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Abstract

Recent evidence suggests the impact of cancer stem cells (CSC) on the therapeutic resistance
of cancer cells. Compared with other cancer types, the knowledge about CSC in cholangiocarcinoma
(CCA) is limited due to the lack of a CSC model. In this study, we successfully established a sphere-
forming CCA stem-like cell, KKU-055-CSC, from a cancer cell line. The KKU-055-CSC noticeably
exhibits the CSC characteristics, including 1) the ability to grow stably and withstand continuous
passage for a long period of culture under the stem cell medium, 2) high expression of stem cell
markers, 3) low responsiveness to standard chemo-drugs, 4) multi-lineage differentiation, and 5)
faster and constant tumor formation in xenograft mouse models. To identify the CCA-CSC associated
pathway, we have performed a global proteomics and functional cluster/network analysis. Global
proteomics identified the 6000 proteins in total, and the significantly upregulated proteins in CSC
compared with FCS-induce differentiating CSC and its parental cells were extracted. Network
analysis revealed that high mobility group A1 (HMGAT1) and Aurora-A signaling via the STAT-3
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pathways were enriched in KKU-055-CSC. Knockdown of HMGA1 in KKU-055-CSC suppressed
the expression of stem cell markers, increased cell proliferation, and enhanced drug sensitivity,
especially Aurora-A inhibitors. In silico analysis demonstrated 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, potentially used as a tool for studying CSC biology
of CCA. Using this model, we identified the HMGA1 and Aurora-A signaling as the novel essential
pathway for CSC-CCA.
Keywords: cancer stem cell, liver, bile duct, cholangiocarcinoma
Introduction

Cholangiocarcinoma (CCA) is the most common primary liver cancer arising from biliary
epithelial cells [1]. Although it is considered a rare tumor, the number of cases and deaths are
increasing each year worldwide; especially, the highest incidence and mortality rates of CCA have
been reported in Northeastern Thailand [2]. The aggressive malignant phenotype with high metastasis
and therapeutic resistance led to a poor prognosis for CCA patients. The survival rate of CCA patients
is generally short and varies from 12-24 months [3]. Recently, surgical resection at the early stage has
been reported as the only effective treatment for CCA patients, offering 15-40% of 5-year survival [3,
4]. Chemotherapy with gemcitabine, cisplatin, and 5-FU is necessary for patients with advanced and
unresected tumors [5, 6]. However, resistance to chemotherapeutic drugs and tumor recurrence
remains significant problem in CCA patients [7, 8]. Nowadays, no standard regimen for curative
treatment of CCA is available [6].

Cancer stem cell (CSC), a subpopulation of cancer cells having self-renewal and multi-
lineage differentiating capacity, was reported as an important factor in promoting tumor progression,
recurrence, and therapeutic resistance in many types of cancer [9, 10]. Targeting CSCs is purposed to
be a promising strategy for achieving curative treatment [9, 11]. Several approaches have been
proposed to target CSCs, including activation of chemo/radio-sensitivity, specific pathway
interference, differentiation/mobilization therapy, ablation through prospective factors, disruption of
immune evasion pathways, and antiangiogenic treatments, etc. [12]. However, the molecular
mechanism of CSC-specific pathways for stemness maintenance or differentiation is poorly
understood. To target CSC for cancer treatment, it is necessary to isolate CSCs and analyze their
specific properties. Currently, several in vitro and in vivo experimental protocols have been proposed
to isolate and assess the cancer stem-like cells through such as tumor-sphere formation assay, a single
cell colony formation assay, and cell sorting based on their specific cell surface markers by flow
cytometry [13, 14]. The isolated cells were found to exhibit CSC phenotypes, such as drug resistance,
multi-lineage differentiation, and tumor formation [15, 16]. The sources of this minor but useful cell
subpopulation could be either primary tumor tissues or the established cancer cell lines [17-19]. Many
cancer stem cell markers have been identified in CCA, such as, aldehyde dehydrogenase (ALDH),
epithelial cell adhesion molecule (EpCAM), CD133, CD44, CD44v9CD90, CD13, and SRY-box
transcription factor 2 (SOX2). [1, 20, 21]. The accumulated evidence suggests that the tumor tissue
of CCA is rich in the CSC population and implicates CCAs as stem cell-based diseases [1, 22].
However, the information regarding the biology of CSC in CCA is very limited due to the lack of



cholangiocarcinoma-cancer stem cell (CCA-CSC) models to be characterized.

In this study, a novel stable/long-life CCA stem-like cell, KKU-055-CSC, has been isolated
from the CCA cell line that previously established from the patient tissue. 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 this clone, we sought to identify the CCA-CSC-associated
pathways and their key molecules as candidates to be targeted, by the global proteome analysis.
Functional studies and in silico studies have been conducted to explore the roles of the selected CCA-

CSC-associated molecules.

Materials and Methods
2.1 Cell line and cell culture

KKU-055, an adherent CCA cell line established from poorly differentiated primary CCA
tissue of a 56-year-old Thai male, was obtained from the Japanese Collection of Research
Bioresources Cell Bank, Osaka, Japan, through Cholangiocarcinoma Research Institute, Khon Kaen
University, Thailand. The cell was maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal calf serum (FCS, MP
Biomedicals, Santa Ana, CA). At 80% confluence, the cells were sub-passaged using trypsin-EDTA
approximately twice a week. KKU-055 cholangiocarcinoma stem-like cell (KKU-055-CSC) was
maintained in a stem cell culture medium: serum-free DMEM supplemented with B-27 (1:50;
GIBCO/Invitrogen), heparin (5 mg/ml; Sigma-Aldrich, St. Loius, MO), human fibroblast growth
factor (FGF, 20 ng/ ml; PeproTech Inc, East Windsor, NJ), epidermal growth factor (EGF, 20 ng/ml;
PeproTech Inc), and insulin (10 ng/ml, (Sigma-Aldrich, St. Loius, MO). FGF, EGE, and insulin
were added to the cells every 2 days. The CSC were sub-cultured once a week using Accumax
(Innovative Cell Technologies, San Diego, CA). All cell lines were cultured in a 37°C incubator with
5% COa,. Since the adherent KKU-055 cell was used to establish KKU-055 CSC, it would be referred
as “parental KKU-055".
2.2 Establishment of CCA stem-like cells from a CCA cell line

The CCA stem-like cells, KKU-055-CSCs, were derived/reprogramed from the adherent
parental KKU-055 CCA cell line using previously reported protocols [17, 23]. Briefly, the parental
KKU-055 cells were trypsinized and washed with phosphate buffer saline (PBS) to remove the FCS.
The 1x10° cells were resuspended in a stem cell culture medium and seeded to form spheres in an
ultra-low attachment 100-mm culture dish (Corning, Kennebunk, ME). FGF, EGF, and insulin were
added every 2 days. Cells were continuously cultured and sub-passaged once a week for more than 3
months with 1x10° cells/dish, >15 passages, to assure that the cells formed spheres/spheroids stably
during their culture. ~After 15 passages, the cells were stably cultured in the normal cell culture dish
(TC-treated Cell Culture Dish, Falcon®).
2.3 Cell proliferation

The KKU-055-CSC and parental KKU-055 cells were seeded in a 96-well plate at 1,000
cells/100 pl/well.  Cell number was measured at day O (1 h after the seeding), dayl (24 h), day2 (48
h), and day 3 (72 h), followed by incubating the cells with 10 pl Cell Counting kit-8 (WST-8, Dojindo,



Kumamoto, Japan) for 4 h, and analyzing their absorbances at 450 nm. The study with 5 replicates of
the seeding wells for each condition, and three separated independent experiments were performed.
2.4 Drug sensitivity assay

