery of novel tumour markers. In parallel, the
non- or low invasive sample collection techniques,
as well as the simple and affordable determination
methods should be taken into account. Finally,
towards the Thailand 4.0 policy, the possibility of
the determination of the manufacture of tumour
markers as commercially available test kits should
be assessed.

PRECISION MEDICINE: AN UPCOMING
APPROACH FOR EFFECTIVE TREATMENT OF
CANCER

Many efforts and huge budgets have been invested
to discover new drugs for cancer treatment. Low
response rates and short overall survival, however,
are still the norm. High recurrence rates and
drug resistance are the main problems of ineffective
treatments using either chemotherapy or targeted
therapies. Furthermore, patients with similar cancer
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types frequently exhibit different drug responses to
the same drug treatment. This observation has
lately been shown to be the different molecular
signatures of cancer in individuals that takes into
account the diverse drug responses in individual
patients. Not only the histopathology and clinical
features of the cancer, but the specific molecu-
lar features of the cancer that drive and regulate
the behaviour of cancer in a particular individual.
Several studies have indicated different molecular
signatures among individual persons with similar
cancer types. For example, different expression
patterns in transcriptomes, epigenomes and mu-
tations were reported recently among cholangio-
carcinoma patients from liver fluke and non-liver
fluke associated cancers®'2, A “one-size-fits-all
approach”, in which the treatment strategies are
developed for the average person, therefore, may
not be not effective. To face this fact, an upcoming
approach of ‘precision medicine’, in which the treat-
ment is arranged according to individual variability
in genes, environment, and lifestyle of each person,
is recommended 3. The cancers could be classified
according to their expression profiles to predict the
drug responsiveness of cancer in an individual as a
good or poor response to the cancer. This is not only
to increase the response rate and cost-effectiveness
of the outcome but also avoids the opposite ad-
verse effect of cytotoxic drugs for those who will
not tolerate the treatment. This approach provides
clinicians and researchers a means to predict more
accurately the best treatment that will effectively
work for individual cancer patient.

Precision medicine holds promise for improv-
ing treatment for cancer and many other diseases.
Precision medicine is still young in Thailand. To
establish this approach, physicians and medical sci-
entists have to prepare many aspects in the drive
for “precision medicine for cancer” in the country
towards Thailand 4.0. Basic research is needed
for a better understanding of biology, molecular
signature sand underlying mechanisms of specific
types of cancer in Thai patients. This information
is of value not only for improving the treatment
but also for diagnosis and prevention. As Thailand
4.0 targets a high value economy, basic research is
necessary to analyse and filter the potential genes
that may reflect the prognosis and drug response.
Special cellular and molecular technologies, such
as histoculture drug response assays, organoid and
patient tissues derived xenograft models, RNA se-
quencing (RNAseq), and data mining are required.
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IN VITRO-GUIDED THERAPY IMPROVES
RESPONSIVENESS TO DRUG THERAPY IN
CANCER PATIENTS

The histoculture drug response assay (HDRA) or
in vitro chemo-sensitivity assay were developed in
considering the urgent need for chemo-resistance
prediction in cancer patients. Several clinical stud-
ies including colorectal, gastric and lung cancers
revealed that inhibition rates obtained with HDRA
can predict clinical responses to chemotherapy '+ 1°.
A study reported in Ref. 16, demonstrated that
HDRA appeared to be useful to cancer patients for
prediction of responses to chemotherapy. In this
study, tumours from 329 various cancer patients
who underwent chemotherapy were cultured and
tested with different chemo-drugs for 5 days. The
overall survivals were compared between patients
with HDRA guided therapy and those with empiric
therapy. The results indicated that the overall sur-
vivals in patients treated with HDRA guided ther-
apy were significantly prolonged compared to those
with empiric therapy. Similar results were obtained
in a report of 359 lung cancer patients studied .
Using HDRA to evaluate the chemo-sensitivities of
lung tumour tissues to several chemotherapeutic
drugs, patients who received HDRA guided therapy
are reported. They found that the evaluability and
predictability of HDRA were high and could be
used to predict clinical responses. Several studies
demonstrated the strong association of in vitro and
in vivo effects!”, however, it is hard to exclude
selection bias and confounding as an influence on
the results. Future research should be conducted
with well-designed randomized trials to measure
survival outcomes.

HDRA is a representative of an in vitro drug
response test for anticancer agents in individuals
before starting the chemotherapy. It provides a
reliable drug sensitivity test with a simple and low
cost method. The advantages of the HDRA over
other single cells suspension methods may be due
to good cell viability and a more natural patient
environment. Future investigation on the profit of
HDRA guided treatment may provide a place for
HDRA to be an adjuvant investigation for targeted
or second- or third-line chemotherapies. As the bio-
logical and molecular characteristics of each cancer
type differ, it is suggested that before implementa-
tion of HDRA in routine clinical practice, it should be
verified whether HDRA is applicable and useful for
the specific cancer type under consideration. Fur-
thermore, one should be aware that primary culture
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is sometimes not successful due to contamination,
non-growth or fibroblast overgrowth. In addition,
HDRA requires a large amount of tissue which may
limit the application of HDRA in clinical practice.

GENOMIC PROFILING OF TUMOURS LEADS TO
PERSONALIZED-PRECISION THERAPY FOR
CANCER PATIENTS

Cancer can be considered as a genome defect dis-
ease. Accumulation of genomic alterations, i.e.,
activation of oncogenes, suppression of tumour sup-
pressor genes, mutation of several genes and alter-
ation in epigenetics that transform normal cells to
uncontrolled cancer cells are all possibilities. Basic
and clinical cancer research have identified a num-
ber of mechanisms associated with cancer develop-
ment and progression. The present advanced tech-
nology in sequencing, commonly known as next-
generation sequencing (NGS), not only provides
in-depth understanding of the genomic land-scape
of cancers but also enables the identification of
crucial genetic pathways that may be the molecular
therapeutic targets. NGS makes it possible to have
routine genomic studies of tumours in clinical prac-
tice. This allows clinicians and scientists to improve
the prognosis of clinical outcomes in individuals and
leads to further development of precision therapy.
The use of imatinib, the kinase inhibitor, for
the treatment of chronic myelogenous leukaemias
(CML) was the pioneer example for molecular
driven therapy. Treatment with imatinib in CML
patients who harboured BCR-ABL1 chromosomal
translocation significantly improved their survival
almost similar to those of general population®®.
Similarly, HER2-targeted therapies for patients with
metastatic HER2-positive breast cancer dramatically
increased a median survival to almost 5 years'®
and improved the cure rates of early-stage HER2-
positive breast cancer by 35-50%2°. Currently,
therapies targeting 11 somatic aberrations of tu-
mours in 10 different cancer types were identi-
fied?!. Targeting the clinically validated predic-
tive biomarkers has proven to benefit not only a
specific type of tumour but also to benefit other
tumours that possess similar genetic alterations.
For example, the use of RAF and MEK inhibitors
in cutaneous melanoma patients with BRAF V600
mutations effectively improved survivals of these
patients?2, BRAF V600 mutations, however, were
also evident in non-melanoma cancer patients who
may obtain benefit from the same treatment. Cur-
rently, the clinical activities of these inhibitors have
been identified in lung and thyroid cancers as well as
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in hairy cell leukaemia?*2*. A common molecular
subtypes of intrahepatic cholangiocarcinoma and
hepatocellular carcinoma from Thai patients was
demonstrated recently?®, even these two cancers
are clinically different with etiological and biolog-
ical heterogeneity. In this context, targeted therapy
should be prescribed for selected subsets of patients
according to the genomic alterations of the tumour
regardless of tumour type or tumour origin. Hence a
new taxonomy of human cancers based on genomic
profiling of abnormal mutation has been suggested
to complement current histology-based classifica-
tions 26,

Advances in NGS technologies have generated
a large volume of data supporting somatic alter-
ations in cancer that can be targeted for precision
cancer therapy. Genomic profiling of tumours could
identify the most appropriate targeted therapy to
an individual patient who harbours a particular
genetic profile or molecular feature. Broadening
the use of targeted therapy in a larger cohort with
multiple types of tumours will maximize the utiliza-
tion of precision medicine in cancer. Other factors,
however, may alter the responsiveness of cancer to
targeted therapy and have to be taken into account.
Genomic variants and the tumour microenviron-
ment of an individual may modulate the sensitivity
of the patient to a specific inhibitor of targeted
therapy. These factors may signify the complexity
of genomic data and decision-making for clinical
implications. Finally, collaborative genome-driven
clinical trials should be initiated worldwide to refine
a better understanding of the roles of these genomic
aberrations in association with disease pathogene-
sis, drug response and resistance that may lead to
discovery of new drug target.

DRUG REPOSITIONING AS A PROMISING
STRATEGY FOR NEW ANTICANCER AGENTS

Drug repositioning or drug repurposing for the iden-
tification of new therapeutic indications is the goal
for already approved drugs. This approach is a
promising strategy for drug discovery and develop-
ment, as the traditional drug discovery approach is
more time consuming and expensive. The reposi-
tioning is not only faster and cheaper to translate
from bench to clinic but is also a benefit for patients
as it reduces safety risks and accelerates success-
ful access to treatment?>?8, Drug repurposing,
however, is not completely safe or ready to use
as biological activity, pharmacokinetics, and clinical
observations such as adverse effects, new dosing
and scheduling in a new set of patients, are needed
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to be fully analysed.

Currently, there are several reports on using ex-
isting drugs as antitumor agents. For example, met-
formin, a standard drug for diabetes, has been re-
ported to reduce the carcinogenic risk and inhibit tu-
mour cell growth in endometrial, breast and ovarian
cancers. The efficacy of metformin for the treatment
of these cancers has been suggested in preclinical
studies and clinical trials. In addition, the combina-
tion of metformin and doxorubicin, a chemothera-
peutic agent, effectively inhibited growth of breast
cancer stem cells and cancer cells in culture?’. The
treatment in a xenograft mouse model not only
reduced tumour mass but also prevents relapse of
cancer. The study supported the rationale of using
a combination of metformin and chemo-drugs to
improve treatment of breast cancer patients. In
the experience of the present authors, metformin
exhibited significantly anti-proliferative activity on
cholangiocarcinoma cells in a dose and time de-
pendent fashion®°. Furthermore, a low dose of
metformin could potentially increase anoikis and
inhibit migration and invasion of cancer cells. These
findings encourage the repurposing of metformin
in clinical trials to improve treatment of this can-
cer. Several anti-parasitic drugs were also investi-
gated for their efficacies to repurpose as anticancer
agents; such as mebendazole, chloroquine, and
artesunate. Anticancer activity of mebendazole as
an anthelmintic drug that has been used extensively
for gastro-intestinal parasitic infections in humans,
has been shown effective in preclinical studies in
various types of cancers, e.g., lung, brain, melanoma
and cholangiocarcinoma 333,

Recently, computational techniques and meth-
ods have been proposed for repositioning of cancer
drugs. It can be ‘on-target’ repositioning when
known pharmacological activity is applied to a dif-
ferent clinical application or ‘off-target’ reposition-
ing, if a new mechanism has been identified for
a known drug. There are different approaches
to re-investigate known drugs for cancer treat-
ment, i.e., target based, drug based and disease
based®*. Computational and experimental methods
are needed to search for the potential repurposing
drugs. Computational technologies are helpful to
integrate data from various sources, i.e., pharma-
cologic, genomic, phenotypic, chemical and clinical
information. Prediction of drug-disease responses
could be obtained using bio-informatic technolo-
gies, machine learning-based models, biological net-
work analysis and text-mining research. For vali-
dation of candidate compounds suggested by com-
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putational analyses, both in vitro and in vivo are
necessary to be performed. Deeper understanding
of genomics and molecular pathways and drug ac-
tivity associated with cancer are essential to support
the potential application of drug repurposing in
personalized therapy.

Drug repurposing for cancer in Thailand is still
young and most of research is at the preclinical
level. A number of natural and synthetic compounds
with anticancer activities have been reported. None,
however, have been continuously validated and
translated to patients. A collaborative network
among investigators with different expertise includ-
ing computational researchers, bio-informaticians,
cell biologists and molecular biologists, as well as
clinicians should be set up. Research programs, new
tools and approaches for managing data should be
developed from databases of Thai patients. These
issues are necessary to fully realize the promise of
drug repurposing in personalized medicine.

Immunotherapy for cancer

In general, immune cells can recognize cancer cells
and eradicate them. Cancer cells, however, can
develop a system to evade immune response and
hence cancer develops. Over the past several years,
immunotherapy for cancer has emerged and the
most advanced and furthest in clinical implication
is Chimeric Antigen Receptor (CAR) T-cell therapy.
The principal of this approach is to strengthen
the power of a patient’s immune system to attack
tumours by engineering the T-cells themselves to
enhance the immune response against a specific
tumour antigen. The common procedure involves,
(i) genetically modifying T-cells from the patient to
express a CAR on their cell membranes, (ii) expand
these T-cells in vitro, and (iii) reinfuse the CAR T-
cells into the patient. Second and third generation
CAR-Ts have additional co-stimulatory domains that
further enhance the immune response3®. Until
recently, CAR T-cell therapy has shown huge re-
mission rates, largely in patients with advanced
blood cancers. In 2017, two CAR T-cell therapies
were approved by the Food and Drug Administration
(FDA); one for the treatment of children with acute
lymphoblastic leukaemia and the other for adults
with advanced lymphomas. Whether CAR T-cell
therapy will be effective against solid tumours, is
still questionable>°.

The ability to rewire an immune system to fight
cancer is an alternative therapy and a new hope
for cancer patients. Immunotherapy for cancer
is still in its infancy in the scientific world and
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in Thailand. There are several factors that are
of concern clinically; the biomarker that could be
targeted by a specific CAR T-cell therapy, the adverse
consequences associated with autoimmune disease,
and the tumour microenvironment, all of which

could interfere with treatment outcomes>’.

COMMENTS

Recent advanced technologies in molecular biology,
NGS and computational biology, that provide sev-
eral new directions for the precise diagnosis and
effective treatment of cancer are being developed.
Basic and molecular research efforts in cancer bi-
ology in Thailand are solid, some of which are
at the edge of translation to clinical practice. To
translate the knowledge from preclinical sciences to
clinical practice, new partnerships and network of
scientists in various specialities, as well as people
from universities, pharmaceutical companies, and
others should be formed. Several national research
programs aimed towards patient outcome should
be developed. The Science Society of Thailand
may create a stage where lead scientists in different
fields can meet and develop national programs to
be submitted to the government sectors that are
responsible for this issue. To accelerate the trans-
lation period, many aspects have to be generated
in parallel. A national biobank for cancer research,
NGS service, a database for genetic profiling of
cancers from Thai patients, and animal facilities for
cancer research, should be developed.
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O-GlcNAcylation is a key post-translational modification that modifies the
functions of proteins. Associations between O-GIcNAcylation, shorter sur-
vival of cholangiocarcinoma (CCA) patients, and increased migration/inva-
sion of CCA cell lines have been reported. However, the specific
O-GIcNAcylated proteins (OGPs) that participate in promotion of CCA
progression are poorly understood. OGPs were isolated from human CCA
cell lines, KKU-213 and KKU-214, using a click chemistry-based enzy-
matic labeling system, identified using LC-MS/MS, and searched against
an OGP database. From the proteomic analysis, a total of 21 OGPs related
to cancer progression were identified, of which 12 have not been previously
reported. Among these, hnRNP-K, a multifaceted RNA- and DNA-bind-
ing protein known as a pre-mRNA-binding protein, was one of the most
abundantly expressed, suggesting its involvement in CCA progression.
O-GlcNAcylation of hnRNP-K was further verified by anti-OGP/anti-
hnRNP-K immunoprecipitations and sWGA pull-down assays. The perpet-
uation of CCA by hnRNP-K was evaluated using siRNA, which revealed
modulation of cyclin D1, XIAP, EMT markers, and MMP2 and MMP7
expression. In native CCA cells, hnRNP-K was primarily localized in the
nucleus; however, when O-GlcNAcylation was suppressed, hnRNP-K was
retained in the cytoplasm. These data signify an association between
nuclear accumulation of hnRNP-K and the migratory capabilities of CCA
cells. In human CCA tissues, expression of nuclear hnRNP-K was posi-
tively correlated with high O-GIlcNAcylation levels, metastatic stage, and
shorter survival of CCA patients. This study demonstrates the significance
of O-GIcNAcylation on the nuclear translocation of hnRNP-K and its
impact on the progression of CCA.

Abbreviations

CCA, cholangiocarcinoma; EMT, epithelial to mesenchymal transition; GIcNAc, N-acetylglucosamine; hnRNP-K, heterogeneous nuclear
ribonucleoprotein-K; IHC, immunohistochemistry; MMP, matrix metalloproteinase; OGA, O-GIcNAcase; OGPs, O-GIcNAcylated proteins;
OGT, O-GIcNAc transferase; sWGA, succinylated wheat germ agglutinin.
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1. Introduction

O-GIcNAcylation is a post-translational modification
of proteins in which a single sugar, N-acetylglucosa-
mine (GIcNAc), is covalently attached to the hydroxyl
group of a serine or threonine residue on a polypep-
tide. The bioassembly is a dynamic process catalyzed
by two enzymes, O-GIcNAc transferase (OGT) and O-
GlcNAcase (OGA), which adds and removes the
GIcNAc to and from the protein, respectively (Hart
et al., 2007). Protein properties and functions are
known to be modulated via O-GlcNAcylation, for
example, phosphorylation, interactions, degradation,
and localization. Several evidences have indicated the
association of aberrant O-GlcNAcylation with many
human diseases including cancer (Hart ef al., 2011;
Singh et al., 2015; Zachara and Hart, 2006). The sig-
nificance of O-GlcNAcylation in cancer metastasis has
been demonstrated in vitro and in vivo. Suppression of
OGT using shRNA resulted in inhibition of metastasis
in xenografted mouse models of breast cancer (Ferrer
et al., 2017; Gu et al., 2010), cervical cancer (Ali et al.,
2017), and prostate cancer (Lynch et al., 2012).

