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Abstract

Cholangiocarcinoma (CCA) is an aggressive malignant tumor of bile duct epithelia.
Recent evidence suggests the impact of cancer stem cells (CSC) on the therapeutic
resistance of CCA; however, the knowledge of CSC in CCA is limited due to the lack of
a CSC model. In this study, we successfully established a stable sphere-forming CCA
stem-like cell, KKU-055-CSC, from the original CCA cell line, KKU-055. The KKU-
055-CSC exhibits CSC characteristics, including: (1) the ability to grow stably and
withstand continuous passage for a long period of culture in the stem cell medium, (2)
high expression of stem cell markers, (3) low responsiveness to standard chemother-
apy drugs, (4) multilineage differentiation, and (5) faster and constant expansive tumor
formation in xenograft mouse models. To identify the CCA-CSC-associated pathway,
we have undertaken a global proteomics and functional cluster/network analysis.
Proteomics identified the 5925 proteins in total, and the significantly upregulated
proteins in CSC compared with FCS-induced differentiated CSC and its parental cells
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Abbreviations: 5-FU, 5-fluorouracil; ABC, ATP binding cassette; ALDH, aldehyde dehydrogenase; BRJ, BALB/c Rag-2null/Jak3null; CCA, cholangiocarcinoma; CSC, cancer stem cell;

EpCAM, epithelial cell adhesion molecule; GEPIA, Gene Expression Profiling Interactive Analysis; HMGA1, high mobility group A1; PTS, phase-transfer surfactant; SC, sphere cell; SDC,
sodium deoxycholate; SLS, sodium lauroyl sarcosinate; STAT3, signal transducer and activator of transcription 3; STR, short tandem repeat; TCGA, The Cancer Genome Atlas.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

3230 | wileyonlinelibrary.com/journal/cas Cancer Science. 2023;114:3230-3246.


www.wileyonlinelibrary.com/journal/cas
mailto:
https://orcid.org/0000-0002-5777-3843
https://orcid.org/0000-0001-9723-0846
mailto:nori@gpo.kumamoto-u.ac.jp
https://orcid.org/0000-0001-9987-6229
mailto:atitsil@kku.ac.th
mailto:nori@gpo.kumamoto-u.ac.jp
http://creativecommons.org/licenses/by-nc/4.0/

PANAWAN ET AL.

H 3231
Cancer Science Ruiiana:

KEYWORDS

1 | INTRODUCTION

Although CCA is considered a rare tumor, the number of cases and
deaths is increasing worldwide.! The aggressive malignant pheno-
types lead to a poor prognosis for CCA patients. Chemotherapy with
gemcitabine, cisplatin, and 5-FU is necessary for patients with ad-
vanced and unresectable tumors.?® However, chemoresistance and
tumor recurrence remain significant problems in CCA patients.4'5

Cancer stem cells were reported as an important factor in pro-
moting cancer progression, therapeutic resistance, and disease
recurrence.®” Targeting CSCs could be a promising strategy for
achieving curative treatment.”® Several in vitro and in vivo exper-
imental protocols, such as tumor-sphere formation assay and cell
sorting by flow cytometry, have been used to isolate and assess the
cancer stem-like cells.”!® The isolated cells exhibited CSC pheno-
types, such as drug resistance, multilineage differentiation, and in
vivo tumor formation.***2 The sources of this minor but useful cell
subpopulation could be either primary tumor tissues or the estab-
lished cancer cell lines.3°

The accumulated evidence suggests that the tumor tissue of CCA
is rich in the CSC population and implicates CCAs as stem cell-based
diseases.’®'” However, the information regarding the biology of CSC
in CCA is very limited due to the lack of CCA-CSC models to be char-
acterized. In this study, a novel stable/long-life CCA stem-like cell,
KKU-055-CSC, has been isolated from the established CCA cell line.
In vitro and in vivo experiments revealed that the cells exhibit the
features of CSCs, suggesting its potential to be a representative CSC
clone for CCA. Using global proteomics and network analyses, we
identify the CCA-CSC-associated pathways and their key molecules
as candidates to be targeted. Functional and in silico studies were
carried out to explore their role in CCA-CSC and determine their

potential as a target for CCA treatment.

were extracted. Network analysis revealed that high mobility group A1 (HMGA1) and
Aurora A signaling through the signal transducer and activator of transcription 3 path-
ways were enriched in KKU-055-CSC. Knockdown of HMGA1 in KKU-055-CSC sup-
pressed the expression of stem cell markers, induced the differentiation followed by
cell proliferation, and enhanced sensitivity to chemotherapy drugs including Aurora
A inhibitors. In silico analysis indicated that the expression of HMGA1 was correlated
with Aurora A expressions and poor survival of CCA patients. In conclusion, we have
established a unique CCA stem-like cell model and identified the HMGA1-Aurora A
signaling as an important pathway for CSC-CCA.

bile duct, cancer stem cell, cholangiocarcinoma, HMGA1, liver

2 | MATERIALS AND METHODS

2.1 | Celllines and cell culture

A parental CCA cell line, KKU-055, was established from poorly
differentiated primary CCA tissue of a 56-year-old Thai man
and was obtained from the Japanese Collection of Research
Bioresources Cell Bank. The cell was maintained in DMEM
(Thermo Fisher Scientific) supplemented with 10% FCS (MP
Biomedicals). KKU-055 CCA stem-like cell (KKU-055-CSC)
was maintained in a stem cell culture medium.*®* The CSCs
were subcultured once a week using Accumax (Innovative Cell
Technologies). All cell lines were cultured in an incubator at 37°C
with 5% CO,.