The KKU-055-CSC or parental KKU-055 cells were seeded in a 24-well plate (2x10%
cells/well). After 24 h incubation, the cells were treated with the desired concentrations of 5-
fluorouracil (5-FU), cisplatin, and gemcitabine. PBS (for gemcitabine) or equal DMSO concentration
(for cisplatin or 5-FU) were used as the controls. After 72 hrs of incubation, the cells were trypsinized
and mixed with an equal volume of Trypan Blue solution (Gibco, Grand Island, NY). The viable cells
were counted using a hemocytometer under the microscope with phase contrast mode. The relative
cell viability was calculated as the percent (%) viable cells in the treatment conditions compared with
the control. Each treatment was performed in 3-5 replicates, and those experiments were repeated at
least twice.
2.5 Multi-lineage differentiation

KKU-055-CSC (1.0x10° cells) were pre-seeded and allowed to form the small spheres in stem
cell cultured medium for 2 days in a 100-mm cell culture dish, then 500 ul each was transferred to
each well of a 24-well plate. For FCS-induced differentiation, 55 pl of FCS was added into the spheres
to obtain the final concentration of approximately 10% FCS. For the lineage-specific differentiation,
the cell culture supernatant was replaced by StemPro™ Osteogenesis and Adipogenesis
Differentiation media (Thermo Fisher Scientific, Grand Island, NY), incubated for 14 days
independently, as previously described [24]. On day 14, Alizarin Red S staining was used to determine
the osteocyte differentiation, represented by calcium granule accumulation. The adipocyte
differentiation was identified by Oil Red O staining, which stains the lipid droplets, as previously
described [24].
2.6 Western blot analysis

Cells were lysed using urea lysis buffer (8 M of urea, 2 M Thiourea, 0.5 mM NacCl) and phase-
transfer surfactant (PTS) solution (12 mM SDC, 12 mM SLS, in 100 mM Tris-HCI (pH 9),
supplemented with phosphatase inhibitor cocktail 2 and cocktail 3 (PhosStop; Roche Diagnostics,
Mannheim, Germany) and protease inhibitor cocktail (Complete Mini; Roche Diagnostics,
Mannheim, Germany). Protein concentration was determined using Quick Start™ Bradford Protein
Assay (Bio-rad, Hercules, CA) for urea lysates and Pierce ™ BCA Protein assay kit (Thermofisher
Scientific, Rockford, IL) for PTS lysates.

Cell lysates were mixed with sample solubilizing medium (0.5M Tris-HCI pH 6.8, 4% (w/v)
SDS, 10% (v/v) glycerol and 0.1% (w/v) bromophenol blue) and incubated at 37°C for 1 hr. Equal
amounts of protein were loaded into each well, and the electrophoresis was performed in SDS-PAGE
running buffer (0.025M Tris base, 0.192M Glycine, 0.1% SDS) with a constant 20 mA/gel for 1 hour.
After electrophoresis, the proteins were transferred to PVDF membrane using transferring buffer (40
mM Tris base, 20 mM sodium acetate, 2 mM EDTA, pH 7.4, 20% (v/v) methanol, and 0.05% (w/v)
SDS with constant 20 voltage for 1 hour. Non-specific reactivity was blocked by incubating the
membrane with 5% skim milk or 5% bovine serum albumin (BSA) for 1 h at room temperature. After

that, the membranes were probed overnight with the desired concentrations of primary antibodies



(supplementary data). After complete incubation, the membranes were incubated with 1:10,000
HRP-conjugated anti-mouse or anti-rabbit antibodies. The chemiluminescent signal was developed
by ECLTM Prime Western Blotting Detection (GE Healthcare) and detected by ImageQuant LAS
600 image analyzer. The signal intensities were analyzed using ImageJ software. Beta-actin was used
as an internal control.
2.7 Immuno-cytochemistry staining
KKU-055-CSC and KKU-055 parental cells were seeded in a 24-well plate (2 x 10*

cells/well) and cultured for 72 h. For the FCS-induced differentiated form of KKU-055-CSC (KKU-
055-CSC-DIFF), after cell dissociation, the cells were resuspended in 10% FCS containing DMEM.
After 72 h incubation, the culture media was gently removed and the cells were washed twice with
PBS, followed by fixation in 90% cold methanol for 15 min. After fixation, the cells were washed
twice with PBS, followed by blockage of the non-specific reactivity with 1% BSA for one h. Then,
the cells were incubated overnight with the desired concentration of primary antibodies at 4°C. After
the overnight incubation, the cells were washed with PBS and incubated with 1:1,000 Alexa-547-
conjugated anti-mouse or Alexa 488-conjugated anti-rabbit antibody for 1 h at room temperature. The
DAPI diluted 1:1,000 (Invitrogen corporation, Eugene, OR) was used for nuclear staining.
2.8 RNA extraction and real-time reverse transcriptase polymerase chain reaction

Total RNA was extracted using the RNeasy Mini kit (Vivantis Technology, Selangor,
Malaysia). RNA concentration was measured using OD at 260 nm, and quality was assessed by
agarose gel (1%) electrophoresis. Two micrograms of total RNA were used for cDNA synthesis by a
High-capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster, CA) according to the
manufacturer's recommendation. The converted cDNA was diluted with nuclease-free water to obtain
a final concentration of 20 ng/ul and used as the template for real-time polymerase chain reaction
(PCR). The Light Cycler 480® SYBR green I master (Roche Diagnostics, Mannheim, Germany) was
used for the PCR in the Light Cycler 480® system (Roche Diagnostics) with the condition of 95°C
for 5 min, followed by 40 cycles of 95°C for 10 sec, 60°C for 10 sec and 72°C for 3 sec and the final
step of 40°C for 10 sec. Expression of the target genes was quantified (24P ) relative to beta-actin as
the reference gene. All primers are listed in the supplement data.
2.9 In vivo tumor transplantation

The in vivo experiments were performed in the BALB/c Rag-2null/Jak3null (BRJ) mice [25]
under the guidelines of the Animal Experiment Committee of Kumamoto University. The KKU-055-
CSC or parental KKU-055 cells were subcutaneously injected into 8 to 12-week-old BRJ mice by
varying cell numbers as Group 1) 3x10* cells/nodule, 2) 1x10° cells/nodule, 3) 3x10° cells/nodule,
and 4) 1x10° cells/nodule. Each group was performed in 5 replicates. The animal conditions were
monitored daily, and the tumor size was measured every 3 days using a caliper. 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 following formular.