We have previously reported the correlation of high
O-GlcNAcylation levels with shorter survival of
cholangiocarcinoma (CCA) patients (Phoomak et al.,
2012). Specifically, increased O-GlcNAcylation of
vimentin, a major intermediate filament protein, per-
suaded its stability and is implicated in the aggression
of CCA cells. In addition, promotion of CCA aggres-
siveness under high glucose conditions was shown to
be via elevation of OGT and O-GlcNAcylation (Phoo-
mak et al.,, 2017). On the other hand, suppression of
OGT with siRNA significantly reduced cell migration
and invasion of CCA cells (Phoomak et al., 2016).
According to the O-GlcNAcylated proteins database
(dbOGAP) (Wang et al., 2011), there are only about
800 O-GlIcNAcylated proteins reported at present. In
this context, there may be a number of O-GlcNAcy-
lated proteins (OGPs) associated with progression of
cancer that remain unidentified. Historically, progress
has been hampered in part by the technical difficulties
in detection of OGPs (Hart et al., 2007). However,
with the recent development of more sophisticated
mass spectrometric methods in combination with bio-
chemical tools, including enhancement of OGPs using
OGA inhibitors, identification of OGPs has been
markedly improved (Hart et al., 2007).

This study was aimed to determine novel OGPs that
modulate progression of CCA cells. OGPs were first
globally enriched and labeled using Click-iT™ O-
GIcNAc Enzymatic Labeling System, and then
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identified using Q Exactive Plus Orbitrap mass spec-
trometry. Heterogeneous nuclear ribonucleoprotein-K
(hnRNP-K) was selected and validated for its
O-GlcNAcylation status and involvement in CCA pro-
gression. The signal pathways related to hnRNP-K in
association with migration and invasion activities of
CCA cells were subsequently determined. Specifically,
O-GIcNAcylation of hnRNP-K was implicated in
mediation of nuclear translocation in addition to
migration of CCA cells. Moreover, association of
O-GlcNAcylation levels and hnRNP-K expression was
observed in tumor tissues of CCA patients in associa-
tion with metastatic stage and shorter survival of
patients. Significantly, these results implicate hnRNP-
K O-GlIcNAcylation as a promising therapeutic target
to suppress CCA progression.

2. Materials and methods

2.1. Antibodies and reagents

Antibodies were purchased from various sources: anti-
O-GlcNAc (RL-2, MA1-072) from Pierce Biotechnol-
ogy (Rockford, IL, USA); anti-hnRNP-K (H-300,
sc-25373), anticyclin D1 (H-295, sc-753), anti-XIAP
(H-202, sc-11426), anti-MMP2 (H-76, sc-10736), anti-
MMP7 (JLO7, sc-80205), and anti-OGT (F-12, sc-
74546) from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); anticleaved caspase 3 (D175, S5AIE,
#9664), anti-E-cadherin (24E10, #3195), anticlaudin-1
(DSHID, #13255), antivimentin (D21H3, #5741), and
antislug (C19G7, #9585) from Cell Signaling (Danvers,
MA, USA); PUGNAc (O-(2-acetamido-2-deoxy-d-glu-
copyranosylidene) amino-N-phenylcarbamate) from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. CCA cell culture and CCA tissues

CCA cell lines (KKU-100, KKU-213, and KKU-214)
were obtained from the Japanese Collection of
Research Bioresources (JCBR) Cell Bank (Osaka,
Japan). MMNKI, an immortal cholangiocyte cell line,
was a gift from Kobayashi N. (Maruyama et al.,
2004). Cells were cultured in DMEM-—Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Grand
Island, NY, USA) supplemented with 10% FBS and
1% antibiotic—antimycotic under standard protocol.
Transient enhancement of O-GlcNAcylation was per-
formed by culturing cells in the presence of 20 pm
PUGNACc for 24 h prior to further experiments.

The immunohistochemistry (IHC) experiments were
performed using formalin-fixed paraffin-embed liver
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tissues from histologically proven CCA patients. Each
subject gave informed consent, and the study protocol
was certified by the Ethics Committee for Human
Research at Khon Kaen University (HE581369).

2.3. Identification of O-GIlcNAcylated proteins

The Click-iT™ O-GlcNAc Enzymatic Labeling Sys-
tem (Invitrogen, Carlsbad, CA, USA) was used to
detect the OGPs in CCA cells. As shown in Fig. SI,
cells were homogenized and N-linked glycans were
released as described previously (Park et al., 2016).
Protein (2 mg) was trypsinized with 1 pg trypsin at
37°C overnight. The peptides were enriched with
C-18 column (Discovery® DSC-18, 52603U, Sigma)
as standard protocol for solid-phase extraction (Yang
et al., 2016). O-GlcNAcylated peptides were enzymat-
ically labeled with azido-modified galactose (GalNAz)
by  mutant  B-1,4-galactosyltransferase  (Gal-T1
(Y289L)). The labeled peptides were tagged with bio-
tin-alkyne by Click-iT™ Biotin Protein Analysis
Detection Kit (Invitrogen). The complex was then
pulled down with streptavidin—agarose resin (Thermo
Scientific, Waltham, MA, USA) at 4 °C overnight.
The peptides were cleaved by mild B-elimination and
Michael addition (BEMAD; 1.5% triethylamine,
20 mM dithiothreitol, pH 12-12.5 with NaOH). The
reaction was incubated at 54 °C for 4 h with shaking
and stopped by addition of 2% trifluoroacetic acid.
The peptides were enriched and analyzed using a Q
Exactive Plus Orbitrap mass spectrometer (Thermo
Scientific; Park et al., 2015). A 60-min binary gradi-
ent was applied using 0.1% (v/v) formic acid in (A)
water and (B) acetonitrile. The parameters of protein
identification were set as follows: spray voltage
2.2 kV; ion transfer capillary temperature 200 °C; MS
automatic gain control 1 x 10° MS maximum injec-
tion time 30 ms; MS/MS automatic gain control
5 x 10* MS/MS maximum injection time 50 ms; iso-
lation width 1.6; normalized collision energy 27,
charge state preference 2-8. The proteomics data were
analyzed by X!Tandem (Craig and Beavis, 2004).
Identified proteins were matched to the human pro-
teome (SWISSPROT) and the Database of O-GIcNA-
cylated Proteins and Sites (dbOGAP) (Wang et al.,
2011).

2.4. Transient suppression of hnRNP-K
expression using specific siRNA

hnRNP-K expression in CCA cells was suppressed
using siRNA (Zhang et al., 2016b) as previously
reported (Phoomak ez al., 2016). Cells treated with
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scramble siRNA (Negative Control siRNA, 1027310,
Qiagen, Hilden, Germany) were used as the control.

2.5. Cell proliferation

Viable cells were measured using the WST-8 proliferation
assay (Cell Counting Kit-8 (CCK-8), Dojindo Molecular
Technologies, Inc., Rockville, MD, USA) according to
the manufacturer’s guidelines. The absorbance of soluble
WST-8 formazan was measured at 450 nm. Cell numbers
were calculated as % of control cells.

2.6. Cell migration and invasion

CCA cells (40 000 cells) were placed into the upper
chamber of a 8.0 um pore size transwell-cell culture
inserts (Corning Incorporated, Corning, NY, USA) for
migration and invasion assays as previously described
(Phoomak et al., 2016). Cells were allowed to migrate
or invade: 9 h for KKU-213 and 24 h for KKU-214.
The migrated and invaded cells underneath the filter
were stained and counted under a microscope with
10x objective lens. Experiments were performed in
triplicate, and cells from 5 microscopic fields/insert
were determined and calculated as % of control.

2.7. Immunoprecipitation

Cell lysate was prepared and immunoprecipitation was
performed as previously described (Phoomak et al.,
2016). Briefly, cell lysates (500 pg) were immunopre-
cipitated with 2 pg anti-O-GIcNAc or anti-hnRNP-K
at 4 °C, overnight. The immunoprecipitated complex
was separated and solubilized in SDS sample buffer
prior to SDS/PAGE and western blotting.

2.8. Succinylated wheat germ agglutinin (sWGA)
pull-down assay

The sWGA pull-down assay was performed as previ-
ously described (Kang et al., 2009). In brief, 500 pg of
cell lysates was incubated with 40 pL of agarose-conju-
gated SWGA (Vector Laboratories, Burlingame, CA,
USA) with or without 0.25 m GIcNAc at 4 °C, over-
night. The precipitates were washed four times with
NET lysis buffer and boiled in SDS sample buffer.

2.9. SDS/PAGE and western blot analysis

Cells were lysed in lysis buffer (1% NP-40, 150 mm
NaCl, 50 mm Tris/HCI pH 7.4) containing 5 um PUG-
NAc, phosphatase, and protease inhibitors. The SDS/
PAGE and western blot were performed as previously
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described (Phoomak er al., 2016). The ECL™ Prime
Western Blotting Detection System and the images
were analyzed using an ImageQuant LAS 4000 mini
image analyzer and ImageQuant™ TL analysis soft-
ware (GE Healthcare, Buckinghamshire, UK).

2.10. Immunocytofluorescence

Cells were prepared for immunocytofluorescence as
previously described (Phoomak et al., 2016). After fix-
ation, cells were then incubated with 1:100
anti-hnRNP-K overnight at 4 °C and with 1:200 anti-
rabbit-IgG-PE (Santa Cruz) for 1 h at room tempera-
ture. To visualize nuclei, cells were stained with
1:10 000 Hoechst 33342 (Molecular Probes, Invitrogen,
Paisley, UK). The fluorescence image was taken using
a ZEISS LSM 800 Confocal Laser Scanning Micro-
scope (Zeiss, Oberkochen, Germany).

2.11. Immunohistochemistry

Expression of hnRNP-K and OGP in CCA tissues was
determined using immunohistochemistry (IHC) stain-
ing according to the standard protocol. The signals
were amplified using the EnVision-system-HRP (Dako,
Glostrup, Denmark). The immunoreactivity signals
were developed using diaminobenzidine (Sigma-
Aldrich). The THC score was determined as described
previously (Phoomak et al., 2017). Two independent
assessors scored the levels of IHC staining signal
blindly without prior knowledge of clinical parameters.

2.12. Statistical analysis

All statistics were analyzed using the GraphPad
Prism® 5.0 software (GraphPad software, Inc., La
Jolla, CA, USA). Student’s #-test was used to compare
parameters between two samples. The correlation
between OGP level and hnRNP-K expression in CCA
patient tissues was determined using Fisher’s exact
test, Mann—Whitney test, and Spearman’s rank corre-
lation test. Differences were considered statistically sig-
nificant if P < 0.05.

3. Results

3.1. Increasing O-GlcNAcylation enhances
migration and invasion abilities of CCA cells

As PUGNACc, an inhibitor of OGA was used to enrich
the O-GIcNAcylation in CCA cells, we first determined
whether PUGNACc treatment could increase O-GIcNA-
cylation and enhance progression of CCA cells. CCA
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cells (KKU-213 and KKU-214) were treated with
PUGNACc for 24 h, and the OGP level together with
migration and invasion abilities of CCA cells treated
with or without PUGNAc was determined. As shown
in Fig. 1A, suppression of OGA activity using PUG-
NAc increased the levels of OGP in CCA cells 2.5-fold
in KKU-213 and 3.0-fold in KKU-214, respectively.
PUGNACc treatment also significantly enhanced the
relative migratory ability to 165% in KKU-213 and to
175% in KKU-214 compared with the control cells
(Fig. 1B). Similar results were also observed for the
invasion ability. PUGNAc treatment increased inva-
sion of KKU-213 to 175% and of KKU-214 to 150%
compared with those of control cells (Fig. 1C).

3.2. Novel O-GIcNAcylated proteins related to
progression of CCA cells were revealed by
enzymatic labeling and mass spectrometry
analysis

To increase the sensitivity of OGP detection, O-
GIcNAcylated peptides were labeled with GalNAz by
GalTl (Y289L) and tagged with biotin-alkyne. The
labeled peptides were then analyzed by mass spectrom-
etry (Fig. S1). Over 100 OGPs were identified in cell
lysates from KKU-213 and KKU-214 (Tables S1), of
which the major OGPs were found in the cytoplasm
and nucleus (Fig. S2A).

To classify the OGPs that are related to progression
of CCA cells, the primary list of OGPs obtained from
mass spectrometry were filtered according to the fol-
lowing parameters: (1) it was present in both KKU-
213 and KKU-214 cells, and (2) it had at least one
predicted O-GIlcNAcylation site (based on dbOGAP).
There were 21 OGPs that passed these criteria. The
description, cellular localization, and functions of these
OGPs are listed according to the intensity of the pep-
tides in Table 1. Twelve OGPs listed may be novel
OGPs as their O-GlcNAcylation has not been identi-
fied (Fig. S2B). The involvement of these OGPs in bio-
logical processes is summarized in Fig. S2C.

3.3. Immunoprecipitation reveals O-GIcNAc
modification of hnRNP-K

hnRNP-K, a multifaceted RNA- and DNA-binding
protein associated with pre-mRNA, mRNA metabo-
lism and transport (Dejgaard and Leffers, 1996; Lu
and Gao, 2016), has been shown to contribute to
metastasis in several cancer types (Chung et al., 2014;
Gao et al., 2013; Zhang et al., 2016b; Zhou et al.,
2010). Moreover, hnRNP-K possesses multiple Ser/
Thr sites that are predicted to be O-GlcNAcylated.
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Fig. 1. O-GlIcNAcylation promotes CCA migration and invasion. CCA cells, KKU-213 and KKU-214, were treated with 20 um PUGNAc for
24 h. (A) OGP levels were determined using western blot. (B) Migration and (C) invasion abilities of PUGNAc-treated CCA cells were
compared with those of the vehicle control cells. The results represent one of two independent experiments (mean + SEM, *P < 0.05;
**P < 0.01, Students’ t-test). The images shown are 100 x magnification with 50 pm of scale bar.
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Table 1. List of O-GIcNAcylated proteins related with proliferation and progression of cancer.

UniProt Cellular
accession Gene name  Protein description loglintensity)®  compartment®  Function Reference
Reported O-GIcNAcylated proteins
P60709 ACTB Actin, beta 8.33 Cytoplasm - -
P16403 HIST1H1C Histone cluster 1 H1c 7.78 Nucleus Proliferation Song et al. (2008)
Migration
Invasion
P10412 HISTTH1E Histone cluster 1 H1e 7.74 Nucleus Proliferation Lee et al. (2013)
P16401 HISTTH1B Histone cluster 1 H1b 7.69 Nucleus Carcinogenesis  Khachaturov et al. (2014)
P02545 LMNA Lamin A/C 7.56 Nucleus Proliferation Kong et al. (2012)
Migration
Invasion
P06748 NPM1 Nucleophosmin 7.49 Cytoplasm Proliferation Ching et al. (2015)
(nucleolar phosphoprotein Nucleus Migration
B23 numatrin) Invasion
P22626 NRNPA2B1  Heterogeneous 7.32 Nucleus Proliferation Chen et al. (2014)
nuclear ribonucleoprotein Migration
A2/B1 Invasion
Q09666 AHNAK AHNAK nucleoprotein 7.10 Nucleus Proliferation Sudo et al. (2014)
Migration
Invasion
P07355 ANXA2 Annexin A2 7.07 Membrane Proliferation Chaudhary et al. (2014)
Cytoplasm Migration and Wang et al. (2015)
Nucleus Invasion
Unreported O-GIcNAcylated proteins
P46939 UTRN Utrophin 8.49 Membrane Proliferation Li et al. (2007)
Cytoplasm
Q5QNW6  HIST2H2BF  Histone cluster 2 H2bf 8.43 Nucleus - -
P62805 HISTTH4A Histone cluster 2 H4a 8.16 Nucleus Proliferation Yan-Fang et al. (2015)
B9ZVM9 TCP10L2 T-complex protein 7.95 Nucleus Proliferation (Shen et al., 2015)
10A homolog 2
Q16695 HIST3H3 Histone cluster 3 H3 7.50 Nucleus Proliferation (Xu et al., 2014)
P08195 SLC3A2 Solute carrier family 3 7.09 Membrane Proliferation Fei et al. (2014),
(amino acid transporter Cytoplasm Migration Santiago-Gomez et al. (2013)
heavy chain), member 2 Nucleus Invasion and Yang et al. (2007)
Q16819 MEP1A Meprin A subunit alpha 6.96 Membrane Migration Minder et al. (2012)
Invasion
P61978 HNRNPK Heterogeneous nuclear 6.81 Cytoplasm Proliferation Chung et al. (2014) and
ribonucleoprotein-K Nucleus Migration Gao et al. (2013)
Invasion
P27824 CANX Calnexin 6.73 Cytoplasm Carcinogenesis  Dissemond et al. (2004)
Metastasis
Q08170 SRSF4 Serine/arginine-rich 6.26 Nucleus Proliferation Gabriel et al. (2015)
splicing factor 4
Q5T200 ZC3H13 Zinc finger CCCH-type - -
containing 13
Q777G8 VPS13B Vacuolar protein sorting - -

13 homolog B

?Log (intensity) of identified OGPs in KKU-213.

PAccording to GeneCards®: The Human Gene Database.

Therefore, hnRNP-K was selected for verification of
its O-GlcNAc modification and involvement in CCA

progression.

To prove the modification of O-GlcNAc on hnRNP-
K, an immunoprecipitation assay was performed. Cell
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lysates of CCA cells treated with PUGNACc or vehicle
were subjected to immunoprecipitation using anti-OGP.

Immunoprecipitation using mouse

immunoglobulin

(IgG) as an isotype control was used to clarify the speci-
ficity of the anti-OGP. As shown in Fig. 2A, PUGNAc
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treatment increased the expression level of OGPs and
signal of hnRNP-K in the immunoprecipitated-OGP
from both KKU-213 and KKU-214 cells. Similar results
were obtained for the reversed-immunoprecipitation
using anti-hnRNP-K (Fig. 2B). In both cell lines, the
signal of OGP was higher in the immunoprecipitate of
hnRNP-K from PUGNAc-treated cells than that from
the control cells. These data demonstrated the O-
GIlcNAc modification of hnRNP-K. As succinylated
wheat germ agglutinin (sSWGA) specifically recognizes
the sugar moiety of GlcNAc, an sWGA pull-down assay
was performed to further ensure that hnRNP-K was O-
GlcNAcylated. As shown in Fig. 2C, the signal of
hnRNP-K in the sWGA pull-down precipitate from
PUGNACc-treated cells was higher than that of the con-
trol cells. The specific interaction between O-GlcNAcy-
lated hnRNP-K and sWGA was assured by the
neutralization of sSWGA with GlcNAc. The signals of
O-GlcNAcylated hnRNP-K, sWGA-conjugated pro-
teins, and O-GIcNAcylated proteins were diminished in
the GlcNAc-neutralized sWGA condition. In addition,
the level of O-GlcNAcylation of hnRNP-K was elevated
when cellular O-GlcNAcylation was increased. Collec-
tively, these results indicate the O-GlcNAcylation of
hnRNP-K.