2.2 | Establishment of CCA stem-like cells from a
CCA cell line

The CCA stem-like cell KKU-055-CSC was derived/reprogrammed
from the adherent parental KKU-055 CCA cell line using protocols
modified from previous reports.“”18 Briefly, the parental KKU-
055 cells were trypsinized and washed with PBS to remove the
FCS. The cells were resuspended in a stem cell culture medium
and seeded to form spheres in an ultralow attachment culture dish
(Corning). Fibroblast growth factor, epidermal growth factor, and
insulin were added every 2 days. Cells were continuously cultured
and subpassaged carefully once a week for more than 3months,
more than 15 passages, to ensure that the cells formed spheres/
spheroids stably during their culture. After 15 passages, the cells
were stably cultured in the standard TC-treated cell culture dish

(Falcon; Corning).
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2.3 | Cell proliferation and drug sensitivity assays

For the proliferation assay, the KKU-055-CSC and parental KKU-
055 cells were seeded in a 96-well plate at 1000 cells/100puL/
well. Cell number was measured from day O to day 3 using CCK-8
(Dojindo) as the manufacturer's recommendation. For the drug
sensitivity assay, the cells were treated with the desired concen-
trations of 5-FU, cisplatin, gemcitabine, or Aurora A inhibitors.
Phosphate-buffered saline (for gemcitabine) or equal DMSO con-
centration (for cisplatin, 5-FU, or Aurora A inhibitors) were used
as the controls. After 72h, the cell number was measured using
CCK-8 (Dojindo). The relative cell viability was calculated as the
percentage of viable cells in the treatment conditions compared
with the control. Five replicates of each condition and three inde-

pendent experiments were performed.

2.4 | Multilineage differentiation

Multilineage differentiation of KKU-055-CSC was analyzed as de-
scribed previously.ls'19 Briefly, the cells were preseeded and al-
lowed to form small spheres for 2days. The differentiation was
induced by treatment with 10% FCS, StemPro Osteogenesis, or
StemPro Adipogenesis Differentiation media (Thermo Fisher
Scientific). Alizarin Red S was used for calcium staining to confirm
osteocyte differentiation. Adipocyte differentiation was identi-
fied by Oil Red O staining, which stains the lipid droplets in the
cells.

2.5 | Western blot analysis

Cells were lysed using urea lysis buffer (8 M urea, 2M thiourea, and
0.5mM NaCl) and PTS solution (12mM SDC, 12mM SLS), in 100mM
Tris-HCI (pH9) containing protease and phosphatase inhibitors
(Roche Diagnostics). The SDS-PAGE and western blot analysis were
carried out as previously described using the desired concentrations
of primary Abs (Table 51).182°

2.6 | Immunocytochemistry staining

Cells were seeded in a 24-well plate (2 x 10* cells/well) and cul-
tured for 72h. After complete incubation, the cells were washed
twice with PBS and fixed in 90% cold methanol for 15min. The
cells were incubated with 1% BSA for 1h to block nonspecific re-
activity, followed by overnight incubation with the desired con-
centration of primary Abs at 4°C. The staining signal was detected
by Alexa-547-conjugated anti-mouse or Alexa 488-conjugated
anti-rabbit Abs; DAPI diluted 1:1000 (Invitrogen) was used for nu-

clear staining.

2.7 | RNA extraction and RT-PCR

Total RNA was extracted using the RNeasy Mini kit (Vivantis
Technology). Two micrograms of total RNA was used for cDNA syn-
thesis by a high-capacity cDNA Reverse Transcription kit (Applied
Biosystems) according to the manufacturer's recommendation.
The converted cDNA was diluted with nuclease-free water to ob-
tain a final concentration of 20ng/uL and used as the template for
real-time PCR as previously described.® All primers are listed in
Table S2.

2.8 | Invivo tumor transplantation
The in vivo experiments were carried out using BRJ mice?! under
the guidelines of the Animal Experiment Committee of Kumamoto
University. The KKU-055-CSC or parental KKU-055 cells were in-
jected subcutaneously into 8-12-week-old BRJ mice with varying
cell numbers: Group 1, 3 x 10° cells/nodule and 1 x 10° cells/nodule,
and Group 2, 3 x 10* cells/nodule and 1 x 10° cells/nodule. Five rep-
licate experiments were carried out in each group. The animal condi-
tions were monitored daily. Tumor volume (V) was calculated from
length (L, the long part of the tumor) and width (W, the short part of
the tumor) using the formula: V= (W2 x L) /2.

The tumors were harvested and weighed when the diameter

reached 2cm at most in the group of xenografts.

2.9 | Immunohistochemistry of tumors from
mouse xenografts

Tumor samples were fixed in 4% paraformaldehyde in PBS, embed-
ded in paraffin, and cut into 4 pm sections; H&E staining was carried
out to check the cell morphology in the tumor. For immunostain-
ing, the sections were deparaffinized using xylene and rehydrated
with a graded series of ethanol. Antigen retrieval was undertaken by
heat-induced epitope retrieval in citrate buffer. The sections were
incubated with 1% BSA in TBS for blocking, and stained with primary
Abs against EpCAM (N1554; Dako), and Ki-67 (M7240; Dako). The
sections were incubated with HRP-conjugated anti-mouse second-
ary Abs (Nichirei). Positive signals were visualized using diaminoben-
zidine (Nichirei).

2.10 | siRNA treatment

The siRNA against HMGA1 (siHMGA1; Ambion/Invitrogen) was
transfected into KKU-055-CSC using an electroporation sys-
tem. The 2 x10° cells were resuspended in 10uL serum-free
Opti-MEM (Thermo Fisher Scientific) containing 50 pmole of siH-
MGAL1. The electroporation was carried out by pulsing 1100V, 30



PANAWAN ET AL.