V=(W2xL1)2
The tumors were harvested and weighted when the diameter reached 2 cm at most in the group

of the xenografts



2.10 Immunohistochemistry of tumors from mouse xenografts

Tumor samples were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS),
embedded in paraffin, and cut into 4 um sections; HE staining was performed for checking the cell
morphology in the tumor. For immunostaining, the sections were deparaffinized using xylene and
rehydrated with a graded series of ethanol. Antigen retrieval was performed by heat-induced epitope
retrieval in citrate buffer. The sections were incubated with 1% bovine serum albumin in Tris-buffered
saline with 0.1% NaN3 for blocking, and stained with primary antibodies against EpCAM (Abcam,
ab71916), and Ki67 (Abcam, ab16667). The sections were incubated with horseradish peroxidase
(HRP)-conjugated anti-mouse secondary antibodies (Nichirei). Positive signals were visualized using
HistoGreen substrate (Cosmo Bio) for staining with diaminobenzidine (DAB; Nichirei).
2.11 Small interference RNA (siRNA) treatment

The siRNA against HMGA1 (siHMGA1) was transfected into KKU-055-CSC using an
electroporation system. KKU-055-CSC (2x10° cells) were resuspended in 10 pl of serum-free Opti-
MEM (Thermo Fisher Scientific, Waltham, MA) containing 50 pmole of siHMGAIL. The
electroporation was performed by pulsing 1,100 volts, 30 pulse-width, 2 times in MicroPorator MP-
100 (Digital bio, Thermo Fisher, Algonquin, IL) using 10 ul Neon™ tips (Invitrogen, Carlsbad, CA).
After the electroporation, the cells were transferred into 24-well or 6-well plates and incubated for
48-72 h in the 5% CO2 incubator at 370C. The synthesized sequences of siHMGA1 used in this
experiment were 5’-GUGCCAACACCUAAGAGACCUTT-3’ (sense) and 5’-
AGGUCUCUUAGGUGUUGGCACTT-3’(antisense) [26]. Cells were treated with Silencer
Negative Control siRNA (Ambion, Carlsbad, Canada) as a control siRNA.
2.12 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 [6]. Briefly, after the fixation, the chromosomes in
the cells were trypsin-Giemsa-banded to identify individual metaphase chromosomes. Representative
non-overlapped chromosome figures were imaged. The karyotype analysis was based on criteria of
the International System for Human Cytogenetic Nomenclature (ISCN) [27]. The modal chromosome
number was determined in at least 20 cells from each parental KKU-055 and KKU-055-CSC.
2.13 Short tandem repeat (STR) analysis

The DNAs from KKU-055-CSC and parental KKU-055 cells were extracted using the
genomic extraction kit (QIAGEN, Hilden, Germany). A standard STR profile was obtained with 15
loci and the gender marker (amelogenin) which were amplified by using the AmplFLSTR PCR
Amplification kit and analyzed by Applied Biosystems 3130x1 Genetic Analyzer (Applied Biosystem,
Foster City, CA). Obtained data were analyzed using the GeneMapper ID-X Software Version 1.4
(Applied Biosystems).

2.14 Cellular protein preparation for proteomics
The cellular proteins were extracted from parental KKU-055, KKU-055-CSC, and its
differentiated form, and prepared according to the protocol previously described [28]. Cells were

cultured up to 80% confluences in 10-cm diameter dishes for 72 h. The cell lysate was harvested



using PTS lysis buffer (12 mM SDC, 12 mM SLS, in 100 mM Tris buffer (pH 9) containing protease
inhibitor cocktails (Sigma-Aldrich, St. Loius, MO), and sonicated in ice  bath using Bioruptor
UCD-250 (Bio sonic, Kanazawa, Japan) with 5 s ON/ 1 s OFF pulse for 5 min x 5 times. The 400 pg
of cell lysates was reduced with 10 mM dithiothreitol at 37°C for 30 min, followed by
carbamidomethylated with 55 mM iodoacetamide at 37°C for 30 min, under the dark condition. The
alkylated protein solution was 5-fold diluted with 50 mM ammonium bicarbonate, digested with 4 ug
(Lys-C:substrate proteins, 1:100) of Lys-C (Wako Chemicals) for 3 hr at 37°C, and then digested by
4 ug (trypsin:substrate proteins, 1:100) of trypsin (MS grade, Promega,) overnight at 37°C. After the
digestion, an equal volume of ethyl acetate was added to remove the detergents by phase transfer after
the acidification with 0.5% trifluoroacetic acid (final concentration). = The mixture was vortexed
and centrifuged at 15,700 x g for 2 min; the aqueous layer was collected, dried, rehydrated with 0.1%
TFA, and desalted using StageTips with SDB-XC disk membranes. The peptides were kept in SDB
elution solution (80% ACN and 0.1% TFA) at —80 °C until the MS analysis. Four replicate samples
were prepared for each group.
2.15 nanoLC-MS/MS analysis

The LC/MS/MS analyses were performed in an Orbitrap Fusion Tribrid mass spectrometer
(Thermofisher Scientific), connected to an EASY-nLC™ 1200 (Thermofisher Scientific). Peptides
were first loaded onto an EASY-SprayTM C18 Trap column (Thermofisher Scientific, P/N 164946,
3 um, 75 pm IDx 20 mm length), and then separated on C18 packed emitter column, 3 pm, 100 A,
75 pm ID x 120 mm length from Nikkyo Technos Co., Ltd (Tokyo, Japan). The injection volume was
10 pL, and the flow rate was 300 nL/min. The mobile phases were (A) 0.1% formic acid and (B)
0.1% formic acid/80% ACN. Multiple-linear gradient elution was performed as follows: 2-5%B in 1
min, 5 —40% B in 239 min, 40-100% B in 5 min, and 100% B for 5 min. Spray voltages of 2300 V,
the mass scan range; m/z 350 — 1650, a maximum injection time;50 ms, and detection at a mass
resolution; 120,000 at m/z 200 in the orbitrap analyzer. A maximum cycle time;3 seconds for full MS
scan and MS2 scans. The precursor ions with a 1.6 m/z isolation window, a maximum injection
time;75 ms, and a mass resolution;30,000. Dynamic exclusion;60 sec,the normalized HCD;30, a mass
resolution; 15,000 at m/z 200 in the Orbitrap analyzer. A lock mass 391.28429 was used.
2.16 Proteomics data analysis = Mass spectrometry data were processed and searched against the
UniProtKB/SwissProt (2021 09) human database using Protein Discoverer 2.4. The following
parameters were applied for peptide and protein identification: a precursor mass tolerance of 4.5 ppm,
a fragment ion mass tolerance of 20 ppm, and a minimum peptide length of 7 amino acids. Fixed
modification; Cys Carbamidomethylation and variable modifications;methionine oxidation and
protein N-terminal acetylation. FDR <1% at the PSM and protein level.

Quantitative proteomics data were analyzed by Perseus (v1.6.15.0) using a Label Free
Quantitation (LFQ) intensity (log2) data [29]. The protein identifications from each group (KKU-
055-CSC, -DIF, -Parental) of 4 replicates were filtered to require 4 valid values in at least 1 group.
Then, for the relative quantitation, the imputation of the missing values in the samples data was
subjected with random numbers drawn from a normal distribution with a downshifting of 1.8 and a
standard deviation of 0.3 using Perseus 1.6.14.0 [30, 31].



For cluster analysis, based on the expression patterns of each cellular group, fuzzy c-means
clustering was applied to categorize the proteins that are most down-regulated or up-regulated. The
definition of the clusters was created by the k-means algorithm. For differential analysis between the
two groups, the t-test was applied, and the results were shown in the form of a volcano plot, and the
significant data points in the volcano plot were extracted after a permutation-based FDR calculation
(FDR=0.05).

Network analysis was performed using KeyMolnet (2022) (KM-Data, Japan). The lists of
differentially expressed protein were imported into KeyMolnet, and the “start points and end points”
network search algorithm were used to generate the molecular interaction networks. The specific
activated networks in KKU-055-CSCs including the direct/indirect activation, transcriptional
regulation, and complex formation were extracted and illustrated in the KeyMolnet viewer.

2.17 Statical analysis of cellular phenotypes

The statistical analyses and graph construction of the cellular proliferation, survival, tumor
sizes of the xenograft, RT-PCR, and Western blotting were performed in GraphPad Prism 9.0 software
(GraphPad Software, Inc., La Jolla, CA). Data were presented as the mean + standard deviation (SD).
The student’s t-test was used to compare the data between groups, p-value *< 0.05, **< 0.01 was

considered statistically significant.