3.4. hnRNP-K is required for cell proliferation,
migration, and invasion of CCA cells

We next investigated the involvement of hnRNP-K in
CCA progression, indicated namely by increases in cell
proliferation, migration, and invasion. To this end, the
expression of hnRNP-K was transiently suppressed by
siRNA, and cell proliferation, migration, and invasion
were determined in comparison with those of the
scramble control cells. The si-hnRNP-K transfection
could reduce the expression of hnRNP-K to 30% of
the control cells in KKU-213 and to 25% in KKU-
214 (Fig. 3A). Proliferation rates of KKU-213 and
KKU-214 were significantly decreased when the
expression of hnRNP-K was suppressed for 48 h
(Fig. 3B). Moreover, diminution of hnRNP-K expres-
sion markedly decreased the motility of CCA cells to
36% of the control cells in KKU-213 and to 27% in
KKU-214 (Fig. 3C). Similar effects were also observed
for the invasion ability of CCA cells. The invasion
ability of si-hnRNP-K-treated cells was 50% and 15%
of the control cells in KKU-213 and KKU-214,
respectively (Fig. 3D). These data indicated the associ-
ation of hnRNP-K with the proliferation, migration
and invasion of CCA cells. To ensure that the
observed effects of hnRNP-K on migration and inva-
sion were not due to changes in growth rates, we

C. Phoomak et al.

parallelly measured cell proliferation. As shown in
Fig. S3, there were no growth differences between si-
hnRNP-K- and scramble siRNA-treated cells during
the time of assays. Thus, si-hnRNP-K conferred
decreases in migration and invasion without affecting
cell growth.

3.5. Key markers related to growth and
metastasis proteins are influenced by hnRNP-K

Given that hnRNP-K is a multifaceted RNA- and
DNA-binding protein, we further examined the influ-
ence of hnRNP-K on key effector proteins related to
these malignant phenotypes: cyclin D1 for cell prolifer-
ation, XIAP for antiapoptosis, cleaved caspase 3 for
cell apoptosis, E-cadherin and claudin-1 for epithelial
markers, vimentin and slug for mesenchymal markers,
and MMP2 and MMP?7 for invasion activity. Specifi-
cally, the expression of cyclin DI and XIAP was inves-
tigated after hnRNP-K was suppressed by siRNA for
24, 48, and 72 h. Compared to the control cells, the
expression of cyclin D1 and XIAP in si-hnRNP-K-
treated KKU-213 and si-hnRNP-K-treated-KKU-214
cells decreased along with hnRNP-K expression until
72 h (Fig. 4A). In addition, the level of cleaved cas-
pase 3 increased with time in si-hnRNP-K-treated
cells. The quantitative data are shown in Fig. 4B.

To determine the effect of hnRNP-K on the effector
proteins related to cell migration and invasion, the
expression of epithelial to mesenchymal transition
(EMT) markers (e.g., E-cadherin, claudin-1, vimentin,
and slug), and matrix metalloproteinase (MMP) 2 and
MMP7 was determined in si-hnRNP-K-treated cells in
comparison with those of the scramble control cells.
As shown in Fig. 4C,D, the expression levels of E-cad-
herin and claudin-1 increased whereas those of vimen-
tin and slug decreased in si-hnRNP-K-treated cells. On
the other hand, while si-hnRNP-K treatment sup-
pressed the MMP2 expression after 24 h of treatment,
expression of MMP7 gradually decreased with time.
These data demonstrated that hnRNP-K influenced
cell migration and invasion in association with the
expression of EMT, MMP2, and MMP7.

To emphasize the connection of O-GlcNAcylation
levels, hnRNP-K and its downstream signals, the
expression level of O-GIcNAcylation, hnRNP-K,
cyclin D1, XIAP, and EMT markers was determined
in CCA cell lines, KKU-100, which shows lower
migration activity versus KKU-213. As shown in
Fig. 4E, compared to KKU-213, KKU-100 exhibited
not only lower levels of O-GlcNAcylation but also
lower levels of hnRNP-K and the effector molecules
related to migration and invasion.
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Fig. 2. Validation of hnRNP-K O-GIcNAcylation. CCA cells (KKU-213 and KKU-214) were treated with PUGNAc or vehicle for 24 h. The cell
lysates were immunoprecipitated with either (A) anti-OGP or (B) anti-hnRNP-K and probed with anti-hnRNP-K and anti-OGP. Human
immunoglobulin G (IgG) isotype was used as the controls of the specificity of the antibodies that were used in the immunoprecipitation
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Fig. 3. Suppression of hnRNP-K reduces proliferation, migration, and invasion of CCA cells. The expression of hnRNP-K was transiently
suppressed by siRNA for 48 h prior to the migration and invasion assays. (A) The expression of hnRNP-K was determined using western
blot. (B) Cell proliferation, (C) migration, and (D) invasion abilities of si-hnRNP-K-treated CCA cells were compared with those of the
scramble siRNA (sc)-treated cells. The migration and invasion assays were conducted for 9 h in KKU-213 and 24 h in KKU-214. The images
shown are 100 x magnification with 50 um scale bar. Data are mean + SEM (*P < 0.05; **P < 0.01; ***P < 0.001, Students’ t-test).
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Fig. 4. hnRNP-K mediates the expression of growth- and metastasis-related proteins in CCA cells. CCA cell lines, KKU-213 and KKU-214,
were treated with si-hnRNP-K for 24, 48, and 72 h. The expression levels of growth- and metastasis-related proteins were determined using
western blot. Expression of GAPDH was used as an internal control. The expression of (A) hnRNP-K, cyclin D1, XIAP, and cleaved caspase
3 as well as (C) EMT markers (E-cadherin, claudin-1, vimentin, and slug), and MMP2 and MMP7 was determined in si-hnRNP-K-treated cells
in comparison with those of scramble control cells. B and D are the quantitative analysis of (A) and (C) presented as mean 4+ SD from two
independent experiments. (E) The endogenous expression of hnRNP-K and its downstream targets was compared in 2 CCA cell lines (KKU-
100 and KKU-213) with different migration/invasion abilities and O-GIcNAcylation levels. (*P < 0.05; **P < 0.01, Students’ t-test)

To investigate whether enhancing O-GlcNAcylation
of hnRNP-K could support the migratory activity of
cells, two additional cell lines with low hnRNP-K
expression were enrolled, MMNKI1, an immortal
cholangiocyte, and KKU-100. Their migration was

measured with si-hnRNP-K treatment and in the pres-
ence or absence of PUGNAc. While siRNA of
hnRNP-K was used to suppress the expression of
hnRNP-K, PUGNACc treatment enhanced the levels of
OGPs in both cell lines (Fig. S4). Suppression of
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Fig. 5. hnRNP-K nuclear localization is regulated by O-GlcNAcylation and correlated with migratory activity of CCA cells. (A) The expression
of OGT was suppressed by siRNA for 24 h. Expression levels of OGP and hnRNP-K in siOGT- and PUGNAc-treated cells were compared
with those of control cells using western blot analysis. (B) Localization of hnRNP-K and nuclei was observed using immunocytofluorescent
staining. hnRNP-K was stained using PE (red), and cell nuclei were visualized using Hoechst 33342 (blue). Nuclear localization of hnRNP-K is
demonstrated by the purple nuclei in the merged images. The quantification of scramble siRNA- and siOGT-treated cells with nuclear
hnRNP-K is shown in the upper panel graph. The migratory ability of cells treated with scramble siRNA and siOGT is shown in the lower
panel graph. (C) The scramble siRNA- and siOGT-treated cells were allowed to migrate to the lower chamber in a Transwell culture system
for 48 h. Localization of hnRNP-K was determined in the parental and migrated cells using immunocytofluorescent staining. Cells with
nuclear hnRNP-K were counted as shown in the graphs. The images are 200 x magnification and scale bars = 20 pum. Data are
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hnRNP-K expression decreased the migratory activity
of MMNKI1 and KKU-100 cells to 50% and 30% of
the control cells, respectively. On the other hand, ele-
vating O-GIcNAcylation by PUGNAc treatment
increased the migratory ability of both the control and
si-hnRNP-K-treated cells. Similar effects were
observed in MMNKI1 and KKU-100. Together, these
results support our finding that O-GIlcNAcylation and

hnRNP-K are associated with migratory ability
regardless of cell type.

3.6. O-GIcNAcylation of hnRNP-K activates the
nuclear translocation of hnRNP-K

To investigate the effect of O-GIcNAcylation on the
function of hnRNP-K, the level of O-GlcNAcylation
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Fig. 6. The expression and localization of hnRNP-K in CCA tissues correlated with OGP levels. (A) IHC staining of hnRNP-K and OGP in two
representative pairs of CCA tissues. (B) The correlations between hnRNP-K expression and OGP were analyzed by Fisher's exact test
(N =30). (C) Mean expression of hnRNP-K in nucleus of the high OGP group was significantly higher than those of the low OGP group
(**P < 0.01; Mann-Whitney test). (D) The positive correlation between nuclear hnRNP-K and OGP levels was shown by Spearman’s rank
correlation test. (E) Nuclear hnRNP-K in CCA patient tissues with stage I-lll and IV were compared. (F) High level of nuclear hnRNP-K was
correlated with shorter CCA patients with high nuclear hnRNP-K level exhibited the shorter survival (median survival = 147 days, 95%
Cl = 106-187 days), than those with low nuclear hnRNP-K level (median survival = 233 days, 95% Cl = 128-338 days) (P = 0.011, Kaplan—
Meier plot and log-rank test). The IHC images are showed in 200 x magnification with 20 um of scale bar. (G) Schematic diagram presents
molecular mechanism by which O-GlcNAcylation regulated nuclear translocation of hnRNP-K in association with progression of CCA.

was monitored using siOGT and PUGNAc. As shown
in Fig. 5A, siOGT treatment reduced cellular O-
GlcNAcylation whereas PUGNAc treatment increased
the level of O-GlcNAcylation in both KKU-213 and
KKU-214. However, neither treatments affected
hnRNP-K expression. This observation implied that
O-GIcNAcylation may not affect the expression and
stability of hnRNP-K.

As hnRNP-K is a transcription factor and the
translocation from cytoplasm to nucleus is an impor-
tant process for proper functioning of hnRNP-K, we
next explored the effect of O-GlcNAcylation on the
nuclear translocation of hnRNP-K. Cellular localiza-
tion of hnRNP-K was determined in siOGT-treated
cells using hnRNP-K  immunocytofluorescence:
hnRNP-K was stained using PE (red) and cell nuclei
were visualized using Hoechst 33342 (blue). As shown
in Fig. 5B, almost all of the positive hnRNP-K signals
of scramble control cells were located in the nucleus
(red nuclei of the hnRNP-K staining; purple nuclei of
the merged images). Suppression of O-GlcNAcylation
in siOGT-treated cells retained hnRNP-K signals in
the cytoplasm (red cytoplasmic stain with blue nuclei
of the merged images). The number of cells with posi-
tive nuclear hnRNP-K was significantly reduced in
siOGT-treated cells in both KKU-213 (P < 0.001) and
KKU-214 (P < 0.01; Fig. 5B). The siOGT treatment
also significantly decreased migratory activity of both
cell lines. These data suggested that O-GlcNAcylation
modulates the nuclear localization of hnRNP-K, which
may in turn influence the migratory ability of CCA
cells.

To affirm the connection between O-GlcNAcylation
and nuclear localization of hnRNP-K, the expression
and localization of hnRNP-K in KKU-100 were
coevaluated using immunofluorescent staining. As
shown in Fig. S5A-B, the number of KKU-100 cells
with nuclear hnRNP-K was significantly lower than
that of KKU-213 and KKU-214 (P < 0.05). The dif-
ference corresponded with the level of O-GlcNAcyla-
tion and hnRNP-K expression. In addition, increased
O-GIcNAcylation by PUGNACc treatment in KKU-100
resulted in a higher proportion of cells with nuclear

hnRNP-K (Fig. S5C). These data are consistent with
those observed in KKU-213 and KKU-214 cells in
that O-GlcNAcylation conferred the nuclear transloca-
tion of hnRNP-K.

3.7. Migratory enhancement of CCA cells is
correlated with nuclear translocation of hnRNP-K

To connect the nuclear translocation of hnRNP-K
with the migratory ability of CCA cells, the localiza-
tion of hnRNP-K in the parental and migrated cells
was determined. CCA cells were transfected with
scramble siRNA or siOGT for 24 h and allowed to
migrate to the lower chamber of a Transwell system
for 48 h. Localization of hnRNP-K in the parental
cells and the migrated cells in the lower chamber
were detected using immunocytofluorescent staining.
As shown in Fig. 5C, almost all the parental and
migrated si-scramble-treated cells possessed nuclear
hnRNP-K (purple nuclei). Suppression of O-GIcNA-
cylation using siOGT, however, resulted in the reten-
tion of hnRNP-K in the cytoplasm (pink cytoplasm
with blue nuclei) and significantly reduced the num-
ber of cells with nuclear hnRNP-K (P < 0.001). Fur-
thermore, when siOGT-treated cells were allowed to
migrate to the lower compartment of the Boyden
chamber, it was found that only the fraction of cells
with nuclear hnRNP-K could migrate to the lower
chamber. These data emphasized the association of
nuclear hnRNP-K and migratory activity of CCA
cells.

3.8. Expression of nuclear hnRNP-K in CCA
tissues positively correlates with O-
GlcNAcylation levels

Upon observation of O-GlcNAc-mediated nuclear
translocation of hnRNP-K in CCA cell lines, we then
verified whether this association could be observed in
tumor tissues of CCA patients. The expression levels
of OGP and hnRNP-K with nuclear localization were
determined in 30 cases of CCA tissues using THC,
semiquantitated according to the intensity and
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frequency of the positive signal with THC scores.
hnRNP-K and OGP were generally observed in both
the nucleus and cytoplasm of CCA tissues but
nuclear staining with different intensities was predom-
inantly observed (Fig. 6A). Expression of nuclear
hnRNP-K and OGP was categorized according to the
median of THC scores as low or high levels, and the
correlation of these two factors was analyzed. Posi-
tive correlations between number of CCA cells with
nuclear hnRNP-K and those with OGP expression
were observed (Fig. 6B, Fisher’s exact test). CCA tis-
sues with high nuclear hnRNP-K expression also had
high OGP expression. In addition, higher expression
of nuclear hnRNP-K was observed in CCA tissues
with high OGP expression than those with low OGP
expression (Fig. 6C, Mann—Whitney test). Correla-
tions between the expression levels of nuclear OGP
and those of nuclear hnRNP-K are shown by Spear-
man rank correlation with » = 0.529 (Fig. 6D).

3.9. High expression of tissue nuclear hnRNP-K is
associated with metastatic stage and poor
clinical outcome of CCA patients

To implicate the clinical significance of hnRNP-K in
CCA, expression of tissue hnRNP-K and clinicopatho-
logical features of CCA patients were determined in 38
CCA subjects. Nuclear hnRNP-K expression was cate-
gorized as low or high based on median IHC score,
and univariate analysis was performed. CCA tissues
with metastatic stage (stage V) exhibited higher levels
of nuclear hnRNP-K than those with nonmetastatic
stages (stages I-IIT) (Table 2, Fig. 6E). The Kaplan—
Meier analysis indicated that patients whose tumor

Table 2. The correlation between nuclear hnRNP-K levels and
clinicopathological data of CCA patients.

Nuclear hnRNP-K

Variables (N) Low High P-value
Age (38)
<56 (21) 13 8 0.847
> 56 (17) 10 7
Sex (38)
Male (25) 16 9 0.544
Female (13) 7 6
Histological type (38)
Papillary (11) 7 4 0.802
Nonpapillary (27) 16 11
CCA stage (30)
=11 (13) 12 1 0.001*
IV (17) 5 12

*¥P < 0.001, Fisher's exact test (two-sided).

0O-GlcNAcylation of hnRNP-K induces CCA metastasis

possessed high nuclear hnRNP-K had significantly
shorter survival than those possessed low nuclear
hnRNP-K (Fig. 6F, P =0.011, log-rank analysis).
Univariate Cox proportional hazard-regression analy-
sis was next performed to determine the influence of
nuclear hnRNP-K levels and clinicopathological char-
acteristics on overall survival of CCA patients. As
shown in Table 3, high level of nuclear hnRNP-K was
significantly ~ correlated  with  overall  survival
(P =0.014) and an independent prognostic factor of
CCA (HR = 2.540, 95% CI = 1.213-5.317, P = 0.013).

4. Discussion

Several O-GlcNAcylated proteins (OGPs) have been
reported for their roles in cancer proliferation, metas-
tasis, metabolism, angiogenesis, stress response,
replicative immortality, and resistance to apoptosis
(Ma and Vosseller, 2013). Although it is likely that
there are more cancer-related OGPs involved in these
processes, many remain unidentified. In this study, we
used Click-iT™ O-GlcNAc Enzymatic Labeling System
and mass spectrometry to reveal OGPs that are related
to the progression of CCA. Among these, hnRNP-K
was shown to be O-GlcNAcylated and associated with

Table 3. Univariate and multivariate analysis of factors influencing
overall survival in CCA patients

Univariate analysis Multivariate analysis

Variables 95% P- 95% P-
(N) HR Cl value HR Cl value
Age (38)
<56 (21) 1
> 56 (17) 0.741 0.384- 0.370
1.428
Sex (38)
Male (25) 1
Female (13) 1.302 0.650- 0.456
2.609

Histological type (38)
Papillary (11) 1 1
Nonpapillary  1.353 0.676- 0.393 1.439 0.702- 0.320

(27) 2.706 2.949
CCA stage (30)
=1 (13) 1
IV (17) 1.850 0.835- 0.130
4.102
Nuclear hnRNP-K (38)
Low (23) 1 1
High (15) 2528 1.208- 0.014* 2,540 1.213- 0.013*
5.294 5.317

Cl, confidence interval; HR, hazard ratio.
*P < 0.05, Cox proportional hazard-regression test.
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malignant progression phenotypes of CCA cells. In
addition, this study is the first demonstration that O-
GIcNAc modification has an impact on nuclear
translocation of hnRNP-K and mediates the migratory
ability of CCA cells. The association of O-GlcNAcyla-
tion and the nuclear translocation of hnRNP-K with
metastasis and poor patient outcome were also demon-
strated.