= 3233
Cancer Science A yinsanas

pulse-width, twice in a MicroPorator MP-100 (Digital Bio; Thermo
Fisher Scientific) using 10uL Neon tips (Ambion/Invitrogen). After
electroporation, the cells were cultured for 48-72h. The siHMGA1
sequences were GUGCCAACACCUAAGAGACCUTT (sense) and
AGGUCUCUUAGGUGUUGGCACTT
treated with Silencer Negative Control siRNA (Ambion/Invitrogen)

(antisense).??  Cells were

as a control siRNA (siControl).

2.11 | Cytogenetic and karyotype analysis

Parental KKU-055 and KKU-055-CSC cells were subjected to a
conventional chromosomal analysis as in the protocol previously
described.® Briefly, after the fixation, the chromosomes in the cells
were trypsin-Giemsa-banded to identify individual metaphase
chromosomes. Representative nonoverlapped chromosome fig-
ures were imaged. The karyotype analysis was based on criteria
of the International System for Human Cytogenetic Nomenclature
(ISCN).% The modal chromosome number was determined in at least
20 cells from each parental KKU-055 and KKU-055-CSC.

2.12 | Shorttandem repeat analysis

The DNAs from KKU-055-CSC and parental KKU-055 cells were
extracted using the genomic extraction kit (Qiagen). A standard STR
profile was obtained with 15 loci and the gender marker (amelo-
genin), amplified using the AmplIFLSTR PCR Amplification kit and an-
alyzed by 3130x| Genetic Analyzer (Applied Biosystems). Obtained
data were analyzed using the GeneMapper ID-X Software version
1.4 (Applied Biosystems).

2.13 | Proteomic analysis

The parental KKU-055, KKU-055-CSC, and 10% FCS-induced dif-
ferentiation form (KKU-055-DIF) were cultured for 72h. The cel-
lular proteins were prepared according to the previously described
protocol‘24 Briefly, the cell lysate was harvested using PTS lysis
buffer (12mM SDC, 12mM SLS), in 100mM Tris buffer (pH?9)
containing protease inhibitor cocktails (Sigma-Aldrich). The cell
lysates (400 ug each) were digested with Lys-C (Wako Chemicals)
and trypsin (MS grade; Promega). Four replicate samples were
prepared for each group. The liquid chromatography-tandem
mass spectrometry analyses were carried out using an Orbitrap
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) con-
nected with an EASY-nLC 1200 (Thermo Fisher Scientific). Mass
spectrometry data were processed and searched against the
UniProtKB/SwissProt (2021_09) human database using Protein
Discoverer 2.4. The detailed protocol for proteomic analysis is de-
scribed in Data S1. The mass spectrometry data are available in
the Japan ProteOme STandard (jPOST) Database (accession nos.
JPST002032, PXD039953).2

2.14 | Statical analysis

For functional assays, the statistical analyses and graph construc-
tion were carried out using GraphPad Prism 9.0 software (GraphPad
Software). Data are presented as the mean +SD. Student's t-test was
used to compare the data between groups; *p <0.05 and **p<0.01
were considered statistically significant. The statistical analysis of

proteomics is described in Data S1.

3 | RESULTS

3.1 | Cholangiocarcinoma stem-like cell KKU-055-
SC was established from the KKU-055 CCA cell line

To establish the CCA stem-like cell, the parental KKU-055 CCA cells
were seeded onto an ultralow attachment culture dish and continu-
ously cultured in a stem cell culture medium. The cells could form
floating 3D clusters, continuously growing and long-term serial
subpassaged. After subpassage, reformation of the small spheres
(<20 pm) could be observed within 48h and continuously enlarged
to reach approximately 100pum within 7days (Figure 1A). After
3months, the cells could propagate as a floating sphere without
attaching to the standard TC-treated cell culture dishes. Over the
past 3years, the cells could be serial subpassaged and constantly re-
formed the spheres for more than 100 passages. Typically, the cells
were kept at -80°C in the stem cell banker by checking the stem cell
phenotypes after 20-30 passages. All experiments were carried out
with those stock cells and finished within 20 passages. As the cells
can maintain their ability to form spheres constantly, we first named
these cells KKU-055-SC.

To validate whether KKU-055-SC showed stem cell characteris-
tics in general, we examined the expression of stem cell markers in
the sphere form of KKU-055-SCs compared with parental KKU-055
cells. Western blotting showed that the reported CCA stem mark-
ers (SOX2, CD44, CD147, and EpCAM) were highly expressed in
KKU-055-SCs, whereas less expressed or undetectable in parental
KKU-055 cells (Figure 1B). High expression of SOX2, CD44, EpCAM,
and CD44v9 in KKU-055-SCs was also demonstrated by immuno-
fluorescence staining (Figure 1C). In addition, real-time RT-PCR in-
dicated that KKU-055-SCs express higher mRNA levels of SOX2,
Oct3/4, c-myc, OLG2, CD44, and EpCAM compared with parental cells
(Figure 1D). [Corrections made on 05 July 2023, after first online
publication: “KKU-055-CSC” was corrected to “KKU-055-SC” in the
heading for Section 3.1].

3.2 | KKU-055-SCs show stem cell phenotypes

3.2.1 | Cellular proliferation

The CSC is generally defined as a quiescent cell with a low prolif-
erative rate, although it possesses a high tumorigenic ability. Cell
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FIGURE 1 Morphology and stem cell marker expression. (A) Phase contrast of parental KKU-055 cells (KKU-055-Par) and KKU-055
sphere cells (KKU-055-SC; 50th passage). Scale bar, 50 pm. (B) Expression of SOX2, CD44, CD147, and epithelial cell adhesion molecule
(EpCAM) was determined by western blot analysis. (C) Immunocytofluorescence was used to assess the expression of SOX2, EpCAM, CD44,
and CD44v9. DAPI was used for nuclear staining. (D) Real-time RT-PCR was used to quantify the mRNA expression of Sox2, Oct 3/4, C-myc,
OLG-2, CD44, and EpCAM. p-Actin was used as an internal control for normalization. *p <0.05, **p<0.01.

proliferation assay using CCK-8 (Dojindo) showed that KKU-055-
SCs exhibited a significantly lower proliferation rate than parental
KKU-055 cells (Figure 2A).