3. Results
3.1 KKU-055 CCA stem-like cells (KKU-055-CSC), stably established from the KKU-055 CCA
cell line, expresses stem cell markers.

To establish KKU-055-CSC, the parental KKU-055 CCA cells (1x10° cells) were seeded onto
an ultra-low attachment culture dish and continuously cultured in a stem cell culture medium. The
cells were able to form the floating three-dimensional clusters, which were continuously grew and
long-term serial sub-passaged. After sub-passage, reformation of the small spheres (<20 um) could
be observed within 48 h and continuously enlarge to reach approximately 100 pm within 7 days
(Figure 1A). After 3 months, the cells could propagate as a floating-sphere without attaching in the
normal TC-treated cell culture dishes. Over the past 3 years, the cells were able to be serial sub-
passaged and re-formed the spheres constantly for more than 100 passages. In our study, the cells
were continuously cultured up to 20 passages then kept in the -80 “C in the stem cell banker, all
experiments were performed within 20 passages of the refreshed stock cells.  As the cells can survive
to undergo self-renewal and maintain their ability to form similar shape of spheres constantly over
long-term culture under the stem cell culture condition, we therefore firstly named these cells as
KKU-055-sphere cells (KKU-055-SC).

To validate whether KKU-055-SCs exhibited stem cell characteristics in general, we
examined the expression of stem cell markers in KKU-055-SCs compared with parental KKU-055
cells. By Western blotting, the reported CCA stem markers such as SOX2, CD44, CD147, and
EpCAM [21] were found to be highly expressed in KKU-055-CSC but 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 the immunofluorescence staining (Figure 1C). In addition,



the mRNA expression of SOX2, c-myc, OLG2, Oct3/4, CD44, and EpCAM was assessed by real-time
RT-PCR. The results showed that these stem cell-related transcription factors were highly expressed
in KKU-055-SCs compared with parental KKU-055 cells (Figure 1D). These results demonstrate
that KKU-055-SCs have stem cell-like properties with the expression of stem cell markers.

3.2 KKU-055-SC exhibited stem cell phenotypes.
3.2.1 Cellular proliferation

CSC has been defined as a quiescent cell with a low proliferative rate; however, it possesses
a high tumorigenic ability. The CCK-8 cell proliferation assay shows that KKU-055-SCs exhibit a
significantly lower proliferation rate than parental KKU-055 cells (Figure 2A).
3.2.2 Sensitivity against anti-cancer 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, the KKU-055-SC exhibited higher resistance to 5-FU,
cisplatin, and gemcitabine (Figure 2B). The half-maximal inhibitory concentration (IC50) at 72 h of
5-FU in KKU-055-SC (31.6 uM) was significantly higher than parental cells (24.5 uM). For
cisplatin, the IC50 in KKU-055-SC was 5.6 uM, which is significantly higher than that of parental
KKU-055 cells (3.4 uM). The IC50 of gemcitabine in KKU-055-SC was 29.8 nM, while in parental
KKU-055 cells was 13.8 nM.
3.2.3 Multi-lineage differentiation

To demonstrate the ability in multi-lineage differentiation of KKU-055-SC, the cells were
treated with FCS, adipogenesis differentiation medium, and osteogenesis differentiation medium
(Figure 2C). After the treatment of 10% FCS for 72 h, KKU-055-SC became adherent cells that
resemble parental cells. Moreover, the KKU-055-SC could differentiate into adipocyte and osteocyte
by adipogenesis and osteogenesis differentiation media after 14 days, respectively. Lipid droplets
accumulated in the cytoplasm of the induced adipocytes was shown by the positive staining with Oil
Red O. The osteocyte differentiation was confirmed with calcium staining by Alizarin Red.
3.2.4 Tumor initiation ability in the mouse transplantation model

Xenotransplantation in a mouse model was used to evaluate the in vivo tumorigenicity of

KKU-055-SCs and parental KKU-055. The cells were subcutaneously injected into BRJ mice by
varying cell numbers. The injection and observation schedule were shown in Figure 3A. The ability
in tumor formation of KKU-055-SC was significantly higher than parental KKU-055 derived tumor
(Figure 3B-D). At week 4, the obvious tumor formation was observed in mice injected with 3x10°
and 1x10° cells/nodule; therefore, the mice were euthanatized, and the tumors were excised at day 31.
With 1x10° 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 £ 0.05 g.  For the transplantation with 3x10° cells/nodule,
the weight of tumors formed from KKU-055-CS was 0.39 £+ 0.26 g, while that by parental KKU-055
was 0.11 +0.06 g. At week 5, the tumor nodules transplanted with 1x10° cells of KKU-055-SCs were
observed and allowed to grow until they reached a 2 cm diameter at day 46 (approximately 6.5 weeks).
Of those transplanted with 1x10° cells/nodule, the tumor weight of KKU-055-SCs was 0.57 +£0.32 g,



and that of parental KKU-055 was 0.13 £0.08 g. The immunohistochemistry showed that all tumors
arisen from KKU-055-SCs showed the stronger positive staining signal of a 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 possess higher in vivo tumorigenicity compared with the
parental KKU-055 cancer cell line.

Collectively, our cell line derived CCA sphere cells, exhibited the cancer stem cell phenotypes,
including stem cell marker expression, self-renewal, drug resistance, multi-lineage differentiation,
and higher tumor formation ability. Therefore, we defined the KKU-055-SC as a CCA-stem like cells
(CSC) and renamed KKU-055-CSC.

3.3 KKU-055-CSC) showed the similar chromosome phenotypes to a parental KKU-055 cell
line.

Karyotype analysis revealed that KKU-055-CSCs show similar chromosome patterns of
parental KKU-055 cells, exhibiting similar aneuploidy karyotypes with marked structural
abnormalities of the chromosomes. The representative G-banded karyotypes are demonstrated in
Figure 4. The numbers of chromosomes among 20 cells of each were illustrated an equal modal
chromosome number of 54 (53-56 chromosomes of parental KKU-055 cells and 52-55 chromosomes
of KKU-055-CSCs). In addition, several chromosome markers (M, mar) were noted similarly in both,
such as for parental KKU-055: 53+XX; +1, +3, +6, +7, +8, +10, +12, -13, -17, +21, +mar and for
KKU-055-CSC: 53+XX; +1, +3, +4, +7, +8, +10, +12, -13, -17, +21, +mar.  To verify the origin of
KKU-CSC, STR analysis was performed comparing with the information of parental KKU-055 and
its original patient tissue available in the JCRB database
(https://cellbank.nibiohn.go.jp/~cellbank/en/search res det.cgi?ID=7070). As shown in Table 1, the
STR profile of the KKU-055-CSCs were > 95% similar to those of the parental KKU-055 cells and
original patient tissue, supporting the same origin of the KKU-055-CSCs and parental KKU-055 cells.