The contribution of O-GlcNAcylation in the pro-
gression of CCA has been sequentially reported (Phoo-
mak et al., 2012, 2016, 2017). Immunohistochemistry
of OGP, OGT, and OGA in tumor tissues from
patients revealed that CCA tissues had increased
expression of OGPs which resulted from the increase
of OGT and decrease of OGA expression. Correlation
of high OGPs in CCA tissues with poor clinical out-
comes of CCA patients was observed (Phoomak et al.,
2012). Recently, O-GlcNAcylation was shown to
enhance progressive phenotypes of CCA cells by
increasing high mannose N-linked glycans at the cell
surface through regulation of FOXO3 and MANIAI
expression (Phoomak et al., 2018). The connection of
O-GIcNAcylation to the migration and invasion abili-
ties of CCA cells was shown to be partly via activation
of nuclear translocation of NF-kB (Phoomak et al.,
2016). Reducing the cellular O-GlcNAcylation by
siOGT, however, suppressed migration and invasion
abilities of CCA cells to a lower extent than the inacti-
vation of NF-kB (Phoomak et al., 2016). This implies
that there might be other O-GIcNAcylated proteins
together with NF-kB that modulate progression of
CCA cells. In the present study, novel OGPs that asso-
ciated with progressive phenotypes of CCA were
explored.

O-GIcNAc is particularly difficult to detect due to
biological and technical challenges. First, cells contain
high levels of hydrolase enzymes which can rapidly
remove O-GIcNAc when cells are damaged or lysed,
resulting in loss of O-GIcNAc during protein isolation
(Greis and Hart, 1998; Hart et al., 2007). Second, O-
GIcNAc appears on a protein at substoichiometric
amounts and easily falls off when it is ionized in a
mass spectrometer (Greis and Hart, 1998). Third, the
signal of O-GlcNAcylated peptides, if remained, is
almost always suppressed by the higher abundance of
unmodified peptides (Greis and Hart, 1998). To deter-
mine the OGPs that modulate progression of CCA
cells, we first increased the signal of OGPs by inhibit-
ing the activity of OGA (an enzyme that removes
GIcNAc from the proteins) with PUGNAc. The treat-
ment did increase OGP levels in both CCA cell lines
(Fig. 1A) and enhanced the progressive phenotypes of
CCA cells. These results support the association of
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O-GIcNAcylation and progression of CCA cells. The
sensitivity to detect O-GlcNAcylated peptides was ele-
vated using Click-iT™ O-GlcNAc¢ Enzymatic Labeling
System, which stabilized the GIcNAc moieties on the
peptide by GalNAz labeling. The system allowed us to
select and detect only O-GIcNAcylated peptides for
mass spectrometric analysis. In this study, there were
over 100 OGPs detected, of which 21 were commonly
found in both CCA cell lines, KKU-213 and KKU-
214 (Table 1).

The OGPs found in this study were checked against
a curated database of experimentally verified O-
GIcNAcylated proteins using the Database of O-
GlcNAcylated Proteins and Sites (d(bOGAP) (Wang
et al., 2011). Twelve proteins were identified as novel
OGPs. Among these, hnRNP-K, a member of the
RNA/DNA-binding protein family, was selected for
further verification (Lu and Gao, 2016). hnRNP-K has
a unique RNA- and DNA-binding component of
ribonucleoproteins, which is involved in several cellular
processes, including chromatin remodeling, transcrip-
tion, mRNA processing, translation, nuclear transport,
signal transduction, and DNA repair (Gao et al.,
2013; Lu and Gao, 2016). It can be further modified
by several post-translational modifications, including
phosphorylation, that regulates its function and inter-
actions with different binding partners (Barboro et al.,
2014a). There are several studies that have indicated
the significant roles of hnRNP-K in the development
and progression of several cancers, including cancers
of the bladder (Chen et al., 2017), breast (Dhanjal
et al., 2014), colon (Zhang et al., 2016b), pancreas
(Zhou et al., 2010), prostate (Barboro et al., 2014b),
lung (Li et al., 2011), cervix (Zhang et al., 2016a), and
liver (Xiao et al., 2013).

In the present study, we demonstrated that hnRNP-
K expression is related to cell proliferation, migration,
and invasion which are hallmarks of cancer progres-
sion. Silencing of hnRNP-K expression with specific
siRINA significantly decreased cell growth, migration,
and invasion of both CCA cell lines tested. Suppres-
sion of hnRNP-K expression decreased the key effec-
tors of cell growth (cyclin D1 and XIAP) and
increased the level of cleaved caspase 3, a marker of
apoptosis (Fig. 4A,B). The impact of hnRNP-K on
cell proliferation was firstly shown in colon (Sugimasa
et al., 2015), liver, and bladder cancers (Chen et al.,
2017; Xiao et al., 2013). In the current study, hnRNP-
K was shown to be involved in cell migration and
invasion of CCA cells. Reduced hnRNP-K expression
significantly diminished the migration and invasion
abilities of CCA cells and decreased the expression of
the effector markers of migration and invasion—EMT
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markers (cadherin, claudin-1, vimentin, slug) and
metastasis-related proteins (MMP2, MMP7). The
association of these markers and progressive pheno-
types has been reported in several cancer cells (Chung
et al., 2014, Gao et al., 2013; Zhang et al., 2016b;
Zhou et al., 2010). Cyclin D1 and MMP2 have been
demonstrated to be the direct downstream targets of
hnRNP-K. Decreased expression of cyclin D1 was
shown in hnRNP-K suppressing bladder cancer cells
(Chen et al., 2017). In addition, increased transcrip-
tion activity and mRNA level of MMP2 were shown
in hnRNP-K enhancing colorectal cancer cell lines
(Zhu et al., 2017). Whether the EMT markers (cad-
herin, claudin-1, vimentin, slug) and MMP7 are direct
downstream targets of hnRNP-K remain to be
explored.

The connection of O-GlcNAcylation, hnRNP-K,
and progression of CCA cells was further supported
by the study of KKU-100 which exhibited lower
migration and invasion activities than KKU-213. The
levels of O-GlcNAcylation and hnRNP-K expression
as well as the downstream signals of cell proliferation
and EMT markers related to hnRNP-K were also
lower in KKU-100 than those in KKU-213. The asso-
ciation of hnRNP-K and O-GlcNAcylation with cell
migration is irrespective of cell type, as monitoring of
hnRNP-K expression or O-GlcNAcylation levels was
also able to affect the migratory ability of the immor-
tal cholangiocyte, MMNKI1 and a less aggressive
CCA cell line, KKU-100 (Fig. S4). These collective
results establish a correlation between the expression
of hnRNP-K and O-GlcNAcylation with the migra-
tory ability of CCA cells.

For this study, hnRNP-K was justified as a novel
OGP based on the analysis using Database of O-
GlcNAcylated Proteins and Sites (dbOGAP) (Wang
et al., 2011). However, more recently, O-GlcNAcyla-
tion of hnRNP-K has been identified and reported
previously in breast cancer (Champattanachai et al.,
2013; Drougat et al., 2012). The modulation of O-
GIcNAc on hnRNP-K was confirmed by anti-OGP
and anti-hnRNP-K immunoprecipitation as well as
sSWGA pull-down assays (Fig. 2). In agreement with
this phenomenon, the elevation of O-GlcNAcylation
by PUGNACc treatment also increased the level of
O-GIlcNAcylated hnRNP-K in CCA cells. This evi-
dence provides a link between global O-GlcNAcylation
and O-GlcNAcylated hnRNP-K.

Even though the modification of hnRNP-K by
O-GIcNAcylation has been shown, the effect of
O-GlcNAcylation on the regulation of hnRNP-K
expression and action is unknown. The present study
reported for the first time the effect of GlcNAc
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modification on the nuclear translocation of hnRNP-
K. The O-GlcNAcylation of CCA cells was modulated
using siOGT or PUGNAc treatment. Treated cells
with siOGT significantly decreased O-GlcNAcylation
levels whereas PUGNACc treatment reversed the obser-
vation (Fig. 5A). Modulating levels of O-GlcNAcyla-
tion have no effect on the expression of hnRNP-K but
did affect the O-GlcNAcylated level of hnRNP-K
(Fig. 2). As hnRNP-K action is in the nucleus, we
then investigated the effect of O-GlcNAcylation on
nuclear translocation of hnRNP-K. To visualize
nuclear hnRNP-K in relation with O-GlcNAcylation,
the immunocytofluorescence of hnRNP-K  was
assessed in CCA cells treated with scramble siRNA or
siOGT. As demonstrated in Fig. 5B, suppression of
O-GlcNAcylation by siOGT in KKU-213 and KKU-
214 cells significantly reduced the number of cells with
positive nuclear hnRNP-K. Conversely, increased O-
GlcNAcylation in KKU-100 by PUGNAc treatment
increased the number of cells with nuclear hnRNP-K
(Fig. S5C). O-GlcNAc-induced nuclear translocation
of other proteins besides hnRNP-K has also been
observed, for example, NF-kB in CCA (Phoomak
et al., 2016) and lung cancer (Yang et al., 2008);
hnRNP-A1 (Roth and Khalaila, 2017) and B-catenin
in colorectal cancer (Olivier-Van Stichelen et al.,
2012).

The significance of nuclear localization of hnRNP-K
was linked to migration of CCA cells by the observa-
tion that almost all migrated cells of siOGT-treated
cells had nuclear hnRNP-K. The positive associations
of O-GlcNAcylation and nuclear hnRNP-K as well as
progressive phenotypes were also evident in tumor tis-
sues from CCA patients (Fig. 6A-D). High level of
nuclear hnRNP-K in CCA tissues was associated with
metastatic stage and shorter survival of CCA patients.
The association of hnRNP-K with poor prognosis has
also been reported in colon cancer (Carpenter et al.,
20006).

Collectively, the results above demonstrated the
function of O-GIcNAcylation on nuclear translocation
of hnRNP-K. Whether this association is the direct
effect of O-GlcNAcylation on hnRNP-K, however, is
still obscure. It has been shown that nuclear transloca-
tion of hnRNP-K is mediated via activation of Akt
(Barboro et al., 2014b; Li et al., 2011), which is also
regulated by O-GlcNAcylation (Phoomak et al., 2016).
In CCA cells, the association of nuclear translocation
of hnRNP-K and O-GlcNAcylation is possibly the
direct effect of O-GlcNAcylation on hnRNP-K or
formed indirectly via Akt activation. Further experi-
ments using site-directed mutagenesis of O-GlcNAcyla-
tion on hnRNP-K are required for the complete
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understanding of the precise role of O-GlcNAcylation
on nuclear translocation of hnRNP-K.

Our results also underscore the impact of nuclear
translocation of hnRNP-K on the migratory ability of
CCA cells. First, siOGT treatment inhibited nuclear
translocation of hnRNP-K and concurrently decreased
migration of CCA cells. Second, almost all migrated
cells detected in migration assay had positive nuclear
hnRNP-K. These findings prompt further development
of inhibitors of hnRNP-K nuclear translocation to
diminish CCA progression.

5. Conclusion

Primarily in the nucleus and cytoplasm, 12 novel
OGPs associated with progression of cancer were
revealed in CCA cells. Of these, hnRNP-K was vali-
dated for its O-GlcNAc modification and its molecular
mechanism in promoting progression of CCA
(Fig. 6E). The impact of hnRNP-K on progressive
phenotypes—cell growth, migration, and invasion—
was emphasized. O-GlcNAcylation was proved to be
necessary for nuclear translocation of hnRNP-K that
subsequently activates several downstream targets of
hnRNP-K (cyclin D1, XIAP, caspase 3, EMT mark-
ers, and MMP2 and MMP7). Expression of nuclear
hnRNP-K in tumor tissues predicted the metastatic
stage and associated with poor patient outcome. Inhi-
bition of nuclear translocation of hnRNP-K may be a
new strategy for CCA treatment.
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ABSTRACT

Introduction: Cholangiocarcinoma (CCA) is a poorly prognostic cancer with limited treatment options.
Most patients have unresectable tumors when they are diagnosed and the chemotherapies provided
are of limited benefit. Prognostic markers are therefore necessary to predict the disease outcome, risk of
relapse, or to suggest the best treatment option.

Areas covered: This article provides an up-to-date review of biomarkers with promising characteristics
to be prognostic markers for CCA reported in the past 5 years. The biomarkers are sub-classified into
tissue and serum markers. Proteins, RNAs, peripheral blood cells etc., that are associated with aggressive
phenotypes, signal pathways, chemo-drug resistance, and those that reflect the survival time of CCA
patients are evaluated for their prognostic prediction values.

Expert commentary: CCAs are heterogeneous tumors of different histo-pathological subtypes and
genetic influences and, therefore, potential markers should be validated in larger collectives with varied
epidemiological backgrounds. A systematic review and meta-analysis should be done to clarify the
impact of the reported biomolecules for their potential prognostic values. Non- or low-invasive sample
collections, as well as the simple and affordable determination methods, should be constructed to make
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the prognostic biomarkers available in clinical practice.

1. Cholangiocarcinoma: incidence and clinical
manifestations

Cholangiocarcinoma (CCA) is a malignancy of bile duct epithe-
lia. The incidence of CCA accounts for 15% of all primary liver
cancers and 3% for all gastrointestinal malignancies [1].
Considering CCA as a rare cancer, its incidence is nevertheless
increasing globally. The highest incidence of CCA is in
Southeast Asia, especially in the Northeast of Thailand, while
the lowest incidence is in Australia [1,2]. The risk factors for
choangiocarcinogenesis are varied geographically. Primary
sclerosing cholanigitis is a well-known risk factor in the
Western countries, 10-15% of which later develop CCA. The
high-risk group for CCA in Southeast and East Asia is, in
contrast, associated with the infection of liver flukes,
Opisthorchis viverrini in the Southeast and Clonorchis sinensis
in East Asia [3,4].

CCA is classified into three types according to its anatomi-
cal location: the intrahepatic (iCCA), perihilar (pCCA), and distal
(dCCA) CCAs. iCCA is considered as the second most common
primary liver cancer after hepatocellular carcinoma (HCCQ).
pCCA and dCCA are extrahepatic CCA (eCCA), of which pCCA
is the most frequent type reported [5]. Risk factors for iCCA
and eCCA are common but the etiology and cells of origin
may be different. In addition, liver fluke and non-liver fluke
associated CCAs also exhibited different genetic mutations
and gene expression profiles [6]. Hence, the genetic back-
ground, molecular expression, and biological behaviors of
CCAs among each type are different [6-8]. These facts imply

that the potential biomarkers or therapeutic targets raised
from one type of CCA may not be beneficial to all CCAs
even with similar subtypes.

CCA is highly fatal. The potentially curative treatment is
surgical resection [2]. Only one third of CCA patients, how-
ever, are diagnosed at an early stage and are therefore
amenable to curative surgical intervention [9]. The rest of
CCA patients usually present with an advanced stage, loco-
regional invasion or distant metastasis, for all of which,
surgical intervention is an unlikely cure. Alternative treat-
ments such as systemic chemotherapy and loco-regional
therapies still have roles for survival time improvement
even though with limited effectiveness. The transarterial
chemoembolization for localized unresectable iCCA has
improved median overall survival time to 12-15 months
while the standard-of-care chemotherapy regimen of gem-
citabine and cisplatin provided median overall survival
times of less than a year [10-12]. The other approaches
such as targeted therapy and immunotherapy for CCA are
ongoing in the clinical trials [13].

2. Significance of prognostic markers for cancer
treatment

Most of the morbidity and mortality of CCA comes from
metastasis, therefore, prognostic markers to follow up
the treatment outcomes after resection and to predict
those who will benefit from the treatment are needed.
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Biomolecules that reflect the biological processes of cancer
cells can be used as biomarkers and upregulation of these
markers may imply clinical manifestations of patients. For
example, an increase of motility-associated molecules may
reflect the metastatic potential of cancer cells and imply a
poor prognosis and short survival time of the patients. In
addition, the rising level of a biomarker after surgical resec-
tion may suggest recurrence of the disease. For example,
carbohydrate antigen 19-9 (CA-19-9) and carcinoembryonic
antigen (CEA) are potentially used to indicate the risk of a
recurrent tumor when their levels have risen. Biomarkers
that are associated with therapeutic responsiveness are
also beneficial in clinical practice as they signify the success
of treatment and suggest effective management. The prog-
nosis of CCA after treatment with any modality is associated
with many factors including the genetic and epigenetic
background, gene expression pattern of tumor, surgical pro-
cedure or responsiveness to chemotherapy or loco-regional
intervention, and the recurrence of tumors after resection.
To achieve an accurate prognostic prediction for CCA, in
terms of an overall survival (OS) time, disease-free survival
(DFS), and recurrent rate, etc. involves several stated factors.
At present, none is the best representative.

The attempts to discover an effective prognostic bio-
marker for CCA have been occurring for several decades
and some of promising candidates have been reported.
Various types of biomolecules, nucleic acid, proteins, and
glycoproteins associated with CCA progression have been
discovered and suggested as candidates for prognostic
markers for CCA. The correlation between the expression
levels of these candidates with clinico-pathological char-
acteristics and survival of patients has provided evidence
for the values of these markers for the prognosis of CCA.
Most of the candidates were discovered using immunohis-
tochemistry, some of which could be detected in serum.
The latter group is an ideal prognostic marker for a follow-
up purpose as serum collection is convenient and less
invasive. In this sense, validation of biomarkers in serum
or secretory fluids should not be neglected when a tissue
marker is identified.

In this review, the biomarkers are sub-classified according
to the sources of samples from tissue and serum markers. The
functional molecules related to the prognosis of CCA in the
recent 5 years are evaluated.