3.2.2 | Sensitivity against anticancer drugs

Another important CSC property is the gain of chemoresistance;
therefore, we have analyzed the sensitivities of KKU-055-SCs against
standard chemotherapeutic drugs for CCA treatment. Compared with
parental KKU-055 cells, KKU-055-SC showed higher resistance to
cisplatin, 5-FU, and gemcitabine (Figure 2B). The IC, value at 72h of
cisplatin in KKU-055-SC (6.3 M) was significantly higher than parental
cells (2.0 pM). For 5-FU, the IC,, value in KKU-055-SC was 31.6uM,
which is significantly higher than that of parental KKU-055 cells
(19.9uM). The IC,, value of gemcitabine in KKU-055-SC was higher
than 25nM, while in parental KKU-055 cells the value was 15.4nM.

3.2.3 | Multilineage differentiation

To demonstrate the differentiating ability of KKU-055-SC, the cells
were treated with FCS and specific differentiation media. After treat-
ment with 10% FCS for 72h, KKU-055-SC became adherent cells
resembling parental cells (Figure 2C). Moreover, the KKU-055-5Cs

could differentiate into adipocytes and osteocytes by adipogenesis
and osteogenesis differentiation media, respectively, after 14 days.
Lipid droplet accumulation in the cytoplasm of the induced adipo-
cytes was shown by positive staining with Oil Red O. The osteocyte

differentiation was confirmed with calcium staining by Alizarin Red.

3.2.4 | Tumor initiation ability in mouse
transplantation model

Xenotransplantation in a mouse model was used to evaluate the tu-
morigenicity of KKU-055-SC. Varying numbers of KKU-055-SC and
parental KKU-055 cells were subcutaneously injected into BRJ mice
as the workflow in Figure 3A. The ability in tumor formation of KKU-
055-SC was significantly higher than parental KKU-055 (Figure 3B-
D). At week 4, tumors were observed in mice injected with 3 x 10° and
1 x10° cells/nodule. The mice were then killed and the tumors were
excised on day 31. With 1 x10° cells/nodule, the weight of tumors
formed from KKU-055-SC was 0.84 +0.24 g, while that from parental
KKU-055 cells was 0.14+0.05g (Figure 3E). With 3 x10° cells/nod-
ule, the weight of tumors formed from KKU-055-SC was 0.39 +0.26g,
while that by parental KKU-055 cells was 0.11+0.06g. At week 5,
the tumor nodules transplanted with 1 x10° KKU-055-SCs were ob-
served and allowed to grow until they reached a 2cm diameter on day
46 (approximately 6.5 weeks). Of those transplanted with 1x 10° cells/
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FIGURE 2 Phenotypic characteristics of KKU-055 sphere cells (KKU-055-SC) and parental KKU-055 cells (KKU-055-Par). (A)
Proliferation of KKU-055-SC was compared with parental KKU-055 cells using CCK-8. (B) Dose-response curves represented cell viability
72 h after treatment with cisplatin, 5-fluorouracil (5-FU), and gemcitabine. *p <0.05, **p <0.01. (C) Morphology of KKU-055-SC in (i) stem
cell medium. Multi-lineage differentiation ability was determined by (ii) 10% FCS-induced differentiation for 72h, (iii) Oil Red O staining of
fat droplets (red) after adipocyte differentiation, and (iv) Alizarin Red S staining of calcium granule (red) after osteocyte differentiation. Scale

bar, 50 pm.

nodule, the tumor weight of KKU-055-SC was 0.57+0.32g, and that
of parental KKU-055 was 0.13+0.08g. The immunohistochemistry
showed that all tumors arising from KKU-055-SC showed a stronger
positive signal of proliferative marker Ki-67 and CCA stem cell marker
EpCAM compared with those of parental KKU-055 cells (Figure 3F).
These results indicated that KKU-055-SC possesses higher in vivo tu-
morigenicity compared with the parental KKU-055 cancer cell line.

Collectively, our CCA sphere cells exhibited cancer stem cell phe-
notypes, including stem cell marker expression, self-renewal, drug
resistance, multilineage differentiation, and higher tumor formation
ability. Therefore, we defined the KKU-055-SC as a CCA stem-like
cell and renamed it KKU-055-CSC.

3.3 | KKU-055-CSC showed identical chromosome
phenotypes to parental KKU-055 cell line

Karyotype analysis revealed that KKU-055-CSCs and parental
KKU-055 cells exhibit similar aneuploidy karyotypes with marked
structural abnormalities of the chromosomes. The representative
G-banded karyotypes are shown in Figure 4. The numbers of chro-
mosomes among 20 examined cells were illustrated as an equal
modal chromosome number of 54 of parental KKU-055 cells and
KKU-055-CSCs. To verify the cell origin, STR analysis was carried
out to compare with the information provided in the Japanese
(https://cellbank.nibio
hn.go.jp/~cellbank/en/search_res_det.cgi?ID=7070). As shown in

Collection of Research Bioresources

Table 1, the STR profiles of the KKU-055-CSCs were more than
95% similar to those of the parental KKU-055 cells and original
patient tissue, supporting the exact origin of the KKU-055-CSCs
and parental KKU-055 cells. In addition, after long-term passages
over 3years, the KKU-055-CSCs have not changed their chromo-

somal phenotypes.