In addition, after long-term passages over 3 years, the KKU-055-CSCs have not changed their

chromosomal 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 performed the global proteome analysis
to compare KKU-055-CSC with its FCS-induced differentiated form (KKU-055-DIF) and the
parental KKU-055. Four biological replicated samples from each of 1) KKU-055-CSC, 2) KKU-
055-DIF, and 3) parental KKU-055, were prepared and subjected for the proteomics analysis as a
workflow in Figure 4A. The results of global LFQ proteomics showed that 42,706 unique peptides
corresponding to 5,925 proteins (FDR<1%) were identified in total. The identified proteins in each
sample revealed a high correlation between the biological quadruplicates in the Pearson correlation
analysis (supplementary data). To obtain an overview of the global proteome changes arising
between three different stages of the cells, a hierarchical clustering analysis was performed, as shown

in Figure 4B. Cluster analysis showed that CSCs clustered closer to DIF than to parental among the
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three different stages of the cell. The k-mean clustering revealed 5 discrete protein expression patterns
(Figure 4 B-C). Clusters 1 and 2 represented the 936 and 456 proteins that low expressed in CSC and
increased upon differentiation and maintained high expression in parental cells. Cluster 3 is a group
of proteins (n = 508) that are highly expressed in the differentiation stage and low expressed in CSC
and parental cancer cells. Cluster 4 contained 972 proteins that is highly expressed in CSC and
decreased in differentiation stage and parental cells. Cluster 5 is defined by the group of proteins (n
= 655) that highly expressed in CSC and parental cells and low in differentiated form. In addition,
we observed the proteome expression levels of stem cell markers in all of the cells, and found that
the specific stem cell markers such as CD44, CD38, EpCAM, Kif4, and multi-drug resistance proteins
such as ALDH3A1, ALDH1A1, and ABCBI are overexpressed in KKU-055-CSC and gradually
downregulated during the differentiation and the parental cells, suggesting that KKU-055-DIF may
be intermediated stage of transitioning from stem cell stage to be parental cancer cells
(supplementary data).

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

Next, to characterize the overall functional view of differential protein expression in each
group, we compared the differential protein data in the two groups between KKU-055-CSC versus
parental KKU-055, and KKU-055-CSC versus KKU-055-DIF as shown in the volcano plot (Figure
5A). Compared with KKU-055-DIF, we identified 1,988 up-regulated and 555 down-regulated
proteins in KKU-055-CSC. Compared with parental KKU-055, there are 1,816 proteins up-regulated
and 1,100 proteins down-regulated in KKU-055-CSC, significantly. Using these protein data, we
tried to focus on proteins up/down-regulated in KKU-055-CSC with overlapping between DIF and
parental cells (Figure 5B). We found 1,123 proteins and 319 proteins in up- and down-regulated in
common respectively in KKU-055-CSC.

These KKU-055-CSC specific proteins obtained above were further analyzed with pathway-
based characterization using KeyMolnet software. As a result, the top 20 and 10 of the over-
representative pathways which are highly enriched in up- and down-regulated, respectively, in the
KKU-055-CSC are significantly identified and listed in Table 2. The “Condensin signaling pathway”
(p-value =2.41 x 10713), “Aurora signaling pathway” (p-value =1.08 x 10%), “BET family signaling
pathway” (p-value =3.69 x 10°®), and “transcription regulation by High Mobility Group Protein
(HMGP)” (p-value =8.68 x 1077) etc. were found to be highly enriched in KKU-055-CSC. In contrast,
we found “Lipoprotein metabolism” (p-value =7.53 x 10°1?), “Integrin family” (p-value =2.47 x 10
%), “Sphingolipid signaling pathway” (p-value =5.37 x 1077), “Integrin signaling pathway” (p-value
=8.25 x 10°%), etc. were highly down-regulated in KKU-055-CSC. Additionally, we noted that
“Spliceosome assembly pathway” was enrich as high score in both up- and down- regulated in CSC.

To extract the abnormal signaling pathway controlling stemness of KKU-055-CSC, we
conduct a network analysis focused on up-regulated protein in CSC (1,123 molecules) by KeyMolnet.
Using the network search algorithm “start points and end points”, up-regulated proteins was set as
“start point” and cancer stem cell pathway was set as “End point”. The results revealed a complex

network of targets with the most statistically significant relationships (Figure 6A). Among them, we



extracted a particularly specific network focusing on Aurora A; which existed in the highly enriched
pathway in CSC, HMGA 1; which showed the highest differential expression, and STAT3, which is a
significant signaling pathway controlling many molecules in this network (Figure 6B). The extracted
network indicated that HMGA1 modulates the expression of CD44 which might function as a
transcriptional factor. In addition, HMGA is also associated with stem cell factors including CD133,
BRG, Oct4, NANOG, SWI/SNF, c-myc, and CD44 via activation of STAT3, which has been reported
as a critical downstream target of HMGAI1 [32]. Moreover, we also found that HMAGI has
interaction with Aurora-A via STAT3 which was also identified as a specific protein significantly up-
regulated in CSC by the proteomics (supplementary data). These network analyses strongly suggest
that HMGA1-STAT3-Aurora-A is a significant network associated with stemness maintenance in

cholangiocarcinoma cancer stem cells via controlling stem cell factors.

3.6 HMGALI1 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 blot analysis and immunofluorescence were used to validate the expression of
HMGATI in KKU-055-CSC, its differentiated form, and the parental KKU-055. The result showed
that HMGAI1 is highly expressed in KKU-055-CSC and drastically reduced in KKU-055-DIF and
parental KKU-055 cells (Figure 7A). To investigate the role of HMGAL in the regulation of CCA-
CSC, we silenced HMGA1 expression in KKU-055-CSC using specific siRNA. After 72 h of
siHMGAI1 treatment, the expression of HMGAI1 in KKU-055-CSC was significantly decreased
compared with that of siControl (Figure 7B). After the knockdown of HMGAT1, the morphology of
KKU-055-CSC was slightly changed by increasing the adherent activity to the surface of the culture
dish (supplementary data). Cell proliferation ability of KKU-055-CSC was dramatically increased
after the suppression of HMGAT1 (Figure 7C). Moreover, we found that the knockdown of HMGA1
leads to the reduction of stem cell markers such as SOX2 and CD44 in immunocytochemistry (Figure
7B). These results suggested that the suppression of HMGA1 may facilitate the differentiation of
KKU-055-CSC and reflect its proliferation ability. Furthermore, it is known that the differentiation
of CSCs affects their drug resistance [17, 23, 33, 34]; therefore, we have determined the
chemosensitivity of KKU-055-CSC after the knockdown of HMGA1. As we expected, the results
showed that KKU-055-CSC treated with siHMGA1 becomes more sensitive significantly against 5-
FU, cisplatin, and gemcitabine than siControl treated cells (Figure 7D). These results suggested the

role of HMGA in stemness maintenance and chemoresistance of CCA-CSC.

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

In addition to HMGAI1, our proteomics data showed that the Aurora signaling pathway is
highly enriched in KKU-055-CSC (Table 2). Western blot analysis and immunofluorescence
confirmed that Aurora A is highly expressed in KKU-055-CSC compared to the KKU-055-DIF and
parental KKU-055 (Figure 7E). To investigate the role of the Aurora signaling pathway, US-FDA-
approved five drugs targeting Aurora-A activity were used to treat KKU-055-CSC compared with



parental cells for 72 h. Aurora-A inhibitors showed higher inhibitory effects on cell viability of KKU-
055-CSC than the parental cell (Figure 7F-G). Moreover, we have analyzed the combined effects
of the knockdown of HMGAT1 and Aurora-A inhibitors in KKU-055-CSC and parental cells. After
the pre-treatment of stiHMGAT or siControl for 24 h, CSC and parental cells were treated with the
desired concentration of Aurora-A inhibitors for 48 h. The results showed that knockdown of
HMGAT1 could sensitize the effect of Aurora-A inhibitors in KKU-055-CSC, while this sensitized
effect was not observed in parental cells (Figure 7F-G). These findings strongly suggest the
potential of combined suppression of HMGA1 and Aurora-A for improvement of CCA treatment via
targeting CCA-CSC.
3.7 In silico statistical analysis of HMGAIland AurolaA expressions in CCA tissues

The mRNA expression levels of HMGAI and AURKA in human CCA were analyzed using
The Cancer Genome Atlas (TCGA) dataset with GEPIA analysis (http://gepia.cancer-pku.cn/). The
expression of in HMGAI and AURKA in human CCA tissues (n=36) were compared with normal

counterparts (n=9). A significantly higher level of HMGA 1 more than normal tissue was identified in
CCA patients (supplementary data). Kaplan-Meier survival analysis clearly showed that the higher
expression of HMGAI in human CCA tissues is correlated to the poor overall survival of patients
(supplementary data). Also, AURKA levels are found to be positively correlated to HMGAI mRNA
levels in TCGA human CCA with the highest Pearson index (R?) of 0.73 (p-value 1.7 x 10%)
(supplementary data). These data suggest that both expressions of HMGA1 and AURKA, found to
be the most significant factors of CCA-CSC, are correlated to the CCA malignancy in CCA patients.