3. Tissue biomarkers as prognostic-predictive
markers of CCA

Overexpression or aberrant expression of many molecules
in CCA tissues identified by immunohistochemistry or
other techniques have been proposed to be prognostic
markers for CCA. Tissue markers have become a prototype
for cancer biomarkers since their association with cancer
cells or the cancer microenvironment are definitely pro-
ven. Most of these markers were identified at the protein
level and some were validated at the mRNA level. The
recent tissue markers reported for CCA are summarized
in Table 1.

3.1. Cell surface molecules

Several surface molecules, for example, clusters of differentia-
tion (CD) 155, CD44, CD97, CD98, and EpCAM, etc., play sig-
nificant roles in cancer progression. These molecules are
associated with cell motility and transcellular signaling that
modulate tumor behavior. Thus, the associations of surface
molecules with cancer progression and poor prognosis of
patients are frequently found. CD155, an immunoglobulin-
like adhesion molecule, known as the poliovirus receptor, is
associated with cell proliferation, migration, metastasis, and
tumor immunity of CCA [14]. Upregulation of CD155 in CCA
tissues has been associated with histological grading, lymph
node metastasis, the expression of vascular endothelial
growth factor (VEGF), and microvascular density (MVD).
Expression of CD155 was related to a shorter DFS and OS of
patients and was suggested to be an independent prognostic
marker for CCA [14]. High expression of CD44, a transmem-
brane protein involved in glutathione synthesis for redox
balance and survival of cancer cells in CCA tissues, was corre-
lated with clinico-pathological features and an OS of patients
[15]. Patients with tissue CD44 positive had a significantly
shorter OS survival than those with CD44 negative.
Moreover, the patients with high CD44 and negative phos-
pho-p38 mitogen-activated protein kinase (MAPK) expressions
in CCA tissues had a significantly shorter OS compared to
those with low CD44 and positive phospho-p38 MAPK expres-
sions [16]. High expression of CD98, involved in tumor growth,
was associated with expression of CD34, an L-type amino acid
transporter, and Ki-67, a proliferation marker, and was pro-
posed to be an independent prognostic factor for CCA [17]. In
addition, CD55 and CD97 were recently reported for their
associations with poor histological grading, lymph node
metastasis, venous invasion, and shorter OS of CCA
patients [18].

3.2. Receptor proteins

Receptor proteins and their partners are the other key proteins
that are straightforwardly associated with cancer growth and
progression. Mostly, they are the upstream of signaling path-
ways that regulate the biological process of cancer cells, and
usually investigated for their significances in prognostic pre-
diction and as therapeutic targets. A group of sophisticated
receptor proteins of the tyrosine kinase receptor family was
found in several cancers including CCA. Recent studies
showed various tyrosine kinase receptors and their associated
proteins as potential prognostic markers. For examples, CCA
patients with a high expression of C-met, a member of tyr-
osine kinase receptor family, exhibited shorter OS and DFS
than those with low expression [19]. High expression of fibro-
blast growth factor receptor (FGFR4) in tumor tissues from
iCCA, pCCA, and dCCA patients was associated with poor
prognosis of iCCA and pCCA patients and recommended to
be an independent prognostic marker for iCCA [20]. Ephrin B2,
a member of Ephrin receptor tyrosine kinase family, was asso-
ciated with phosphorylation of focal adhesion kinase (FAK),
the downstream signaling molecule of Ephrin [21]. The migra-
tion of CCA cell lines increased after FAK activation. The
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Table 1. (Continued).

Type of CCA® and

Geographical origin of

number
of cases

pCCA:62

Associated prognostic

Ref.
[50,51]

values CCA

Associated clinicopathological features

ND

Associated biological function

Name

China

0sS
DFS, OS

Invasion

Matrix metalloproteinase —9

[75]

China

iCCA: 112

Tumor number, local invasion, LN

Proliferation, invasion, tumorigenesis

Eye absent homolog (EYA) 4 (low)

metastasis, tumor differentiation
Tumor size, LN metastasis, TNM staging

[80]

China

iCCA: 93

0S

Migration

Metastasis suppressor 1 (MSST1)

(low)
Lysil oxidase-like 2 (LOXL2)

[36]
[78]

France
China

iCCA
iCCA: 57

DFS, OS

ND

Extracellular matrix remodeling enzyme

ND

DFS, OS

Tumor nodules, venous invasion,

AT-rich interactive domain 1A

recurrence

ND

(ARID1A) (low)
Secreted frizzled related protein-1

[82]

Japan

iCCA: 50

DFS, OS

ND

(SFRP1) (low)
Co-expression of natural killer group ND

[85]

Japan

eCCA: 82

DFS, OS

ND

2 member D (NKG2D) ligands

(low)
Non-coding RNA

[53]

China

Tumor size, TNM staging, DFS, 0S 56

Proliferation, anti-apoptosis, EMT,

IncRNA H19

migration, invasion
Proliferation, anti-apoptosis, EMT

ND

[54]
[60]

China

67

0s

Lymph node metastasis, TNM staging

PANDAR
miR-29a

China

125

0S

Lymph node metastasis, clinical staging,

histological differentiation

« The poor prognosis is associated with upregulation of those biomarkers, otherwise specified.

« Abbreviation; ND: not determined in the study; LN: lymph node; MVD: microvascular density; TNM: tumor-lymph node-metastasis staging; EGFR: epidermal growth factor receptor; HER: human epidermal growth factor; EMT:

epithelial-mesenchymal transition; DFS: disease free survival; OS: overall survival

? Type of CCA as specified.

association of Ephrin B2 over-expression in CCA tissues and
metastatic status of CCA patients was also notable. Although,
the functions of tyrosine kinase receptor family and their
direct association with aggressiveness of cancer and poor
prognosis of patients are well known, the clinical implications
may be limited because the post-translational modifications,
for example, phosphorylation, of the receptors more directly
reveal their active status than the expression levels.

3.3. Signaling molecules and regulators

The signaling molecules including cytokines, intracellular
signaling molecules and their regulators are important in
cancer progression and frequently associated with the
prognosis of patients. Association of various interleukins
(IL), for example, IL1, IL2, and IL6, etc., with progression
and severity of cancers has been repeatedly reported. IL6
is a multifunctional cytokine that acts as both a pro- and
an anti-inflammatory cytokine. Increased levels of IL6 pro-
mote neo-angiogenesis, inhibit cancer cell apoptosis, and
deregulate tumor microenvironment. As a result, high
levels of IL6 in cancers is associated with elevated cancer
risk, tumor stage, treatment response, and severity of
symptoms in several cancer types [22]. High expressions
of interleukin-6 (IL6) in tumor tissue and IL17 in peritu-
moral cells of CCA corresponded to the shorter OS and
DFS of CCA patients [23]. The expression of suppressors of
cytokine signaling 3 (SOCS3) was down-regulated in cancer
cells compared with the peritumoral tissues [24].
Conversely, the regulator protein of SOCS3 expression,
the tumor necrosis factor a-induced protein 3 (TNFAIP3
or A20), was increased in CCA cells. The inverse of these
two proteins were observed in CCA and significantly cor-
related with poor prognosis of CCA patients. Patients with
high expression of A20 and low expression of SOCS3 had a
dramatically low OS rate. Expression of A20 was related
with tumor-lymph node-metastasis (TNM) staging while
SOCS3 was associated with tumor differentiation. This sug-
gested A20 and SOCS3 as prognostic markers for CCA.

Ring finger protein 43 (RNF43), a ring finger E3 ligase that
negatively regulates Wingless-related integration site (wnt)/
-catenin signaling pathway, mutates in ~9.3% of iCCA. The
involvements of RNF43 in suppression of cell proliferation,
enhanced cell apoptosis, and being a potential prognostic
indicator for the clinical assessment of gastric cancer were
demonstrated [25]. The prognostic value of RNF43 in iCCA
was reported [26]. RNF43 mRNA and protein were reduced in
iCCA tissues, and the decreasing of RNF43 mRNA was corre-
lated with the presence of rs2257205 and RNF43 somatic
mutation. Thus, the down regulation of RNF43 in iCCA was
associated with shorter OS of CCA patients.

Increased expression and activity of a transcription factor,
SOX4, a member of the SOX (SRY-related HMG-box) family,
contributed to cellular transformation, cell survival, and metas-
tasis in many cancer types. SOX4 is a key regulator of EMT that
governs the expression of the epigenetic modifier Ezh2 [27].
Meta-analysis showed that SOX4 expression was about 78% in
overall cancer tissues and over-expression of SOX4 was corre-
lated with a poor OS and the pooled hazard ratio [28]. SOX4



was overexpressed in approximately 20% of iCCA and 30% of
iCCA and eCCA tissues [29]. The expression of Sox4 was corre-
lated with the expression of EGFR and HER2 in both iCCA and
eCCA, and associated with shorter OS of iCCA patients.

3.4. Mucins

Mucins (MUGs), a heterogeneous family of O-glycosylated high
molecular weight glycoproteins, has been studied for its signifi-
cance in CCA for decades. MUC1, MUC2, MUC4, MUC5AC, and
MUC16 were detected in CCA tissues [30]. MUC5AC was the
most studied mucin that has a high potential as a biomarker
for CCA. MUC5AC was aberrantly expressed in CCA tissues,
associated with a larger tumor size and advanced stage CCA
[31]. Moreover, high level of MUC5AC could be detected in the
serum of CCA patients and was associated with shorter OS of the
patients [32]. High expression of MUC5AC tissues was also asso-
ciated with lymph node metastasis and shorter survival of
patients after curative-intent hepatectomy [33]. The meta-analy-
sis of MUC4 from 5 studies reporting on 249 patients who
undergone surgical resection, indicated that positive tissue
MUC4 was associated with the poor survival of CCA patients [34].

3.5. Tumor stromal and microenvironment

Molecules of stromal cells can also be the prognostic markers
of cancer. As the microenvironment is crucial for supporting
cancer survival, therefore the over- or aberrant expressions of
molecules in the stromal cells or tumor microenvironment
should be explored for discovery of prognostic markers. The
report from Sulpice et al. [35] indicated that EpCAM, a well-
known cancer stem cell marker in HCC, was ubiquitously
expressed in iCCA stroma. High expression of EpCAM in non-
fibrous liver tissue was related to the worst DFS iCCA patients.
Besides, overexpression of lysil oxidase-like 2 (LOXL2), an
extracellular matrix remodeling enzyme found in the stroma,
was found to be associated with poor OS and DFS of iCCA
patients. Moreover, LOXL2 could be an independent prognos-
tic marker with a high hazard ratio of 5.55 [36].

3.6. Intracellular proteins

Various intracellular proteins associated with cancer progres-
sion and the poor prognosis of CCA have been reported.
Upregulation of transferrin receptor-l in CCA cell lines and
patient CCA tissues resulted in an increased accumulation of
a labile iron pool was associated with CCA metastasis and
shorter OS [37]. The ectopic expression of HMGA2, the non-
histone chromosomal high-mobility group (HMG) protein
family that acts as architectural transcription regulators,
could induce EMT, invasion and metastasis of human epithelial
cancers [38]. HMGA2 was also associated with cell growth,
differentiation, apoptosis, and neoplastic transformation of
CCA cells [39]. Expression of HMGA2 was negatively correlated
with p16, a tumor suppressor protein expression, but posi-
tively correlated with the mutated p53 expression, lymph
node metastasis and shorter OS. HMGA2 was, hence, sug-
gested to be an independent indicator for a poor prognosis
of CCA.
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LIM and SH3 protein (LASP) 1, a member of a LIM protein
subfamily characterized by a LIM motif and a domain of Src
homology region 3, functions as an actin-binding protein and
cytoskeletal organization. The association of LASP1 with pro-
gression and metastatic dissemination was reported in medul-
loblastoma [40]. In CCA, LASP1 was associated with
proliferation, migration, invasion and tumorigenesis of CCA
in vivo [41]. High expression of LASP1 in CCA tissues was
positively correlated with the larger tumor, poor histological
differentiation, lymph node metastasis, an advanced TNM
stage, and shorter OS of patients. Moreover, suppression of
LASP1 increased apoptosis and suppressed proliferation,
migration, and invasion of CCA cell lines. LASP1 is, thus, a
promising prognostic factor and a candidate for being a ther-
apeutic target.

B7-H4, a member of the B7 superfamily of ligands, has been
implicated in tumor immunogenicity and cancer development.
Blockade of B7-H4 could allow for antigen-specific clearance of
tumor cells, suggesting the therapeutic potential of targeting
B7-H4 [42]. High expression of B7-H4 was found in approxi-
mately 50% of CCA tissues. An increased level of B7-H4 was
associated with poor histological differentiation, lymph node
metastasis, staging, poor OS and the early recurrence of tumors.
The in vivo experiments indicated the association of B7-H4 with
the immunomodulation of CCA in which its expression sup-
pressed the infiltration of CD8* cytotoxic T lymphocyte.
Hepatoma-derived growth factor (HDGF), an acidic heparin
binding protein was associated with tumor progression in
many cancers and promoted proliferation, invasion, and angio-
genesis of CCA cells in vitro [43]. The expression of HDGF in CCA
tissues was associated with MVD, lymphatic invasion, distant
metastasis and TNM staging of CCA patients. It, thus was sig-
nificantly correlated with the shorter OS of CCA patients and
might be used as a prognostic marker.

Eukaryotic translation initiation factor 4E (elF4E)-binding
protein 1 (4E-BP1), a member of a family of translation repres-
sor proteins, is a well-known substrate of the mechanistic
target of the rapamycin (mTOR) signaling pathway.
Phosphorylation of 4E-BP1 (p-4E-BP1) allows translation to
proceed. Recently, overexpression of 4E-BP1 was found in
many human carcinomas [44]. Expression of p-4E-BP1 in tissue
microarrays with pCCA showed that 57.4% of CCA cases had a
moderate to high expression of this protein [45]. Moreover,
overexpression of p-4E-BP1was also associated with poor dif-
ferentiation and lymph node metastasis, shorter DFS and OS.

High expressions of Ki-67 and p73 were correlated with the
shorter OS of pCCA patients [46]. Ki-67 was correlated with the
higher staging of tumor, suggesting the predictive value of
Ki67 for a worse prognosis of CCA. A similar observation was
reported for mesenchymal-epithelial transition factor (MET)
and recepteur d’origine nantais (RON). The positive expres-
sions of MET and RON in pCCA tissues were associated with
shorter OS [47]. The positive combination of these proteins
may be a worse prognostic biomarker of pCCA patients and
the negative staining of either MET or RON may reflect a
better prognosis of patients with pCCA. The sex determining
region Y-box (Sox9) is required for normal development of the
biliary tract, but was decreased in early biliary tract carcino-
genesis [48]. The expression of Sox9, however, was increased
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in CCA and involved in cell migration and invasion. Correlation
of high Sox9 expression and shorter OS of iCCA patients was
demonstrated.

The metalloproteinases (MMPs) are enzymes that degrade
extracellular matrices. In physiological conditions, these enzymes
take part in the remodeling of tissues and play a key role in the
wound healing process. In cancer, MMPs were activated to
degrade the cancer extracellular matrix, a crucial step for the
metastasis. High expression of MMPs in cancer and stromal cells,
therefore, can signify the aggressiveness of the tumor. In CCA,
MMP-9 and MMP-11 were expressed in CCA tissues and signifi-
cantly associated with poor OS, but not with any clinicopatholo-
gical features of CCA patients [49,50]. In addition, the expression
of tissue MMP-9 was associated with that of tissue IL8, the
expression of which was significantly associated with MVD and
TNM staging of CCA patients. Tissue IL8 was noted to be an
independent prognostic marker for CCA patients [51].

3.7. Non-coding RNA

A non-coding RNA is a functional RNA molecule that regulates
MRNA synthesis at the transcriptional and post-transcriptional
level. The non-coding RNAs are transcribed from DNA but not
translated into proteins, including microRNAs (miRNA), small
interfering RNAs (siRNA), and long non-coding RNAs (IncRNA).
These non-coding RNAs are a new emerging target for inves-
tigation of their functional roles as well as their potential to be
a biomarker, especially in cancer.

3.7.1. Long non-coding RNA (IncRNA)

IncRNAs are the main non-coding RNA transcripts that func-
tion in chromatin remodeling, transcriptional and post-tran-
scriptional regulation, and as precursors for siRNAs. The
performance of high throughput techniques to profile the
transcriptomes of cancer cells compared with normal cells
provided many potential IncRNAs that were associated with
aggressive functions of cancer cells. The transcriptomic profil-
ing of iCCA showed that EMP1-008, ATF3-008 and RCOR-013
were significantly down regulated in iCCA with metastasis,
suggesting the tumor suppressor roles of these IncRNAs [52].
INcRNA H19, the first discovered InRNA reported in diverse
human cancers, was expressed in CCA cell lines and tissues
[53]. The in vitro study indicated its roles in the proliferation,
anti-apoptosis, EMT, migration and invasion of CCA cells. In
addition, upregulation of IncRNA H19 in CCA tissues was
correlated with tumor size, TNM staging, post-operative recur-
rence and OS of patients. Another IncRNA, PANDAR, was also
highly expressed in CCA cell lines and tissues [54]. The in vitro
study demonstrated their involvements in cell growth, anti-
apoptosis and EMT of CCA cells. High expression of IncRNA-
PANDRA in CCA tissues was associated with lymph node
metastasis, TNM staging and post-operative recurrence as
well as shorter OS of CCA patients. Hence, IncRNA H19 and
PANDRA may serve as poor prognostic markers for CCA.

3.7.2. microRNAs (miRNAs)

MicroRNAs are small non-coding RNAs of 22-24 nucleotide-RNAs
that regulate post-transcriptional gene expression. These miRNAs
are often misregulated in disease states including cancer. With

the high specificity, sensitivity, and stability of miRNAs in both
body fluids and formalin fixed-paraffin embedded tissues, they
provide a great potential for miRNAs as a new class of biomarkers
in cancer [55]. Using a custom microarray, 158 differentially
expressed miRNAs with a 30-miRNA signature for distinguishing
iCCA was established [56]. The expression levels of 3-miRNAs,
miR-675-5p, MiR-652-3p and miR-338-3p, were strongly asso-
ciated with the prognosis of iCCA patients and were determined
by regression coefficients as risk scores. It was found that patients
with high risk scores had significantly shorter OS and DFS med-
ians than those with low risk scores. This 3-miRNA signature was
marked as an independent prognostic predictor for iCCA.