3.4 | Proteome profiling differentially expressed
in KKU-055-CSC, compared with KKU-055-DIF and
KKU-055 parental cells

To explore the molecular characteristics of CSC, we carried out
global proteomics to compare KKU-055-CSC with KKU-055-DIF
and the parental KKU-055. Four biological replicated samples from
KKU-055-CSC, KKU-055-DIF, and parental KKU-055 cells were
prepared and subjected to proteomics analysis, shown as a work-
flow in Figure 5A. The global label-free quantification proteomics
identified 42,706 unique peptides corresponding to 5925 proteins
(false discovery rate <1%). Pearson correlation showed that the
identified proteins were highly correlated among the biological
quadruplicates (Figure S1). Hierarchical clustering analysis was car-
ried out to illustrate an overview of the global proteome changes
arising between the three different stages of the cells (Figure 5B).
Cluster analysis showed that proteome profiles of CSC are closer to
that of DIF than that of the parental cell line. The k-mean clustering
revealed five discrete protein expression patterns (Figure 5B,C).
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FIGURE 3 Tumor-initiating ability of KKU-055 sphere cells (KKU-055-SCs) in a mouse model. (A) Schematic diagram represents the
workflow of tumor transplantation in the mouse model. (B, C) Tumors were presented in experimental animals and were harvested

on day 31 and day 46. (D) Tumor size was measured daily, and (E) weight was measured after harvesting. (F) Harvested tumors were
immunohistochemically stained by a proliferative index, Ki-67, and a stem marker, epithelial cell adhesion molecule (EpCAM). The signal was
developed by diaminobenzidine (brown). Scale bar, 50 pm. *p <0.05, **p <0.01. KKU-055-Par, parental KKU-055.
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FIGURE 4 Karyotype analysis. Chromosome analysis of (A) parental KKU-055 cells (KKU-055-Par) and (B) cholangiocarcinoma stem-
like cells (KKU-055-CSC) was carried out by G-band karyotyping. The chromosome images are representative of 20 examined mitotic cells.
There was an equal modal chromosome number of 54 (53-56 chromosomes of KKU-055-Par cells and 52-55 chromosomes of KKU-055-
CSCs). Several chromosome markers (M, mar) were similar in both, such as for parental KKU-055: 53+XX; +1, +3, +6, +7, +8, +10, +12, -13,
-17, 421, +mar and for KKU-055-CSC: 53+XX; +1, +3, +4, +7, +8, +10, +12, -13, -17, +21, +mar.

TABLE 1 Shorttandem repeat profiles of cholangiocarcinoma
KKU-055 cells and KKU-055 stem-like cells (KKU-055-CSC)

KKU-055
Locus (JCRB1551)
D8S1179 ND
D21511 ND
D75820 7,8
CSF1PO 10, 11
D351358 ND
THO1 9,9
D13S317 11,11
D16S539 10,13
D251338 ND
D195433 ND
VWA 17,19
TPOX 8,8
D18S51 ND
D55818 11,11
FGA ND
Amelogenin X

Parental
KKU-055

14, 16,17
29,31
7,8
10,11
16,17
9,9
11,11
10, 13
22,22
14,14
17,19
8,8
16,17
11,11
26,26
X

KKU-055-
CsC

14,16, 17
29,31
7,8
10, 11
16,17
9,9
11,11
10, 13
22,22
14,14
17,19
8,8
16,17
11,11
25,26
X

Abbreviations: JCRB, Japanese Collection of Research Bioresources;

ND, Not determine; X, Chromosome X.

Clusters 1 and 2 represented the 936 and 456 proteins, of which
expression was low in CSC, increased upon differentiation, and
maintained at a high level in parental cells. Cluster 3 is a group of
proteins (n=508) highly expressed in the differentiation stage but
low in CSC and parental cells. Cluster 4 contained 972 proteins
highly expressed in CSC but low in the differentiation stage and
parental cells. Cluster 5 is the group of proteins (n=655) highly
expressed in CSC and parental cells but low in the differentiation
stage. From our proteomics data, the stem cell markers (CD44,
CD38, EpCAM, Kif4) and multidrug resistance proteins (ALDH3A1,
ALDH1A1, and ABCB1) were highly detected in KKU-055-CSC, as
they are categorized in Cluster 4 (Figure 5D). These CSC-associated
proteins are gradually downregulated during differentiation and
totally lost or significantly reduced in the parental cells, suggesting
that KKU-055-DIF could be represent an intermediate stage in the

transition from stem cells to parental cancer cells.

3.5 | Network analyses of proteins significantly
expressed in KKU-055-CSC

The volcano plots were used to compare the proteome profiles
of KKU-055-CSC with KKU-055-DIF and parental KKU-055
(Figure 6A). We identified 1988 upregulated and 555 downregulated

FIGURE 5 Proteomics of cholangiocarcinoma stem-like cells (KKU-055-CSC), the 10% FCS-induced differentiation form (KKU-055-
DIF), and parental KKU-055 (KKU-055-Par) cells. (A) Schematic diagram representing the proteomics workflow. (B) Cluster analysis of the
quantitatively identified proteins. (C) k-mean clustering (D) The target stem cell markers' expression level, represented by mass intensity,
was extracted from cluster 4 of the identified proteins. ABC, ATP binding cassette; ALDH, aldehyde dehydrogenase; EpCAM, epithelial cell
adhesion molecule; LC-MS/MS; liquid chromatography-tandem mass spectrometry.
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FIGURE 6 Differentially expressed proteins among cholangiocarcinoma stem-like cells (CSC), the 10% FCS-induced differentiation
form (DIF), and parental (Par) KKU-055 cells. (A) Volcano plots represent differentially expressed proteins. Red dots represent proteins
significantly upregulated in CSC. Blue dots represent proteins significantly upregulated in KKU-055-DIF and parental KKU-055 cells.
(B) Venn diagram of proteins upregulated or downregulated in CSC, compared with DIF and Par cells. Numbers represent the number of

proteins.

proteins in KKU-055-CSC compared with KKU-055-DIF, with 1816
proteins upregulated and 1100 proteins downregulated compared
with parental KKU-055. After merging the data, we found 1123 and
319 proteins were specifically upregulated and downregulated, re-
spectively, in KKU-055-CSC (Figure 6B, Tables S3-S5). These up-
regulated and downregulated proteins were further subjected to
pathway analysis using KeyMolnet software. As a result, the top 20
and 10 overrepresentative pathways were identified and are listed
in Table 2.