Discussion

Cancer stem cells (CSC) are a minor population of tumor cells discovered to be one of the
main factors contributing to tumor development and progression, which is proposed to be an effective
target for cancer treatment. Here, we successfully establish a cell line-derived CCA stem-like cell,
which could represent the CSC clone that usefulness for further in vitro and in vivo studies. The
established CSC clone—-KKU-055-CCA stem-like cells (KKU-055-CSC) were derived from an
adherent KKU-055 CCA cell line. The KKU-055-CSC exhibited CSC phenotypes, including
expression of stem cell markers, drug resistance, multi-lineage differentiation, and tumor formation.
In addition, the proteome analysis followed by functional assays revealed the importance of HMGA1
and Aurora-A for stemness maintenance, chemoresistance, and survival of CCA-CSC.

In CCA, little is known about CSC biology; this might be due to the lack of the CSC model
of CCA. In fact, the cancer stem-like cells could be obtained from several sources by many methods
[15, 35-38]. In this study, we uniquely isolated the cancer stem-like cells from the established cancer
cell line using the protocol modified from our previous studies in glioma [17, 23]. This protocol can
provide a practical and uncomplicated method for culturing the primary cancer cells or cell lines in
specific stem cell media to produce the stem-like cells which can maintain their characters for long-
term under the specific culture condition. Using this method, for the first time we successfully
established a long-term culturable CCA stem-like cell (KKU-055-CSC), as a valuable tool for
studying the biology of CCA stem cells.
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To authenticate that the isolated cells could be a representative CSC model, several CSC
phenotypes should be shown through many in vitro and in vivo experiments [33, 39-41]. In our study,
the KKU-055-CSC could exhibit CSC phenotypes, such as expression of CSC markers, multi-lineage
differentiation, chemoresistance and in vivo tumor formation.

CSC factors/markers regulate stem cell phenotypes [21] and suppression of them could
weaken the capacity of CSCs [42-44]. Many CSC markers have been reported for CCA, including
ALDH, CD13, CD44, CD44v9, CD90, CD133, CD147, EpCAM, SOX2, etc. [1, 20, 21]. High
expression of these CSC markers is associated with poor clinical outcomes in CCA patients [45]. A
high level of ALDH expression was associated with the high migratory capacity and gemcitabine
resistance of CCA cells [43]. Overexpression of CD44, CD44v6, CD44v8-10 and EpCAM increases
the predictability of post-operative CCA recurrence [20]. CD44v9 was demonstrated to induce
stem-like phenotypes and enhance CCA progression via Wnt/B-catenin signaling pathway [42]. In
our study, KKU-055-CSC showed a high expression of CSC markers, including CD44, CD147, SOX2,
EpCAM, Oct3/4, c-myc, and OLG2. Our proteomics data also confirmed that KKU-055-CSC
expressed a higher level of CD44, CD38, EpCAM, and KLF4 than its differentiated form and the
parental cancer cell (supplementary data). This information suggested that these markers could
be the potential CSC markers applicable as a target for treating CCA in the future.

The functional analysis showed that KKU-055-CSC gains the ability on chemoresistance.
Supporting this function, the data from proteomics in this study showed that KKU-055-CSC
expressed a higher level of proteins related to multi-drug resistance, including ALDH3A1, ALDHI1A1,
and ATP binding cassette (ABC) transporters, compared with its differentiated form and the parental
cancer cell (supplementary data).

Collectively, our data showed that the KKU-055-CSC is potentially 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 may exhibit different phenotypes and aggressiveness.
Based on this fact, it is suggested that KKU-055-CSC could represent a particular sub-group of CCA-
CSCs. For more understanding of CSC of CCA, the more CSC-like clones with different phenotypes
and degrees of stemness may need to be isolated and characterized.

A comprehensive comparison of protein expression profiles by mass spectrometry is a
powerful tool for analyzing the complexity of cellular molecular signaling. Our global proteome
analysis revealed the distinct protein expression pattern of KKU-055-CSC compared with its
differentiating form (DIF) and the parental cell (Par). We found the up-regulated integrin signaling
pathway in KKU-055-DIF and the parental KKU-055, suggesting the involvement of this signaling
pathway during CSC differentiation. Our finding agrees with the previous reports including ours in
glioma that the integrin signaling is enhanced during CSC-differentiation and may serve as a niche
for CSC differentiation [17, 19]. Unlike normal stem cells, CSC has the potential to differentiate into
the cancer cell and attenuate the aggressive behavior [46]. In this study, we used FCS to induce CSC
differentiation, and found that protein expression patterns in differentiating cancer stem cells were
similarly and reciprocally transitioned between cancer stem cells and cancer cells, suggesting that

differentiating cancer stem cells are in an intermediate stage of differentiation into cancer cells from



cancer stem cells.

Based on pathway analysis using KeyMolnet, the transcriptional regulation pathway by
HMGA protein was extracted as one of the most enhanced network in CSC, and was dramatically
declined during differentiation. This information suggested the role of HMGA signaling in the
stemness maintenance of CCA stem cells. HMGA proteins, including HMGA1 and HMGA2, are
chromatin architectural proteins that interact with the transcriptional types of machinery to change
chromatin structure and regulate the transcription of many genes [47]. Many studies showed that
HMGA proteins are highly expressed in embryonic stem cells and some adult stem cells, such as
hematopoietic stem cells and intestinal stem cells, indicating their fundamental role in self-renewal
and differentiation in the stem cells [47]. Recently, HMGA proteins were found to be overexpressed
in many types of cancer [48] including cholangiocarcinoma. In our in-silico study, HMGA1
expression profile of TCGA CCA tissues showed that HMGA1 was overexpressed in human CCA
tissues and high expression of HMGA1 was correlated with poor survival of CCA patients
(supplementary data). The previous studies demonstrated that HMGAI1 facilitates stemness
maintenance and inhibits the differentiation of human embryonic stem cells. Overexpression of
HMGAI could enhance the expression of OCT4, NANOG, SOX, and C-myc [49, 50]. In breast cancer,
HMGA proteins were found to play a critical role in the epithelial-mesenchymal transition (EMT)
[51]. However, the function of HMGA protein in CSC is not yet clearly understood. Based on our
network analysis, HMGAI and stem cell factor-related proteins (SOX2, CD44, CD133, EpCAM,
KLF4, Nanog, OCT4, OCT1, SWI/SNF, etc.) are associated through STAT3 activation (Figure 7B).
In a previous study, it has been demonstrated that STAT3 is a critical downstream target of HMGAL.
It also showed that HMGA1 binds to a conserved region of the STAT3 promoter which can increase
the expression level of STAT3 in leukemia cells from HMGAla transgenic mice. Belton, A. et. al.
found a STAT3 consensus DNA-binding site (TTN5AA) in the HMGAT1 promoter region that is
conserved in humans and mice and could mediate STAT3 dimer binding and transactivation [52].
Our results demonstrate that the expression of STAT3 is higher in CSC conditions compared with
DIF while not expressed in parental cells (supplementary data). The results from the extracted
network in this study suggested that STAT3 regulates the expression of HMGAI1 in a feed-forward
manner, controlling the expression of STST3 itself via HMGA regulation which could drive a stem-
like cell state in CCA-CSCs.