The miRNA sequencing data indicated 64 differentially
expressed miRNAs between CCA and normal biliary tissues.
Among these, miR-122s that modulate the expression of the
transcription factor FOXM1were under-expressed [57]. The
c¢DNA microarray analysis revealed 4 times higher FOXM1
mRNA in CCA cells than normal bile duct cells [58]. Over-
expression of FOXM1 in CCA tissues was confirmed by immu-
nohistochemistry. It is well known that FOXM1 is involved in
tumorigenesis and tumor invasion, and was suggested to be a
target for immunotherapy against CCA as FOXM1 derived
peptides could induce HLA-A2-restricted T cells. Upregulation
of tissue miR-29a was also suggested to be a beneficial prog-
nostic marker for CCA. A significant role of miR-29a either as a
tumor promoter or suppressor was evidenced based on cancer
types [59]. Using qRT-PCR, miR-29a was shown to be upregu-
lated in CCA tissues and correlated with lymph node metas-
tasis, clinical stage, and a short OS of the patients [60].

4. Serum biomarkers as prognostic-predictive
markers of cholangiocarcinoma

An ideal prognostic marker is the biomolecule that has a
dynamic expression according to the disease and in response
to the treatment. Aside from being less invasive for sample
collection, serum biomarkers are superior to the tissue bio-
markers for the purpose of monitoring the recurrence of
tumors or the patient outcome after treatment. To date, var-
ious biomolecules in the blood circulation are revealed as
prognostic markers for CCA (Table 2).

4.1. Serum proteins

YKL-40 or chitinase-3-like 1 (ChI3L1), a 40 kDa glycoprotein
secreted from monocytes, macropahges, neutrophils, chon-
drocytes and synovial cells were expressed in many cancer
cell lines and related to cell survival, cell proliferation and
tumor angiogenesis [61]. High levels of YKL-40 in sera of
patients with several types of cancers were reported [62]. In
CCA, YKL-40 promoted cell proliferation and migration, and
high levels of YKL-40 could be detected in both CCA tissues
and plasma [63]. The high expression of YKL-40 in stromal
areas of CCA tissues was associated with non-papillary type
CCA and shorter OS. Moreover, high levels of YKL-40 in plasma
could discriminate CCA patients from healthy subjects and
was related with short OS of CCA patients. Thus, YKL-40
could be a potential prognostic biomarker for CCA.
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Table 2. Summary of potential serum biomarkers for prognostic predictions of cholangiocarcinoma.

Associated
Associated clinicopathological ~ prognostic ~ Type of CCA? and Geographical
Name Associated biological function features values number of cases origin of CCA Ref.
YKL-40 Proliferation, migration Non-papillary type 0s 57 Thailand [63]
Carbohydrate antigen-S27 Proliferation, adhesion, ND 0S 96 Thailand [64]
(CA-S27) migration, invasion
Periostin ND ND 0S 68 Thailand [65,66]
C-reactive protein (CRP) ND TNM staging DFS, 0S iCCA: 141 Japan China [67,68]
iCCA: 140
Osteopontin ND Metastasis oS 107 Germany [69,70]
al1p-glycoprotein to afamin ~ ND Recurrence 0S 64 Thailand [71]
ratio
Albumin to y- ND TNM staging DFS, OS iCCA: 206 China [72]
glutamyltransferase
Aspartate aminotransferase ~ ND ND 0S iCCA: 184 China [73]
to neutrophil
IncRNA H19 Proliferation, anti-apoptosis, Tumor size, TNM staging, oS 56 China [53]
EMT, migration, invasion post-operative recurrence
IncRNA PANDAR Growth, anti-apoptosis, EMT LN metastasis, TNM staging, oS 67 China [54]
recurrence
miR-29a ND Histological differentiation oS 125 China [60]
miR26a ND Clinical staging, metastasis, oS 66 China [74]
histological differentiation
CA19-9 ND Metastasis oS 106, Japan, [114]
1,264, Thailand, China, [115]
Japan, Germany,
USA, Sweden,
Italy, UK,
89, Portugal, [116]
2,816 USA [117]

« The poor prognosis is associated with upregulation of those biomarkers, otherwise specified.
+ Abbreviation; ND: not determined in this study, LN: lymph node, MVD: microvascular density, TNM: tumor-lymph node-metastasis staging, EMT: epithelial-

mesenchymal transition, DFS: disease free survival, OS: overall survival
2 Type of CCA as specified.

Alterations of glycan structures resulted from incomplete
synthesis and neo-syntheses have been repeatedly reported in
many cancer types. Carbohydrate antigen-527 (CA-S27), a new
Lewis-a associated modification on MUC5AC, was associated
with proliferation, adhesion, migration and invasion of CCA
cell lines [64]. CA-S27 was detected in serum at higher levels in
sera from CCA patients than those from gastrointestinal malig-
nancies, HCC, benign biliary diseases and healthy controls and
hence, it was proposed to be a new diagnostic marker for CCA.
Moreover, a high level of serum CA-S27 was significantly
associated with shorter OS of CCA patients and the level of
serum CA-S27 was dramatically reduced after tumor resection.
Therefore, CA-S27 is not only a candidate for being a diagnos-
tic marker for CCA but also is a promising prognostic marker
to follow up the recurrence of CCA after surgical resection.

Currently, serum periostin (PN) was suggested to be an
independent prognostic marker for iCCA with a hazard ratio
of 3.197 [65]. PN is a secreted extracellular matrix protein
identified in many cancer types. In iCCA, PN was expressed
mainly in tumor stromal fibroblasts and high level of tissue PN
expression was associated with poor OS of CCA patients [66].
C-reactive protein (CRP), an acute-phase protein of hepatic
origin, was identified as an independent prognosis marker
for iCCA [67]. A high level of preoperative serum CRP was
associated with tumor staging of CCA patients [68] and was
positively correlated with the level of other CCA prognosis-
related markers such as CA19-9 and CEA. High levels of CRP in
patients at stage | and Il were associated with cancer specific
survival while in those with stage Ill and IV were associated
with DFS.

Serum osteopontin, a protein involved in many cellular
biological processes, was recently reported to correlate with
the expression observed in CCA tissues, both cancer and
stromal cells [69]. Serum osteopontin was elevated in CCA
patients compared with those in healthy controls and patients
with PSC. Moreover, the pre- and post-operative levels of
osteopontin were associated with poor prognosis of CCA
patients. This observation identified serum osteopontin as a
marker to estimate the chances of the patients to benefit from
surgical resection. The specificity and variables of clinical para-
meters included in the study, however, were debated [70].

4.2. Ratio of two serum proteins as prognostic markers

It is well accepted that a combination of prognostic markers
can improve the power of prognosis. Currently, the ratio of
two serum proteins as biomarkers with high diagnostic and
predictive powers was frequently reported in several cancer
types. Using two-dimensional polyacrylamide gel electrophor-
esis, 36 proteins that could characterize CCA sera were identi-
fied [71]. In a comparison of serum proteomes from CCA
patients and healthy controls, al1B-glycoprotein (A1BG) was
found to be higher while afamin (AFM) was shown to be
lower in sera from CCA patients. The pre-operative serum
A1BG/AFM ratio could differentiate CCA patients with 84.4%
sensitivity and 87.5% specificity. Moreover, the post-operative
patients with a high A1BG/AFM ratio was associated with the
infiltration of resection margins and had a significantly worse
outcome. The albumin to y-glutamyltransferase (AGR) [72] and
aspartate aminotransferase to neutrophil ratio [73] were
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proposed for their potential as a prognostic marker for CCA. y-
Glutamyltransferase, an enzyme expressed on the surface of
epithelial cells of glands and ducts, is commonly used as an
indicator for hepatobiliary disease and damaged bile ducts.
While albumin is a protein synthesized by liver cells and
higher serum albumin levels were suggested as a protective
factor for cancer patients. AGR was significantly related with
the TNM staging, OS and DFS of iCCA patients. AGR was
superior to other inflammation based scores and other sero-
logical tumor markers in predicting overall survival and recur-
rence free survival in iCCA patients who underwent curative
resection [72]. Additionally, the pre-operative ratio of aspar-
tate aminotransferase to neutrophil was shown to correlate
with poor survival of iCCA patients after hepatectomy [73]. It
potentially predicted the survival of iCCA in various subgroups
such as patients with negative hepatitis B surface antigen and
those with a high preoperative level of CA19-9.

4.3. Serum miRNA

The detection of miRNA in circulation highlights the value of
miRNAs as diagnostic and prognosis of several diseases includ-
ing cancer. The level of miR-26a was higher in serum of CCA
patients than in healthy controls [74]. The post-operative level
of serum miR-26 was significantly reduced compared with the
pre-operative serum. A high level of serum miR-26a also cor-
related with clinical staging, metastasis, histological differen-
tiation, and shorter OS of CCA patients. The statistical analysis
indicated miR-26a as an independent prognostic indicator of
CCA patients. In contrast, the decreased level of miR-106a was
correlated with a poor prognosis of CCA patients. A low level
of miR-106a was related to lymph node metastasis and was
adversely correlated with the OS of CCA patients.
Determinations of miR-26a and miR-106a in the same set of
CCA patients, however, have not been done.

5. Biomarkers of the favorable outcomes

Metastasis is a complex cellular process involving numerous
signaling pathways, either stimulation of metastasis-promoting
genes or inhibition of metastasis suppressor genes. Some bio-
markers are correlated with the favorable outcome of CCA
patients after treatments. These biomarkers frequently are
tumor suppressor proteins or oncogene regulators. High expres-
sion levels of these molecules suggest a better OS of CCA
patients and may be used as good prognostic markers for CCA.

Eyes absent homolog 4 (EYA4), a member of the EYA gene
family, was markedly down regulated in several malignancies.
EYA4 mRNA and proteins were remarkably lower in iCCA tumor
tissues compared with adjacent non-tumorous tissues [75].
Down regulation of EYA4 was associated with the increase of
tumor numbers, local invasion, lymph node metastasis, tumor
differentiation and shorter DFS and shorter OS time in iCCA
patients who underwent curative hepatectomy. The tumor sup-
pressor function of EYA4 was confirmed in vitro. The AT-rich
interactive domain 1A (ARID1A) protein, a frequented mutated
gene found in CCA, is related to the regulation of proliferation,
DNA repair, development, differentiation, and tumor

suppression [76]. A systematic review and meta-analysis of
ARID1A in cancers indicated the loss of ARID1A related to short
survival and to recurrence of cancers. ARID1A was also suggested
to be an important potential target for personalized medicine in
cancer treatment [77]. Both mRNA and protein levels of ARID1A
were lower in iCCA tissues compared with the adjacent paracar-
cinomatous tissues and normal liver [78]. The low expression of
tissue ARID1A was associated with a number of tumor nodules,
venous invasion, and tumor recurrence, as well as with shorter
OS and DFS of CCA patients. It was suggested that ARID1A might
play a role as a tumor suppressor gene and be a favorable
prognostic maker in CCA.

An anti-metastatic function of metastasis suppressor 1
(MTSS1), an actin-binding protein, was reported in many
human malignancies. The roles of MTSS1 in promoting growth
or metastasis, however, were also reported in some cancer types
[79]. MTSST was barely expressed in iCCA tissues and was asso-
ciated with increased tumor size, lymph node metastasis and
advanced staging, and was correlated significantly with tumor
recurrence and poor patient outcome [80]. Over-expression of
MSST1 inhibited the migration of CCA cells, in vitro. Collectively,
absence of MTSS1 expression was suggested to be a useful
biomarker in predicting tumor recurrence and prognosis of iCCA.

Secreted frizzled-related proteins (SFRPs) are wnt-antago-
nists. It was proposed to function as a tumor suppressor as its
expression was frequently absent in cancer. Roles of SFRPs in
promoting tumor growth, however, were also evident [81].
SFRP1 expression was significantly associated with a better
prognosis for CCA patients [82]. Patients with low or negative
SFRP1 expression in CCA tissues had poor prognosis or poor
DFS. Thus, SFRP1 was suggested to be a candidate for the
favorable prognosis of iCCA patients.

It is well known that the immune system modulates growth
and progression of tumors. An effective immune response lead-
ing to recognition of tumor cells may result in their eradication.
The activating receptor natural killer cell lectin-like receptor gene
2D (NKG2D) is a stimulatory immune receptor that is expressed
on natural killer (NK) cells, T cells and CD8" T cells. Binding of
NKG2D ligands to the NKG2D receptors on NK and T cells can
stimulate an immune response against cells expressing these
ligands. Several studies suggest a key role of NKG2D in tumor
progression, however, some studies oppose this suggestion
[83,84]. There is a limited report on the NKG2D ligand in CCA.
NKG2D ligands including MHC class | chain-related proteins A
and B (MICA/B), unique long 16 binding protein (ULBP)-1 and
ULBP2/5/6 were associated with a better prognosis of eCCA
patients [85]. The high expression of MICA/B and ULBP2/5/6
correlated with improved both OS and DFS of patients. In con-
trast, the high expression of ULBP1 was associated with the
improved OS but not DFS. The expression of NKG2D ligands
thus reflect the good outcome of CCA patients and may be a
prognostic factor for favorable eCCA treatment.

6. Peripheral blood: the alternative way and a new
hope

Many studies showed that the stromal cells, that is, tumor
associated macrophage (TAM) and cancer associated fibroblast
(CAF), supported the growth and the progression of CCA. A high



density of M2-TAM in CCA tissues was associated with the
metastatic status of CCA patients [86] and with the recurrence
of the disease after resection [87]. The DFS and OS were accord-
ingly shorter in CCA patients with high TAM infiltration. Thus,
TAMs and perhaps other white blood cells in the tumor micro-
environment might be an indirect indicator for aggressiveness
of CCA. Furthermore, it was evident that the level of circulating
CD14*CD16" monocytes of CCA patients was correlated with
the level of TAM infiltration in tumor tissues and with the poorly
differentiated type of CCA [88]. The expression profile of
selected genes of peripheral blood leukocytes could be inte-
grated into a prognostic index that significantly correlated with
the survival time of CCA patients [89].

In the past decade, the neutrophil-to-lymphocyte ratios
(NLR) were used to assess the inflammatory response in many
diseases. The prognostic role of NLR has been documented in
many cancers including CCA [90,91]. NLR is easy to measure,
reproducible, and inexpensive, thus, it could potentially be a
simple and inexpensive test for cancer prognosis. A number of
reports indicated a high NLR as a poor prognostic predictive
marker for CCA in a variety of settings. The NLR = 3 was
correlated with lymph node metastasis, poor anti-tumor immu-
nity and shorter DFS and OS in iCCA patients after neoadjuvant
chemotherapy and resection [92]. The NLR >5 was reported to
reflect the poor chemotherapeutic response and short survival
of advanced CCA patients who received palliative treatments
[93]. The meta-analysis of 9 studies on NLR in CCA patients
showed that higher NLRs had a shorter survival time in surgical,
non-surgical and mixed groups [94]. The synthesized hazard
ratio of 1.449 (95% Cl: 1.296-1.619, p < 0.001) was reported to
indicate the association of a high NLR with an unfavorable OS.
Taken together, it is evident that an elevated pre-operative NLR
could reflect predictable poor survival in CCA patients.

7. Biomarkers of therapeutic responsiveness for CCA

Drug resistance is the main problem for cancer treatment in
both chemotherapy and targeted therapies. Many underlying
mechanisms, for example, drug efflux, DNA damage repair,
activation of pro-survival pathways, and ineffective induction
of cell death were reported [95,96]. The specific molecules
involving drug resistance in cancer could probably identify
patients who are good or poor responders and suggest speci-
alty clinicians for an appropriate and effective treatment for an
individual patient. This is not only beneficial for a cost-effective
outcome but also avoids the unfavorable adverse effect of
those who had a little advantage from the cytotoxic drugs.
Impaired drug uptake is one of the important mechanisms for
the chemoresistance demonstrated in CCA. The decreased expres-
sion of organic cation transporter (OCT) 1, a key molecule to uptake
sorafinib in HCC and CCA, caused the resistance to this drug in CCA
patients [97]. High expression of the ATP-binding cassette (ABC)
superfamily increased the efflux pump of various anticancer drugs
resulting in chemo-resistance in many cancers including CCA [98].
The in vitro studies revealed several over-expressed molecules
associated with the chemo-resistance in CCA cells. The expression
of multidrug Resistance Protein 1 (MDR1) was associated with a
low sensitivity to 5-fluorouracil (5-FU) of CCA cells, while that of
Multidrug Resistance-Associated Protein 1 (MRP1) was associated
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with the resistance to gemcitabine, one of the standard cytotoxic
drugs for CCA [99]. Thymosin-B10 (TB10), a molecule involving cell
motility, was over-expressed in CCA tissues [100]. 5-FU resistant
CCA cells had extremely high expressions of TB10 and ABC pro-
teins [101]. Silencing of TR10 expression significantly reduced
expression of ABC proteins and increased sensitivity to 5-FU.
Hence, the expression of TR10 was proposed to be a predictive
biomarker for 5-FU resistance in CCA. The upregulation of anti-
apoptotic protein Bcl-2 and down-regulation of pro-apoptotic
protein bax have also been reported in 5-FU and cisplatin resis-
tance CCA cells [102]. In addition, the mutation of a p53 isoform,
A133p53, in CCA patients treated with 5-FU showed a poor survival
outcome [103].

The molecules associated with apoptosis resistance might
also reflect the chemo-resistance of cancer cells. The EMT process
involved the changes of tumor suppressor genes and onco-
genes, which then promoted chemo-resistance of CCA cells
were reported [104]. Recently, the oncogenic role of Lipocalin-2
(LCN2), a secreted protein involved in the transport of some
hydrophobic substances, has been demonstrated in several
malignancies. Suppression of LCN2 expression inhibited CCA
cell growth by repression of EMT [105]. These effects were due
to the negative regulation of LCN2 on tumor suppressor genes,
N-myc downstream regulated gene 1 (NDRG1) and NDRG2. LCN2
concentration in bile was high in patients with CCA and was
associated with worse survival in CCA patients [106]. Thus, LCN2
may be a potential diagnostic/prognostic marker for CCA.
Presently, immunotherapy has an emerging role in many cancers
including CCA. The biomarkers that reflect the response to
immunotherapy are also of interest to identify a person who is
the candidate for this therapeutic strategy. One of the most
studied biomarkers is Programmed-death-1 (PD-1) and its
major ligand, Programmed-death Ligand 1 (PD-L1). Clinical trials
using monoclonal antibodies targeting these molecules showed
promising results in various hematologic and solid cancers [107].
For CCA, PDL1 was expressed in 9-72% in CCA cells and 46-63%
in stromal immune cells [108,109]. These suggested that a sub-
group of CCA patients PDL1 positive may be a candidate for
immune checkpoint inhibitor monotherapy such as prembolizu-
mab. The clinical trials of this agent have been registered and
carried on in various kinds of cancers including CCA [110].