The network analysis was undertaken to identify the CCA-CSC-
associated signaling pathway, focusing on upregulated proteins in

CSC. Using the KeyMolnet network search algorithm “start points
and end points”, the 1123 upregulated proteins were set as the
“start point” and the cancer stem cell pathway was set as the “end
point”. The results revealed a complex network of targets with the
most statistically significant relationships (Figure 7A). We extracted
a specific network focusing on the HMGA1-STAT3-Aurora A path-
way in the highly enriched pathways, showing the highest expres-
sion in CSC and regulating many molecules in the center of this
network (Figure 7B). The CSC-specific expressions of those mole-
cules that make up this network, such as HMGA1, STAT3, Aurora
A, CD44, BRG, and SWI/SNF-related proteins, were confirmed in
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TABLE 2 Pathways enriched from KKU-O55 stem-like cell
(KKU-055-CSC) upregulated and downregulated proteins using
KeyMolnet software

Rank KeyMolnet pathway Score

Pathways upregulated in KKU-055-CSC

1 Spliceosome assembly 54.838

2 Condensin signaling pathway  41.917

3 Aurora signaling pathway 26.553

4 BET family signaling 24.69
pathway

5 Transcriptional regulation 20.135
by high mobility group
protein

6 BRCA signaling pathway 19.992

7 Transcriptional regulation by 19.086
SREBP

8 Kinesin family signaling 17.975
pathway

9 Transcriptional regulation by 17.461
RB/E2F

10 Nucleophosmin signaling 16.426
pathway

11 Arginine methylation 16.23

12 ATM/ATR signaling pathway 15.604

13 PARP signaling pathway 14.984

14 ING signaling pathway 14.815

15 Topo Il signaling pathway 14.63

16 TACC signaling pathway 14.252

17 Sirtuin signaling pathway 14.225

18 CDK signaling pathway 13.901

19 Transcriptional regulation 13.76
by Kaiso

20 HAT signaling pathway 13.384

Pathways downregulated in KKU-055-CSC

1 Lipoprotein metabolism 30.307

2 Spliceosome assembly 25.517

3 Integrin family 25.273

4 Sphingolipid signaling 20.827
pathway

5 Integrin signaling pathway 16.887

ARF family signaling 16.845

pathway

7 Sphingoglycolipid 15.776
degradation

8 HDAC signaling pathway 14.763

9 VHL signaling pathway 13.398

10 2-Hydroxyglutarate signaling ~ 12.321
pathway

11 Nicotinic acetylcholine 11.877

receptor signaling
pathway

p value

3.11E-17
2.41E-13
1.02E-08
3.69E-08

8.68E-07

9.59E-07
1.80E-06

3.88E-06

5.54E-06

1.14E-05

1.30E-05
2.01E-05
3.09E-05
3.47E-05
3.94E-05
5.13E-05
5.22E-05
6.54E-05
7.21E-05

9.36E-05

7.53E-10
2.08E-08
2.47E-08
5.37E-07

8.25E-06
8.50E-06

1.78E-05

3.60E-05
9.27E-05
1.96E-04

2.66E-04

the proteomics (Figure S2). The extracted network indicated that
HMGA1 modulates the expression of CD44, SOX2, and STAT3 as
a transcriptional factor and also has associations with stem cell fac-
tors, including BRG, Oct4, SWI/SNF, c-myc, and CD44 via activation
of STAT3 (Figure 7B). This result suggested that the HMGA1-STAT3-
Aurora A network regulates stemness maintenance of CSC by con-

trolling stem cell factors.

3.6 | High mobility group A1 signaling
pathway regulates stemness maintenance and
chemoresistance of CCA-CSC

Our proteomics data suggested the association of HMGA1 with
stemness maintenance of CCA-CSC. Western blotting and immuno-
fluorescence showed that HMGA1 is highly expressed in KKU-055-
CSC and drastically reduced in KKU-055-DIF and parental KKU-055
cells (Figure 8A). To investigate the role of HMGA1 in CCA-CSC,
we silenced HMGA1 expression in KKU-055-CSC using specific
siRNA. After siHMGA1 treatment, the expression of HMGA1 in
KKU-055-CSC was significantly decreased compared with that of
siControl (Figure 8B). The cell proliferation was dramatically in-
creased (Figure 8C). The morphology is slightly changed by increas-
ing the adherent activity to the culture dish (Figure S3). Moreover,
we found that the knockdown of HMGA1 leads to the reduction of
stem cell markers SOX2 and CD44 in KKU-055-CSC (Figure 8B).
Furthermore, KKU-055-CSC treated with siHMGA1 became signifi-
cantly more sensitive against 5-FU, cisplatin, and gemcitabine than
the siControl-treated cells (Figure 8D). These results suggested the
role of HMGA1 in stemness maintenance and chemoresistance of
CCA-CSC.