According to our experimental results, HMGA1 was found to regulate cell survival and drug
resistance of CCA-CSC (Figure 8). We demonstrated that suppression of HMGA1 by siRNA
contributes to growth enhancement of CCA-CSC and inhibits stemness maintenance resulting in
decreased expression of stemness-related molecules, such as CD44 and SOX2. Similar findings are
reported in those of ovarian cancer [53], suggesting HMGAI1 playing a critical role in the
transcriptional control of stemness-related genes in CSCs. The knockdown of HMGAT1 also led to
increased sensitivity against chemotherapeutic reagents, including 5-FU, cisplatin, and gemcitabine
in CCA-CSC. HMGA 1-related chemotherapy resistances were also found in colon cancer cells [53,
54], glioblastoma stem cells [55], suggesting that HMGAL is a key regulator of drug resistance. In

this study, we demonstrated for the first time that the suppression of HMGA1 can reduce stemness



maintenance, induce cell differentiation in CSC, and enhance the chemosensitivity of CCA-CSC.

Besides, the Aurora signaling pathway was also found to be highly enriched in CSCs.
Aurora kinase A (Aurora-A) is a serine/threonine kinase that play an important role in many steps in
cell biology during meiosis [56]. In glioma stem cells, Aurora-A regulates the self-renewal and
tumorigenicity by interaction with AXIN and disruption of the AXIN/GSK3b/B-catenin destruction
complex, resulting in activation of Wnt signaling [57]. Moreover, Aurora-A can translocate to the nucleus
which enhances breast cancer stem cell (BCSC) phenotype by activation of MYC promoter [58]. We
showed that the treatment of Aurora-A inhibitors can reduce the cell viability of both CCA-CSC and
parental CCA cells. Interestingly, the suppression of HMGAI1 can enhance the Aurora-A inhibitor
effects, which are specifically higher in CSC, suggesting the important role of HMGA1 and Aurora
A in CCS-CSC. However, the information of HMGA1 associated with Aurora A is very limited. Our
study here could be the first report to present the relationship between HMGA 1 and Aurora A in CSC.
We tried to validate this relationship by using global mRNA profiles of CCA generated in TCGA.
The result showed a strong correlation between HMGA1 and AURKA mRNA levels in human CCA
with the highest Pearson index (R?) of 0.73 (p-value 1.7 x 10°®) (supplementary data). Here, we
first demonstrate the strong correlation between HMGA 1 and AURKA in CCA.

In conclusion, our findings show that HMGA1-SYAT3-AuroraA related pathways are the
key regulator in the maintenance of CSC-like features in CCA stem cells. Targeting HMGAI-
(STST3)-Aurora-A may be a promising new strategy for CSC-eradication therapeutics, although

further study will be needed to clarify the indeed mechanism.
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Figure 1. The phenotypic character of cell-line derived cancer stem-like cell of cholangiocarcinoma and its
parental cell line. (A) Phase contrast microscopic analysis of cell morphologies of KKU-055-Parental cells and
KKU-055-CSCs at >50 passages. KKU-055-Parental cells show the adherent polygonal-like shapes while KKU-
055-CSCs exhibit the sphere forming shapes (non-adherent forms). Scale bar = 50 um. The expression of stem cell
markers in KKU-055-CSCs comparing with KKU-055-Parental cells. Expression of stem cell markers were
determined by (B) Western Blotting for the identification of SOX2, CD44, CD147, and EpCAM. The b-actin was
used for an internal marker, (C) Immunocytofluoresence analyses for the expression and cellular localization of
SOX2, CD44, CD44 v9, and EpCAM using those antibodies. DAPI was used for nuclear staining. (D) Real time-
PCR for quantitation of Sox2, C-myc, OLG-2, Oct 3/4, CD44, and EpCAM. All stem cell markers were significantly
up-regulated in KKU-055-CSCs comparing with KKU-055-Parental cells. (*p-value < 0.05)
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Figure 2. Characterization of KKU-055-CSCs phenotypes (A) Proliferation of KKU-055-CSCs was compared
to that of the Parental cells in a cell proliferation assay using the CCK-8 Cell Counting Kit. (B) Dose-response



curves of KKU-055-CSCs and their parental cells against 5-FU, Cisplatin, and Gemcitabine treatments. The cell
viabilities were analyzed by Trypan blue methods as described in the material and methods. (C) Phase contrast
microscope analyses of the cell morphologies of KKU-055-CS during culturing in stem cell medium (i), inducing
the differentiation to CCA by the addition of 10% FCS for 3 days (ii), inducing the specific adipocyte differentiation
by incubating with StemPro™ Adipogenesis Differentiation medium for 14 days followed by Oil Red O staining to
detect the fat-droplet (red) (iii), and inducing the specific osteocyte differentiation by incubating with StemPro™
Osteogenesis Differentiation medium for 14 days, followed by Alizarin Red S staining of calcium granule detection

(red)(iv). (scale bar = 50 um, *p-value < 0.05, ** p-value < 0.01)
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Figure 3. Tumor initiating ability of KKU-055-CSCs in the mouse transplantation model Tumor initiating
ability of KKU-055-CSCs was compared to that of the Parental cells after the subcutaneous transplantations into
immunodeficient mice (KKU-055-CSC; n=15, Parental KKU-055-CSC; n=15). (A) The BRJ mice with 8 to 12-
week-old were separated into 2 groups. KKU-055-CSSCs and KKU-055-Parental cells were injected in Group 1;
1x10° cells/nodule (n=5) and 3x10° cells/nodule (n=5), in group 2; 1x10° cells/nodule (n=5). The mice in group 1
were sacrificed at 31 days after injection and in group 2 were sacrificed at 46 days after injection. The tumor sizes,
tumor volume, and weight were shown in (B, C), (D), and (E), respectively. (F) Immunohistochemistry of the

tumors excised from the mice transplanted the KKU-055-CSCs and -Parental cells, using antibodies against EpCAM



and Ki67. KKU-055-CSCs formed expanded malignant tumors with a high proliferative index and high
expression of EpCAM and Ki67 compared to those of parental cells.
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Figure 4 Karyotypes of KKU-055-Parental cell (53+XX) and KKU-055-CSC (53+XX) The numbers of
chromosomes of 20 cells of each KKU-055-Parental cell and KKU-055-CSC were showed similar chromosomal
abnormalities. The equal modal chromosome number of 54 (53-56 chromosomes of parental KKU-055 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,+21, +mar and for KKU-055-CSC: 53+XX;
+1,+3,+4,+7,+8,+10,+12,-13,-17,+21, +mar.



KKU-055-Pa KKU-055-DIF KKU-055-CSC : ; L=
o 2 U o o

(DMED+10%FCS) (DMED+10%FCS) (serum free DMEM
media)

] - ESEEE

080
080
080
08!
Ell
Ell
Ell
Ell
yvd
yvd
Hvd
Hvd

4 biological replicates in each condition
After 3 days culturing

Protein extraction

Reduced, alkylated and digested
with LysC/Trypsin

l 2 ug of peptide

Whole proteome analysis (LC-MS/MS)

!