8. CA19-9 as prognostic biomarker: old wine in a
new bottle

CA19-9, a well-known suggestive serum marker for biliary tract
disease, has been used as a single marker or in combination
with other markers for diagnosis of biliary tract malignancy for
a long time. The specificity of this marker, however, is quite
low since its level could be increased in many physiological
conditions including the benign biliary tract diseases. This may
limit the utility of serum CA19-9 as diagnostic marker for CCA.
At present, there are several novel biomarkers with potential
diagnostic value reported [reviewed in 30, 111, 112].

The implication of CA19-9 as a prognostic biomarker has
drawn attention from researchers and clinicians since its level
is usually reduced after surgical resection. In resectable CCA
patients, the pre- and post-operative serum CA19-9 levels
were significantly correlated with the OS of CCA patients
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[113]. Pre-operative CA19-9 (= 200 IU/ml) and post-operative
CA19-9 (= 37 IU/mL) were identified as independent predic-
tors of poor OS in CCA patients. A systematic review and
meta-analysis of 2,816 iCCA patients, most of whom were
non-resectable, showed that an elevated serum CA19-9 was
significantly associated with lymph node metastasis and
decreased stage-specific survival. In addition, patients with
high pre-operative CA19-9 had decreased long-term survival
[114]. This agreed with the report that CA-19-9 > 103 IU/L
was correlated with metastasis and short OS of CCA patients
[115]. A national cohort analysis of 2,816 iCCA patients in
USA [116] revealed that 66.7% had elevated CA19-9 levels
with decreased long-term survival. Thus, elevation of CA19-9
was proposed to be an independent predictor for a higher
risk of mortality similar to node-positivity, positive-margin
resection, and non-chemotherapy treatment and as advice
to using the levels of pre- and post-operative serum CA19-9
for predicting patient outcomes.

9. Conclusion

Many attempts have been tried to identify the factors that
could predict the prognosis in terms of overall survival time,
disease-free survival, recurrent rate, and responsiveness to che-
motherapy. A number of biological markers with different char-
acteristics that were associated with cell signaling,
aggressiveness, metastasis, cell survival, and drug resistance
of CCA were proposed as prognostic markers for CCA. These
markers could be cell surface molecules, receptors, signaling
molecules, IncRNAs, miRNAs, and immune cells that were iden-
tified in tumor tissues, tumor stromal and microenvironment,
and sera that reflected the outcome of patients (Figure 1).

10. Expert commentary and five-year view

In a recent decade, various biomolecules were discovered and
investigated for their potentials to be prognostic markers of

CCA. Many of them hold a promising potential for use in
clinical practice. Many studies showed a significant correlation
with a therapeutic outcome or survival of CCA patients of
cohorts but in specific settings, limited sample sizes, and
study designs. Recognizing these concerns, one should con-
sider these results with caution and in detail before translating
to clinical practice. Firstly, most of the reports were from a
tertiary and single center. Secondly, CCAs are heterogeneous
tumors, not only in regards to different locations and histo-
pathological subtypes but also with different genetic influ-
ences. Therefore, the potential markers should be validated
in larger collectives including patients with varied epidemio-
logical backgrounds.

To date, the high-throughput and large-scale analytical tech-
nologies i.e. genomics, transcriptomics, proteomics and meta-
bolomics, allow researchers to identify a significant number of
potential markers that can be used for diagnosis, prognosis, or
prediction of treatment response. A quality assessment is the
next required step and urgently needed. As the sensitivity and
specificity of the markers relied on the detection technique and
the cohort of study, defining subgroups of CCA patients with
appropriate clinical data and precise sample collection are
important. Nonetheless, the non- or low-invasive methods of
sample collection, as well as the simple and affordable deter-
mination methods should be taken into account for making a
prognostic biomarker available in clinical practice.

Apart from the search for novel molecules, the trend of
study in the next 5 years should focus on the implications of
the discovered molecules that have been reported. A systema-
tic review and meta-analysis should be conducted to clarify
the impact of potential biomolecules as prognostic markers
for CCA. Moreover, analysis of using a combination of different
potential markers instead of single marker to predict patient
outcomes is suggested. Besides, development of a test kit with
a panel of markers for predicting prognosis and treatment
response must be seriously evaluated prior to launch into
the routine clinical application. For the highest benefit to
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Figure 1. Prognostic predictive markers for CCA. Several biomolecules have been identified in tumor tissues, tumor stromal and microenvironment, and sera that
reflected the outcome of patients. These markers could be cell surface molecules, receptors, signaling molecules, IncRNAs, miRNAs, and immune cells.



CCA patients, multidisciplinary collaboration is needed to
achieve these goals.

Key issues

® Cholangiocarcinoma (CCA) is a complex malignancy of bile
duct epithelia, anatomically classified into three types: intra-
hepatic, perihilar, and distal CCA. Considered as a rare
cancer, the incidence of CCA, however, is increasing
globally.

® The strong risk factor in western countries is primary scler-
osing cholangitis whereas in Southeast Asia and East Asia it
is liver fluke infection. Regarding the different etiologies,
CCA developed in patients from different geographical
areas exhibited different genetic backgrounds.

® Only one third of CCA patients can achieve surgical resec-
tion and the alternative treatments, for example, chemo- or
targeted gene therapies might be offered for those whose
malignancies are unresectable.

® Not all CCA patients benefit from chemotherapy because
CCA has high recurrence rate and high chemo-resistance.
Hence, prognostic markers for surveillance of tumor recur-
rence and those that suggest the best treatment option are
necessary for a cost-beneficial and effective treatment.

® |n a past decade, many potential molecules in tumor tissues
and sera; membrane receptors, signaling proteins, mucins,
and non-coding RNAs, as well as peripheral blood cells were
reported for the possibility to be prognostic markers
for CCA.

® The available biomarker, CA19-9, used as a diagnostic mar-
ker for CCA should be re-evaluated for its purpose of prog-
nosis prediction. The application of this marker may be a
shortcut for time and budget considerations for biomarker
development. The limitation of its low specificity has to be
of concern.

® The direction of research in the next 5 years should be
focused on the translation of the reported biomarkers for
clinical practice. Systematic and meta-analysis of previously
reported biomarkers, validation of the markers in a larger
and generalized cohort, as well as selection of a panel or
combination of potential biomarkers will clarify the impact
of these prognostic markers for CCA.
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Abstract: Cholangiocarcinoma (CCA) is a deadly malignant tumor of the liver. It is a significant
health problem in Thailand. The critical obstacles of CCA diagnosis and treatment are the high
heterogeneity of disease and considerable resistance to treatment. Recent multi-omics studies revealed
the promising targets for CCA treatment; however, limited models for drug discovery are available.
This study aimed to develop a patient-derived xenograft (PDX) model as well as PDX-derived
cell lines of CCA for future drug screening. From a total of 16 CCA frozen tissues, 75% (eight
intrahepatic and four extrahepatic subtypes) were successfully grown and subpassaged in Balb/c
Rag-27/Jak37" mice. A shorter duration of PDX growth was observed during FO to F2 transplantation;
concomitantly, increased Oct-3/4 and Sox2 were evidenced in 50% and 33%, respectively, of serial
PDXs. Only four cell lines were established. The cell lines exhibited either bile duct (KKK-D049 and
KKK-D068) or combined hepatobiliary origin (KKK-D131 and KKK-D138). These cell lines acquired
high transplantation efficiency in both subcutaneous (100%) and intrasplenic (88%) transplantation
models. The subcutaneously transplanted xenograft retained the histological architecture as in the
patient tissues. Our models of CCA PDX and PDX-derived cell lines would be a useful platform for
CCA precision medicine.

Keywords: cholangiocarcinoma; patient-derived xenograft; cell line; cancer model; precision medicine

1. Introduction

Cholangiocarcinoma (CCA) is a rare subtype of liver cancer for which the highest incidence and
mortality have been reported in northeastern Thailand [1,2]. The prognosis of CCA is dismal because
of delayed diagnosis and poor response to conventional chemotherapy and targeted treatment [3].
Surgery is the only treatment option that provides a curative outcome [3,4], but limited numbers of the
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patients are candidates [5]. Nonetheless, this outcome is influenced by factors such as tumor subtype,
complete resection (R0), lymph node involvement, and vascular invasion [6]. Moreover, more than
85% of patients suffer from the disease recurrence [6]. The benefits of postoperative adjuvant treatment
from a recent systematic review and meta-analysis are not convincing [7]. Therefore, it is urgently
important to develop a novel CCA treatment.

CCA has high heterogeneity in nature [8]. Several risk factors of CCA have been established [9].
A common risk factor for of CCA in Thailand is the presence of a liver fluke, Opisthorchis viverrini
(Ov), through ingestion [1,10]. A unique feature of Ov-associated CCA is increased xenobiotic
metabolizing gene expression [11]. Mutational analysis of Ov-associated CCA identified a distinct
signature with higher rates of TP53, SMAD4, and ARID1A mutations but lower frequencies of IDH1/2
and BAP1 mutations when compared to other Asian and Western populations [12-14]. These differing
characteristics might complicate the usage of newly identified targets for CCA treatment [15-17].
However, the recent advances in multi-omics analyses have led to the identification of the targets
for Thai CCA [18,19]. The majority of Ov-associated CCAs were gathered in cluster 1 and cluster 2
in Jusakul’s study [18]. The molecular signature of cluster 1 showed some degree of similarity to
CCA-C1 subgroup in Chaisaingmongkol’s study [19] and to the proliferation subclass in Sia’s study [17].
Potential usage of Her2/neu (ERBB2) [18] and cycle regulatory molecules [19] as targets for treatment
are suggested in these CCA subclasses. Therefore, the development of a model for CCA treatment
prediction and validation is urgent.

There are several models for CCA, including a previously established cell line, a cell
line-transplanted xenograft, and a genetically engineered mouse model. The limitation of these
models is disease homogeneity [20,21]. The generation of a patient-derived model might be better
representative of tumor biology. However, primary culture of patient tissue is laborious and less
efficient. In highly desmoplastic tumors (e.g., CCA and pancreatic cancer), the overgrowth of stromal
cells will reduce the establishment efficiency [22,23]. In our experience, the success rate of cell line
establishment from patient-derived primary culture was less than 5%, (unpublished data), comparable
to that of pancreatic cancer (7%) [22].

The patient-derived xenograft (PDX) model is a promising tool for the propagation of a patient’s
tumor in an immunodeficient mouse. This PDX is an invaluable asset for the advancement of cancer
precision medicine, particularly for rare and aggressive cancers [24]. A higher success rate of cell line
development from PDX has been reported [25-27]. These cell lines show a certain degree of disease
heterogeneity [26]. Limited numbers of CCA PDX and PDX-derived cell lines are available [16,27,28].
This prompted us to develop PDX as well as the PDX-derived cell line for high-throughput drug
screening. These models might be useful as a platform for future anti-CCA development.

2. Materials and Methods

2.1. Cell Line

Four CCA cell lines—KKU-055, KKU-100 [29], KKU-213, and the hepatocellular carcinoma (HCC)
cell line-HuH-7 [30] were selected as reference liver cancer cell lines for current study. KKU-055 and
KKU-213 were derived from intrahepatic CCA, while KKU-100 was derived from the extrahepatic
(perihilar) CCA [29]. CCA cell lines were obtained from the Japanese Collection of Research Bioresources
Cell Bank (Osaka, Japan). HuH-7 was kindly provided by Prof. Kyoko Tsukiyama-Kohara (Kagoshima
University, Kagoshima, Japan). Cells were maintained in DMEM (Wako, Osaka, Japan) or RPMI1640
(Wako) as per recommendations. FBS (10%; HyClone, Logan, UT, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin were supplemented in the media. Cultures were maintained at 37 °C in a
humidified 5% CO, atmosphere.
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2.2. CCA Tissue Collection and Storage

Sixteen CCA tissue samples were obtained from the Department of Pathology, Faculty of Medicine,
Khon Kaen University, Thailand, after the clinical specimens were obtained from the operating room
and the pathological specimens were taken as the standard protocol for pathological staging. All
tissue samples were histologically diagnosed; 10 were of intrahepatic CCA (ICC), and six were of
the extrahepatic subtype (ECC). The study protocol was reviewed and approved by the Ethical
Committee for the Human Research of Khon Kaen University (HE571283), based on the Declaration
of Helsinki of 1975. Written informed consent was obtained from each subject. Demographical and
pathological characteristics of patients and CCA tissues are listed in Table 1. CCA tissues were cut into
0.5 % 0.5 x 0.5 cm pieces and were stored in the freezing media containing 10% DMSO and 90% FBS,
with 3—4 pieces per frozen vial. Tissues were stored at —80 °C until needed.

For transplantation, frozen CCA tissues were thawed and vigorously washed with PBS three
times. Tissues were cut into 8-27 mm? pieces (2-3 mm each dimension). Non-viable cells were
removed. Each tissue was divided into two parts: (1) for transplantation and (2) for molecular
characterization and paraffin-embedded tissue preparation. Tissues were transplanted into flank areas
of Balb/c Rag-2/Jak3 double-deficient (Balb/c R]) [31] or Balb/c nude Rag-2/Jak3-deficient (Nude RJ)
mice [32] subcutaneously. Implanted tissues were observed three times a week and were removed
when the masses reached 8-10 mm in diameter. Xenograft tumors from mice were sub-divided into
four parts: (1) for serial transplantation, (2) for frozen tissue stock, (3) for cell line development, and (4)
for histological purposes. All experimental protocols were approved by The Institutional Animal Care
and Use Committee, Kumamoto University, Japan.

Table 1. Characteristics of patients and cholangiocarcinoma tissues.

Code  Gender Age  Subtype TMN**  Stage ** Ov# PDX ## Histological Classification
D039 F 66 ICC T3NOMO i No - WD, papillo-tubular adenocarcinoma
D042 M 56 ECC T2bNOMO I No B Inva.swe, intraductal papillary
carcinoma
D049 * M 55 ICC T2bNOMO I Ov + WD, tubular adenocarcinoma
D058 F 64 ICC T3N1MO IVA Ov + WD, tubular adenocarcinoma
D068 * M 61 IcC T2aN1MO IVA No + WD, tubu.lar adenqcarcmoma with
micropapillary foci
D070 M 65 ICC T3N1IMO IVA No + WD, tubular adenocarcinoma
D078 F 44 ECC T4N1IMO IVA No + WD, tubular adenocarcinoma
D088 F 68 1cc T3NOMO 11T No + MD, tubular adenocarcinoma
D090 E 65 ECC T2bNOMO I No + Inva.swe, intraductal papillary
carcinoma
D096 M 45 ECC T3N1MO 11IB No + WD, tubular adenocarcinoma
D106 M 54 ECC  T2bNIMO B No /- Invasive intraductal papillary
carcinoma
D113 M 70 cc T3NOMO i No + Inva'swe, intraductal papillary
carcinoma
D117 M 58 ICC  T3NIMO  IVA No - WD, tubular adenocarcinoms with
micropapillary foci
D119 M 71 ECC T3N1IMO 111B No + WD, tubular adenocarcinoma
D131 * M 66 ICC T3N1IMO IVA No + WD, tubular adenocarcinoma
D138 * F 60 ICC T3NOMO I No + Adenosquamous carcinoma

* Cell lines were established; ** classification is based on the 7th edition of the AJCC cancer staging classification
[33]; # Opisthorchis viverrini (Ov) is observed in the tissues; # serial transplanted tissues are successfully established,
+/— indicates only FO tumor was obtained; F: female; M: male; ECC: extrahepatic cholangiocarcinoma; ICC:
intrahepatic cholangiocarcinoma; MD: moderately-differentiated subtype; WD: well-differentiated subtype; PDX:
patient-derived xenograft.
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2.3. Cell Line Establishment

For cell line development, fresh xenograft tissues were prepared as previously described [34].
Cells were cultured in DMEM/F12 (Wako) containing 1-10% FBS and insulin-transferrin-selenium (ITS,
Gibco BRL, Carlsbad, CA, USA). Stromal cells were sequentially removed by partial trypsinization and
mechanical removal. Cancer cells were subsequently cultured in DMEM containing 10% FBS when
becoming morphologically homogenous. All media were supplemented with 100 U/mL penicillin and
100 pg/mL streptomycin. The cultures were maintained at 37 °C in a humidified 5% CO, atmosphere.
Cells were maintained in vitro culture system at least 6 months to ensure the immortalization properties.

All four newly established cell lines were deposited into the Japanese Cancer Research Resources
Bank (JCRB), National Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN),
Osaka, Japan.

2.4. The Expressions of Bile Duct and Hepatocyte-Related Genes

To demonstrate the liver cell origin of the cell lines, the expression profile of bile duct
or hepatocyte-related genes including cytokeratin 7 (CK7), CK19, y-glutamyl transferase (GGT),
a-fetoprotein (AFP), and albumin (ALB) were determined as previously described [35]. RNA was
isolated from the cell line, and cDNA was prepared as mentioned elsewhere [36]. Alpha-smooth
muscle actin (xSMA) primers were used for the exclusion of fibroblast contamination. Primers used in
the current experiment are listed in Table S1.

PCR products were separated in 1.5% agarose gel in Tris-Borate-EDTA (TBE) buffer. A gel was
stained with ethidium bromide solution (Sigma-Aldrich, St. Louis, MO, USA) and the images were
captured by Bio-Rad Gel Doc 2000 (Bio-Rad, Hercules, CA, USA).

2.5. Cell Line Authentication and TP53 Mutation Analysis

To determine the genetic stabilities of the cell lines, 16 short tandem repeats (STR) of cell lines,
original tumor tissues, and patient’s white blood cells (WBC) were compared using AmpF¢(STR®
Identifiler® Plus PCR Amplification Kit (Applied Biosystems, Carlsbad, CA, USA). DNA was extracted
by the QIAamp® DNA Micro Kit (QIAGEN, Stanford, CA, USA). PCR products were analyzed using
ABI Prism 3130 Genetic Analyzer and GeneMapper® ID Software v3.2 (Applied Biosystems).