3.7 | Aurora signaling pathway involves cell
viability of CCA-CSC

In addition to HMGA1, the Aurora signaling pathway is also en-
riched in KKU-055-CSC (Table 2). Western blot analysis and im-
munofluorescence confirmed that Aurora A is highly expressed in
KKU-055-CSC compared to the KKU-055-DIF and parental KKU-
055 (Figure 8E). To investigate the role of the Aurora signaling
pathway, five US FDA-approved drugs targeting Aurora A activity
were used to treat KKU-055-CSC and compared with the paren-
tal cells. After 72 h of the treatments, Aurora A inhibitors showed
significantly higher inhibitory effects on the cell viability of KKU-
055-CSC than the parental cell (Figure 8F,G). Moreover, we have
analyzed the combined effects of the knockdown of HMGA1 and
Aurora A inhibitors. After pretreatment with siHMGA1 or siCon-
trol for 24 h, CSC and parental cells were treated with the de-
sired concentration of Aurora A inhibitors for 48h. The results
showed that the knockdown of HMGAZ1 could sensitize the effect
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FIGURE 7 Network analysis of proteins upregulated in cholangiocarcinoma stem-like cells (CSC). (A) Network analysis was undertaken
in KeyMolnet software using 1123 proteins upregulated in KKU-055-CSC were used as the input for analysis. (B) The enriched signaling
pathway is based on high mobility group A1 (HMGA1) and Aurora A. The protein interactions were defined as follows: a solid line with

the arrow (direct binding or activation), a solid line with the arrow and stop (direct inactivation), a solid line without the arrow (complex
formation), a dashed line with the arrow (transcriptional activation), and a dashed line with arrow and stop (transcriptional repression). ICC,
immunocytochemistry; MS/MS, tandem mass spectrometry.
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FIGURE 8 Functional analysis of high mobility group A1 (HMGA1) in cholangiocarcinoma cancer stem cells (CSC). (A) Western

blotting and immunocytofluorescence were used to determine the high mobility group A1 (HMGA1) expression (green). The nucleus
(blue) was stained by DAPI. Scale bar, 20 pm. (B) KKU-055-CSC was treated with 50 pmole of siHMGA1 and compared to siControl.
Immunofluorescence measured expressions of HMGA1, SOX2, and CD44. Scale bar, 50 um. (C) Proliferation assay by CCK-8 and (D) drug
sensitivity against 5-fluorouracil (5-FU), cisplatin, and gemcitabine. (E) Western blotting and immunocytofluorescence of Aurora A (green).
Scale bar, 20 pm. (F, G) Cell viability was measured by CCK-8 after combined treatment with siHGMA1 and drugs. *p <0.05, **p<0.01. DIF,
10% FCS-induced differentiation form; EpCAM, epithelial cell adhesion molecule; Par, parental KKU-055.

of Aurora A inhibitors in KKU-055-CSC, while this sensitized ef- 3.8 | Insilico analysis of HMGA1 and Aurora A in
fect was not observed in parental cells (Figure 8F,G). These find- CCA tissues

ings suggest the potential of combined suppression of HMGA1

and Aurora A for improvement of CCA treatment by targeting The mRNA expression of HMGA1 and AURKA in human CCA tissues
CCA-CSC. (hn=36) were compared, in silico, with normal counterparts (n=9)
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using the TCGA dataset on the GEPIA online server (http://gepia.
cancer-pku.cn/). The expression of HMGA1 in CCA tissues was sig-
nificantly higher than in normal tissues (Figure 9A). Kaplan-Meier
survival analysis showed that the higher expression of HMGA1 in
human CCA tissues is associated with poor overall survival of pa-
tients (Figure 9B). In addition, the AURKA level in CCA tissues was
found to be positively correlated to HMGA1 with a Pearson index (R)
of 0.73 (p value <0.001) (Figure S4). These data suggest the impor-
tance of HMGA1 and AURKA in CCA.

4 | DISCUSSION

Cancer stem cells are a minor population of tumor cells discovered as
the main factor contributing to tumor development and progression;
CSCs are proposed to be an effective target for cancer treatment.
Here, we successfully established a cell line-derived CCA stem-like
cell, KKU-055-CSC, representing a CSC clone useful for further in
vitro and in vivo studies. The cells exhibited CSC phenotypes, in-
cluding expression of stem cell markers, drug resistance, multiline-
age differentiation, and tumor formation. In addition, the proteome
analysis followed by functional assays revealed the role of HMGA1
and Aurora A in stemness maintenance and chemoresistance of
CCA-CSC.

Cancer stem-like cells can be obtained from several sources by
many methods.”*22%27 |n this study, we isolated the cancer stem-like
cells from the CCA cell line using the protocol modified from our pre-
vious studies.*>*® This protocol is practical and simple; just culturing
the primary cancer cells or cell lines in specific stem cell media to
produce the stem-like cells that can maintain their characteristics in
the long term. To authenticate that the isolated cells could be a rep-
resentative CSC model, several CSC phenotypes should be shown
through various in vitro and in vivo experiments.28'31 In our study,
the KKU-055-CSC exhibited CSC phenotypes, such as expression of
CSC markers, multilineage differentiation, chemoresistance, and in
vivo tumor formation.

The previous studies about CCA stem cells were mainly per-

formed in the short-term culturable CSC-like/spheroid cells or the

CSC marker-positive adherent cancer cells.321%3233 The |ong-term
culturable CCA-CSC clone has never been successfully established;
the KKU-055-CSC is the first long-term culturable sphere-forming
CCA-CSC clone. However, similar characteristics and marker ex-
pression were observed between KKU-055-CSC and those cells. To
characterize the CCA-CSC properties of KKU-055-CSCs, we under-
took all experiments using the sphere form of KKU-055-CSC and
compared it to the FCS-induced differentiation and parental KKU-
055 cells. We found that FCS can induce the monolayer attachment
of KKU-055-CSC to the culture plate, which is related to the reduc-
tion of stem cell marker expression, as shown in Figure 5D.