TP53 gene mutation was analyzed as previously described in [37]. Briefly, PCR reactions were
performed using the HotStarTaq Master Mix Kit (QIAGEN) and the amplification reactions were
carried out on a GeneAmp 9700 Thermal cycler (Applied Biosystems) as suggested. Sequencing was
achieved by using BigDye Terminator V3.1 cycle sequencing reaction kit (Applied Biosystems) and the
Genetic Analyzer ABI 3130 (Applied Biosystems). TP53 sequences were compared to the reference
sequence (NC_000017.9) by Lasergene 10.1 (DNASTAR, Madison, WI, USA).

2.6. Xenograft Transplantation of Cell Lines

The xenograft transplantation ability of the cell lines was determined. One to two million cells of
each cell line were transplanted subcutaneously into both flanks of Balb/c R] mice. For intrasplenic
transplantation, 5 x 10* cells were injected intrasplenically as previously described [38]. Tissues, spleen,
and liver were removed at 1 month after transplantation. Paraffin-embedded tissues were prepared as
per standard protocol.

2.7. Histological Characterization and Evaluation

Hematoxylin and eosin staining of the original CCA tissues and transplanted tumors was
performed regularly. For immunohistochemistry staining, a standard protocol using citrate buffer
retrieval buffer was used. Signals were enhanced by EnVision-system-HRP (Dako, Glostrup, Denmark)
or the Vectastain Elite ABC standard kit (Vector Laboratories, Burlingame, CA, USA). Detection was
performed using the Histofine® DAB substrate kit (Nichirei Bioscience, Tokyo, Japan).
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The sources of antibodies were as follows: anti-CK19 (HPA002465,) was from Sigma-Aldrich,
anti-Ki-67 (MIB-1) was from Dako, anti-epithelial cell adhesion molecule (EpCAM, C-10) and
anti-Oct-3/4 (C-10) were from Santa Cruz Biotechnology (Dallas, TX, USA), anti-Sox2 (D6D9) was from
Cell Signaling Technology (Danvers, MA, USA), and biotinylated goat anti-mouse IgG and biotinylated
goat anti-rabbit IgG were from Vector Laboratories.

The comparison of tissue architecture between the original CCA tissue and transplanted tissue
was made by the pathologists. The images were taken by the BZ-8100 Biozero fluorescent microscope.
For the quantitation, the immunoreactivity signals were quantified by BZ-II Analyzer (Keyence, Osaka,
Japan) as previously described [36].

2.8. Statistical Analysis

For the correlation study, Pearson’s correlation coefficient (r) was calculated using GraphPad
Prism version 6.07 (San Diego, CA, USA).

3. Results

3.1. CCA Patient Tissue Transplantation

From 16 CCA tissues, 10 tissue samples were of the intrahepatic subtype (ICC) while six were of
the extrahepatic subtype (ECC) based on the 7th edition of the AJCC cancer staging classification. The
most extended storage duration with successful transplantation was 134 days (19-134 days). After
defrosting and cleaning, tissues were transplanted into both flanks of Balb/c R] mice. Thirteen tissue
samples (eight ICC and five ECC) successfully grew in the subcutaneous areas of the mice (Table 1). No
mass was observed in three mice (D039, D042, and D117). Unfortunately, only 12 tissue samples were
successfully transplanted into F1 (Figure 1). D106 formed a tumor in the FO mouse, but it was lethal to
the F1 mouse. We repeated D106 F1 transplantation twice but mice died within a month without a
specific cause and alarming signs. The durations of FO tumor formations ranged from 24 to 194 days.
The duration of tumor formation was not related to either tumor cell density evaluated by percentage
of CK19 immunoreactivity or the proliferative potential of the tumor cells determined by percentage of
Ki-67 positive nuclei (Table S2 and Figure S1).

16 CCA tissues

101ICC
6 ECC

3 Non-transplantable CCA tissues
1 unsuccessful serial

transplantation

v v

12 Transplantable CCA tissues 4 Cell lines
81CC(8/10, 80%) (4ICC; 3WD and 1 AS)
4 ECC (4/6, 66.7%)
Figure 1. The summary of PDX transplantation and PDX-derived cell line development.
CCA: cholangiocarcinoma.

A similar experiment was carried out in nude R] mice. Three samples were transplanted into
both flanks of mice. The transplantation success rate was comparable to those in Balb/c R], but FO
growth in nude R] took approximately 2 weeks longer. Thus, we selected the Balb/c R] mice for our
PDX generation and further testing.
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From our protocol, we successfully established the method for generation of the CCA-PDX model,
which is highly efficient (67-80% success rate) (Figure 1). The duration of xenograft transplantation
was not related to either tumor density or the proliferative capability of the tumor cells indicated by
CK19 and Ki-67 immunostaining. Nonetheless, it is worth mentioning that the duration of tumor
establishment was shorter when the PDX was serially transplanted (Figure 2). Mean durations of PDX
growth in FO, F1, F2, F3, and F4 were 110, 60, 47, 46, and 43 days, respectively. The xenograft tumor
growth might be related to the Oct3/4 and Sox2 expressions. Oct-3/4 was detectable in 11 xenografts
(92%) and Sox2 was observed in eight xenografts (67%). Interestingly, increased Oct3/4 was observed
in 50% of serially transplanted tumors (6/12 xenografts) and increased Sox2 was observed in 33% of
tumors (4/12 xenografts). Representative PDXs with Oct-3/4 and Sox2 increments are demonstrated
in Figure 3. It should be noted that EpCAM was observed on almost all tumor cell surfaces and no
significant alteration of the EpCAM signal was observed in our serially transplanted PDXs (Figure S2).

200+
150+
1004

50 }
-

FO F1 F2 F3 F4

Duration (days)

o

Transplantation

Figure 2. Comparison of PDX growth duration during serial transplantation. Bar indicates the longest
to the shortest duration in each generation and - indicates a mean duration.

3.2. Cell Line Establishment and Characterization

Among 12 serially transplantable tissues, four tissues were successfully developed into cell lines.
All cell lines were of intrahepatic origin; three were histologically characterized as well-differentiated
subtypes (WD; KKK-D049, KKK-D068, and KKK-D131) and one was characterized as a mixed
adenosquamous subtype (AS; KKK-D138). KKK-D068 and KKK-D131 were established from the
FO-transplanted tumor while KKK-D138 and KKK-D049 were established from the F1 and F2 tumors,
respectively. The morphologies of the cell lines are presented in Figure 4a. All cell lines exhibit
epithelial-like features with a high nuclear to cytoplasmic ratio. KKK-D049 shows a unique feature of
tight clustering. KKK-D068, KKK-D131, and KKK-D138 contain both polygonal and spindle-like cells.
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(a)

Oct-3/4

(b)

Sox2

Figure 3. Comparison of Oct-3/4 and Sox2 expressions between original tumor tissue from the
patient (original) and serially transplanted tissues (F0, F1, and F2). (a) Oct-3/4; (b) Sox2 expressions.
Representative samples of nuclear expressing and non-expressing CCA are shown. Bar = 100 um.

Oct-3/4 expressing CCA

ing CCA

non-expressing

Sox2 expressing CCA

non-expressing CCA

Transplanted tumors

7 of 15

8

P WD

Ori

inal
A
i

D070

,- st 2
o ;ﬁ”n
(NSRS

D119

D113

D058

D138

D113




Cells 2019, 8, 496 8of15
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Figure 4. The morphologies (a) and gene expression profile (b) of PDX-derived CCA cell lines
KKK-D-49, KKK-D068, KKK-D131, and KKK-D138. Huh?7, KKU-100, KKU-055, and KKU-213 were
used as references. WD: well differentiated subtype; AS: adenosquamous subtype; 1: cytokeratin 7
(CK7); 2: CK19, 3: y-glutamyl transferase (GGT); 4: a-fetoprotein (AFP); 5: albumin (ALB).

The authentications of cell lines were performed by STR analysis (Table 2). DNA from patient’s
tissue and WBC were used as references. Fifteen STR loci and amelogenin were detected. One locus of
D18S51 was lost in the D049 tissue and KKK-D049 cell line. One locus of D165539 and Y amelogenin
was lost in the KKK-D068 cell line but not in D068 tissue. A locus of CSF1PO, TH01, D165539, D195433,
D5S818, FGA, and Y amelogenin was lost in KKK-D131. A 31.2 locus of D21511 was lost in KKK-D138.

Further characterization of cell lineage marker was performed using RT-PCR (Figure 4b).
Comparisons of the previously developed HCC (HuH-7), CCA (KKU-100, KKU-055, KKU-213)
and the newly established cells showed all new cell lines expressed two bile duct markers, CK?7,
and CK9, similar to the previously established cell lines (KKU-100 and KKU-213); only KKK-D138
expressed GGT. KKK-D131 and KKK-D138 expressed the hepatocyte marker, ALB. None of the newly
established cell lines expressed AFP but a previously developed cell line, KKU-100 did. Alpha-SMA
was not detectable in any cell lines (data not shown).

TP53 mutation analysis revealed CCC to CGC at codon 72, which will cause missense P72R
mutations in KKK-D138 but is not detected in KKK-D068 and KKK-D131. The TP53 mutation of
KKK-D049 has not yet been analyzed.
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Table 2. Comparison of STR profiles of CCA tissues, patient WBC, and newly established cell lines.
Loci D049 D068 D131 D138
WBC Tissue Cell WBC Tissue Cell WBC Tissue Cell WBC Tissue Cell
D8S1179 12,17 12,17 12,17 12,16 12,16 12,16 12,13 12,13 12,13 10, 14 10, 14
D21511 29,30 29,30 29,30 30,33.2 30, 33.2 30, 33.2 29 29 29 29,31.2 29
D75820 * 8,10 8,10 8,10 8,10 8,10 8,10 8,11 8,11 8,11 10,11 10,11
CSF1PO * 11,12 11,12 11,12 11 11 11 12,13 12,13, 14 14 10,11 10,11
D351358 15,16 15,16 15,16 15 15 15 14,15 14,15 14,15 16,18 16,18
THO1 * 9 9 9 7 7 7 8,9.3 8,9.3 9.3 ND ** 8,93 8,9.3
D135317 * 8,9 8,9 89 8,12 8,12 8,12 10,11 10,11 10,11 8,11 11
D165539 * 13,14 13,14 13,14 9,11 9,11 9 9,11 9,11 11 9,11 9,11
D251338 19,25 19,25 19,25 19 19 19 20,23 20,23 20,23 24,25 24,25
D195433 13,152 13,152 13,152 14,14.2 14,14.2 14,14.2 13.2, 14 13.2,14 13.2 132,142 132,142
vWA * 14,17 14,17 14,17 14, 16 14, 16 14,16 14,16 14, 16 14, 16 14,18 14, 18
TPOX * 8,9 8,9 8,9 8,11 8,11 811 8,11 8,11 8,11 11 11
D18551 11, 16 11 11 12 12 12 17 17 17 15 15
D5S818 * 10, 12 10, 12 10, 12 11,12 11,12 11,12 10, 12 10,12, 13 13 9,10 9,10
FGA 23,242 23,242 23,242 23,25 23,25 23,25 19,21 19,21 21 18,24.2 18,24.2
Amelogenin X, Y X, Y X, Y X,Y X, Y X X, Y X,Y X X, X X, X

* Eight markers are common short tandem repeat (STR) markers for cell authentication; ** White blood cells (WBCs) are not available for comparison.
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3.3. Cell Line Transplantation

To test the in vivo tumorigenesis properties of the newly developed cell lines, the cell lines were
separately injected into both flanks of Balb/c R] (two mice/cell line, n = 4). Tumors were grown in the
mice for a month, and tumor masses were observed twice a week. We observed tumor masses from all
injected sites (Figure 5a). The successful rate of subcutaneous xenograft was 100% (Table 3).

[1]
41

(a) (b)

Figure 5. CCA cell line transplantation in subcutaneous (a) and intrasplenic (b) xenograft mouse
models. The representative pictures are from KKK-D068 transplantations.

Table 3. PDX-derived cell line transplantation rate in subcutaneous (SC) and intrasplenic (IS) xenograft
mouse model.

Cell Lines Route Transplantation Rate (%)
KKK-D049 SC 4/4 (100%)

IS 1/2 (50%)
KKK-D068 5C 4/4 (100%)

IS 2/2 (100%)
KKK-D131 sC 4/4 (100%)

IS 2/2 (100%)
KKK-D138 SC 4/4 (100%)

IS 2/2 (100%)

The transplantation was further performed in the intrasplenic transplantation model. Fifty
thousand cells of each cell line were injected into Balb/c R] spleen (two mice/cell line, n = 2). Spleen,
liver, and lungs were removed at 1 month after injection. Tumors were observed in 88% of transplanted
livers and spleens (7/8 mice) (Figure 5b). No tumors were detected in one mouse injected with
KKK-D049 (Table 3). No tumors were observed in lungs of mice (data not shown).

The subcutaneous tumor masses were prepared for the histological comparison with the tumor
tissues from the patients (Figure 6). These transplanted tumors exhibited similar architectures to the
original tumors. KKK-D049 showed tubular formation, while KKK-D068, KKK-D131, and KKK-D138
exhibited epithelial like characteristics.
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~ KKK-D049 KKK-D068 KKK-D131 KKK-D138

Original

000 o 20 DR 2§ , 1009
% 3 {

Xenograft

Figure 6. Histological comparison of original tumor tissues from patient (original) and subcutaneous
transplanted tissues (xenograft). Bar = 100 um.

4. Discussion

Cholangiocarcinoma (CCA) is a rare, aggressive tumor of liver found worldwide [1,2]. The
world’s highest incidence and mortality of CCA are in Thailand, and the disease is a significant
health concern. CCA treatment is difficult given the great heterogeneity of the disease. The unique
causative agent of Opisthorchis viverrini (Ov) infection has been demonstrated by distinctive molecular
signatures [11-13,18,19]. The typical signatures suggest Ov-related CCA might be vulnerable to distinct
treatment. Several attempts were made to provide opportunities for Ov-related CCA treatment [18,19].
Despite this, pre-clinical models that are patient-representative are limited. Therefore, a model for
target validation is urgently required.

Patient-derived xenograft (PDX) models are preclinical models that are ideally developed for the
implementation of personalized medicine. PDX models are a powerful tool for cancer propagation that
retain disease complexity and heterogeneity [24]. Moreover, PDX-derived cell lines with some degree
of cellular heterogeneity are useful tools for the larger scale of drug screening. We have developed the
PDX and PDX-derived cell lines which acquire very high efficiency for transplantation in conventional
subcutaneous and intrasplenic models.

The newly developed CCA-PDX model is highly efficient, with 75% transplantable efficiency
compared to 6-35% engraftment rates in the previously described models [27,28]. This high efficiency
is not related to the tumor stage, patient survival, tumor density, or proliferative potential of cells. This
might be due to the different genetic backgrounds of the recipient mice. Balb/c RJ or nude R] mice in
our study have no natural killer (NK) cells, but the non-obese diabetic (NOD)/Shi-severe combined
immunodeficient (SCID) mice in Cavalloni’s study and the athymic C.B17/Icr-scid(scid/scid) mice
in Ojima’s study retain functional NK cells [27,28]. The roles of NK cells in syngeneic or xenograft
tumor rejection are widely accepted [39]. The usefulness of the PDX model has been explored as the
resources for cell line development [25-27]. A comparable cell line establishment rate (25% in our
study vs. 32% in Ojima’s study) was observed, which might be due to the selective power of the PDX
model [20]. Increased Oct-3/4 or Sox2 expressing cancer cells were observed during PDX passaging.
Similar observations of increased cancer stem cell (CSC) proportions in the PDX model were observed
in other cancers [40]. The identification and characterization of CSCs in CCA-PDX are beyond the
scope of this study and require more attention.

PDX-derived cell lines developed in this study show some degree of heterogeneity in vitro and
in vivo, yet keep the characteristics of tissue organization, which are common in PDX models [25-27].
The loss of the Y chromosome or Y amelogenin was observed in two cell lines (KKK-D068 and
KKK-D131). The loss of the Y chromosome is also observed in hepatocellular carcinoma (HCC) [41]
and pancreatic cancer [42]. The functional significance of the Y chromosome loss is still under debate.
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Our PDX-derived cell lines acquire the expressions of the bile duct or hepatobiliary-related genes.
This might suggest a cellular origin, perhaps committed bile duct cells (CK7- and CK19-expressing
cells) or bipotential progenitor cells (CK7/CK19 and ALB-expressing cells) [35]. Cellular origins of
cell lines require further investigation. The newly established cell lines have very high efficiency
for xenotransplantation. Owing the PDX development was in Balb R/], these cell lines might be
adapted to the selection power of the mouse model. Testing of xenotransplantation efficiency in other
immunodeficient will be explored.

We propose the platform for anti-cancer drug screening using a PDX-derived cell line, and a PDX
mouse model as demonstrated in Figure 7. In cases where immunodeficient mice are not commonly
available, cancer tissues might be kept as frozen stock. Transplantation might be performed upon
readiness. In parallel, the omics identification of drug targets and the development of PDX-derived
cell lines might be performed. This cell line might be useful for high-throughput drug screening or
target testing. To validate the information from omics study or high-throughput drug screening, the
PDX model may play a critical role. Moreover, this PDX biobank would be a precious resource for
future drug development.

: %B o . N
p 4 - ®U'.A; .
™ ~<=° E> PDX biobank
A& ‘@&};

Ex vivo In vivo
- Target/biomarker identification |j‘> - Drug testing

- Drug testing - Biomarker validation

Figure 7. A proposed model of PDX resource usage.
5. Conclusions

In conclusion, in this study we established a highly effective CCA PDX model and highly
transplantable PDX-derived cell lines. Cell authentications and characterization have been
demonstrated. The cellular heterogeneity and preserved tissue architecture have been confirmed in
PDX-derived cell lines and cell line xenografts. These PDX-derived cell lines and PDX models might be
a promising platform for anti-CCA development. The advantage of our PDX model for personalized
medicine seems to be limited by the long transplantation duration in some cases.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2073-4409/8/5/
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