Cancer stem cell factors/markers regulate stem cell phe-
notypes,®® and their suppression could weaken the capacity of
C5Cs.%473¢ Many CSC markers have been reported for CCA, in-
cluding ALDH, CD44, CD44v9, CD90, CD133, CD147, EpCAM, and
SOX2.16%233 High expression of these CSC markers is associated
with poor clinical outcomes in CCA patients.>” Overexpression of
CD44, CD44v6, CD44v8-10, and EpCAM increases the predictabil-
ity of postoperative CCA recurrence.’? CD44v9 was reported to in-
duce stem-like phenotypes and enhance CCA progression through
the Wnt/f-catenin signaling pathway.35 In our study, KKU-055-CSC
showed a high expression of CSC markers, including CD38, CD44,
CD147, SOX2, EpCAM, KLF4, Oct3/4, c-myc, and OLG2. The func-
tional analysis showed that KKU-055-CSC gains the ability on che-
moresistance. Supporting this function, our proteomics data showed
that KKU-055-CSC expressed a high level of proteins related to mul-
tidrug resistance, including ALDH3A1, ALDH1A1, and ATP binding
cassette (ABC) transporters. A high level of ALDH expression was
reported to associate with the high migratory capacity and gemcit-
abine resistance of CCA cells.?* Taken together, our data agree with
the previous reports that CD44, CD147, SOX2, EpCAM, Oct3/4, and
ALDH could be the potential CSC markers applicable as a target for
treating CCA in the future. 163233

Collectively, our data showed that the KKU-055-CSC is poten-
tially a representative CCA stem-like cell. However, it is known that
the population of CSCs are heterogenous; the different CSC clones
with different degree of stemness could show different phenotypes

and aggressiveness. Thus, KKU-055-CSC might be a particular
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subgroup of CCA-CSCs. For a better understanding of CSCs of CCA,
more CSC-like clones with different phenotypes and degrees of
stemness should be isolated and characterized.

Our global proteome analysis revealed the distinct protein
expression pattern among KKU-055-CSC, KKU-055-DIF, and pa-
rental KKU-055 cells. We found the upregulation of the integrin
signaling pathway in KKU-055-DIF and the parental KKU-055
compared with KKU-055-CSC, suggesting the involvement of this
signaling pathway during CSC differentiation. Our finding agrees
with the previous reports that the integrin signaling is enhanced
during CSC differentiation and could serve as a target niche for
CSC differentiation.’*®

The transcriptional regulation pathway by HMGA was extracted
as one of the most enhanced networks in CSC and dramatically
declined after differentiation. These results suggested the role of
HMGA signaling in the stemness maintenance of CCA stem cells.
The HMGA proteins, including HMGA1 and HMGAZ2, are chromatin
architectural proteins interacting with the transcriptional types of
machinery to change chromatin structure and regulate the transcrip-
tion of many genes.*® It is highly expressed in embryonic stem cells
and some adult stem cells, such as hematopoietic and intestinal stem
cells, indicating their fundamental role in self-renewal and differen-
tiation in the stem cells.®® Overexpression of HMGA1 could enhance
the expression of OCT4, NANOG, SOX2, and C-myc in human embry-
onic stem cells.3**° The HMGA proteins were also overexpressed
in many cancer types,** including CCA. Our in silico analysis also
showed the overexpression of HMGA1 in human CCA tissues, and
its high expression was associated with poor survival of CCA pa-
tients. In breast cancer, HMGA proteins were found to play a critical
role in epithelial-mesenchymal transition.*? In CSCs, the function
of HMGA protein is not yet clearly understood. Network analysis
using proteomics data shows HMGA1 and stem cell factor-related
proteins (e.g., SOX2, CD44, CD133, EpCAM, KLF4, Nanog, OCT4,
OCT1, and SWI/SNF) are associated through STAT3 activation.
Signal transducer and activator of transcription 3 was determined to
be a downstream target of HMGA1. The HMGA1 binds to the STAT3
promoter and activates the expression level of STAT3 in leukemic
cells.*® Our results indicate that the expression of STAT3 is higher
in CSC conditions than in DIF and is not expressed in parental cells
(Figure S2). The network analysis in this study suggested that STAT3
regulates the expression of HMGAL1 in a feed-forward manner, con-
trolling the expression of STAT3 itself through HMGA1 regulation,
which could drive a stem-like cell state of CCA-CSCs. Moreover, our
results showed that HMGA1 regulates drug resistance of CCA-CSC.
The involvement of HMGA1 in chemoresistance was also found in

colon cancer*4#°

and glioblastoma.*® This evidence suggested the
general function of HMGA1 in controlling stemness maintenance
and chemoresistance of CSCs.

In addition, in this study, the Aurora signaling pathway was
highly enriched in CCA-CSCs. Aurora kinase A (Aurora A) is a serine/
threonine kinase that plays an essential role in many steps in cell bi-
ology during meiosis.*’ In glioma stem cells, Aurora A regulates self-

renewal and tumorigenicity by interacting with AXIN and disrupting

the AXIN/GSK3b/B-catenin destruction complex, resulting in the
activation of Wnt signaling.48 Moreover, Aurora A can translocate
to the nucleus, which enhances breast cancer stem cell phenotype
by activating the MYC promoter.49 We showed that the treatment of
Aurora A inhibitors could reduce the cell viability of both CCA-CSC
and parental CCA cells. Interestingly, the suppression of HMGA1 can
enhance the Aurora A inhibitor effects, specifically higher in CSC,
suggesting the important role of HMGA1 and Aurora A in CCA-CSC.
Information on the relationship between HMGA1 and Aurora A is
very limited. Our study might be the first to identify the relationship
between HMGA1 and Aurora A in CSC. Using TCGA/GEPIA data-
base analysis, we found a strong correlation between HMGA1 and
Aurora A (AURKA) mRNA levels in human CCA.

In conclusion, our findings show that HMGA1-AuroraA, possibly
through STAT3-related pathways, is the key regulator in the main-
tenance of CSC-like features in CCA stem cells. Targeting these
molecules could be a promising new strategy for CSC-eradication
therapeutics; however, further study will be needed to clarify the

exact mechanism.
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