Data processing and integrative
bioinfomative analysis

Protein identified : 5,925
Peptide identified: 42,706

Z-score protein abundance [N
-2.5

) 25

CSC DIF Par CSC DIF  Par CSC DIF Par CSC DIF Par
c | i i ] o o i b o I I o ‘ ‘ e
3 °c . 2 c @ L5
25 5.6 5 S 25 )
% = 7] = 7]
aa ay [ 5o a®
08 o Q 090 37 09
L > 5 = a e 2 | 2 5
=S =X T X £ % T 3
(] —= O — O © — 0 &
ol © [} S ol ©
&  Cluster1=936 @ - @ - 2 & -
Cluster 2 = 456 Cluster 3 = 508 Cluster 4 = 972 Cluster 5 = 655
D Kif4
CD44 CD38 EpCAM
4x10°
1.5%107 1x107 8x10° *
8x10° 6x105 3%10%
x
1.0x107 2z
g £ oot g 2 2x108
§ ] § x10° £
K] £ 408 K] E
£ 500108 £ £ . 1x108
2108 2x10
0
0.0 ) 0 o < @
O & @ O & @ O & @ & O
& ,,«"'&'D & o b@(\\? & & ,,@"\0 < <
< < <
ALDH3A1 ALDH1A1 ABCB1
1%108 4x108 8x108
8x107 108 oxtos
£ o107 £ g
H S 2x108 5 4x10°
£ 4x107 £ £
2%107 1%10% 2x10°
0 0 0
> > o & >
& & & & & & & & @o@
< < <?

Figure 5. Proteome profiling of KKU-055-CSC, KKU-055-DIF and KKU-055-parental (A) Schematic diagram
of the experimental protocol for proteome profiling by mass spectrometry. Three groups of the cells:KKU-055-CSC,
KKU-055-DIF(differentiating CSCs induced by the FCS) and KKU-055-parentals with 4 replicates each were used.
(B) Cluster analysis of the quantitatively identified proteins in the three different stages of cell transition. Each
horizontal column represents a sample map of four replicates in each condition, and each vertical row represents an

individual protein, with relative expression values displayed as an expression matrix (heat map) using z-score of



log> protein abundances ranging from -2.5 (green) to 2.5 (red). Red and green colors indicate increased and
decreased protein expression, respectively. (C) k-mean clustering revealed 5 discrete protein expression patterns
and pathway enrichment of each cluster were shown. (D) Global proteomics identified the expression of cancer
stem cell markers which are members of cluster four from figure 5-C being quantitatively higher in of KKU-055-

CSC compared with KKU-055-DIF (after 72 h of differentiation) and KKU-055-Parental cells.

CSC vs Par

A CSC vs DIF

-Log10 p-value
4
|

-Log10 p-value
¢

5 0 5 5 0 5
Log2 Difference ratio (CSC/DIF) Log2 Difference ratio (CSC/PAR)
B Up-regulated in CSC Down-regulated in CSC
CSC > DIF CSC > Par CSC < DIF CSC < Par

Figure 6. Differential protein expression (A) Volcano Plot for differential protein expression, KKU-055-CSC vs
KKU-055-Parental cells and KKU-055-CSC vs KKU-055-DIF cells. Scattered points represent protein: the x-axis
is the Logy fold change for the ratio the comparison, whereas the y-axis is the Logio p-value. Red dots are protein
significantly up-regulated in CSC, and Blue dots are those protein significantly regulated in KKU-055-Parental cells
and KKU-055-DIF. (FDR=0.05) (B) Ven diagram of up/down regulated protein in CSC between KKU-055-CSC vs
KKU-055-Parental cells and KKU-055-CSC vs KKU-055-DIF cells.
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Figure 7. Molecular network analysis of up-regulated proteins in KKU-055-CSC (A) The list of up-regulated
proteins in KKU-055-CSC was imported into KeyMolnet by using the “start points and end points” network search
algorithm, KeyMolnet reveal a highly complex network of targets with the most statistically significant relationships.
(B) Extraction of the abnormal molecular network including HMGAI1, and related molecules from the molecular
network shown in (A). Color set point is described in right panel. The molecular relationships are indicated by a

solid line with arrow (direct binding or activation), solid line with arrow and stop (direct inactivation), solid line



without arrow (complex formation), dashed line with arrow (transcriptional activation), and dashed line with arrow

and stop (transcriptional repression).
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Figure 8. Experimental investigation of HMGAT1 signaling pathways associated in cholangiocarcinoma stem
cell regulation. (A) Expression of HMGA1 comparing with KKU-055-CSC, -DIF, and —Parental cells was
determined by western Blotting. The b-actin was used for an internal marker. Immunocytofluoresence analysis for
the nuclear expression of HMGA1 was up-regulated in KKU-055-CSC comparing with KKU-055-DIF and -
Parental cells. (B) KKU-055-CSC were treated with siHMGAT1 (50 pmole) for 72 hr. HMGA1, SOX2 and CD44
expression was depleted after treatment with stHMGAL1. (C) Cell viability of KKU-055-CSC after treat with
siHMGA1 was decrease when compare with control, the cell viability was determined using CCK-8 cell counting
kit. (D) Cell viability of KKU-055-CSC were determined after combination of siHMGA1 and cancer drug (5-FU,
cisplatin, gemcitabine) were analyzed by CCK-8 cell counting kit. (E) Expression of Aurora-A compared with
KKU-055-CSC, -DIF, and -Parental cells was determined by western Blotting and Immunocytofluoresence. Cell
viability of (F) KKU-055-CSC and (G) KKU-055-Parental were determined after the combination of siHMGA1
and cancer drug (5-FU, cisplatin, gemcitabine) and Aurora kinase inhibitors were analyzed by using CCK-8 cell

counting kit. (*p-value < 0.05, ** p-value < 0.01)
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Figure 9. Higher expression of HMGAI in human TCGA CCA tissues (CHOL) are correlated with overall
survival of patients (A) HMGAI mRNA is highly expressed in human TCGA CCA tissues. (tissue number red:
glay: more detail explanation) (B) Kaplan-Meier survival analysis of low HMGA1 (Blue n=18) and HMGA1 high
(Red n=18) expression. The cut-off point was median expression of HMGAI.



Table 1. Analysis of short tandem repeats (STR) in KKU-055-parental and KKU-055-CSC

KKU-055-

KKU-055 KKU-055-
Locus

(JCRB1551) parental CSC
D8S1179 ND 14, 16, 17 14, 16, 17
D21S11 ND 29, 31 29, 31
D7S820 7,8 7,8 7,8
CSF1PO 10, 11 10, 11 10, 11
D3S1358 ND 16, 17 16, 17
THO1 9,9 9,9 9,9
D13S317 11,11 11,11 11,11
D16S539 10,13 10, 13 10, 13
D2S1338 ND 22,22 22,22
D19S433 ND 14, 14 14, 14
vWA 17,19 17,19 17,19
TPOX 8,8 8,8 8,8
D18S51 ND 16, 17 16, 17
D5S818 11, 11 11,11 11,11
FGA ND 26, 26 25,26
Amelogenin X X X




Table 2. Pathway-based characterization of up- and down-regulated proteins identified in KKU-055-CSC. Pathway
enrichment analysis was performed to list up the most enriched pathway categories in the up-(A) or down-(B)
regulated molecules in KKU-055-CSC, using KeyMolnet software.

A. Up-regulated pathways.

Rank KeyMolNet pathway score p-value

1 Spliceosome assembly 54.838  3.11E-17
2 Condensin signaling pathway 41917 241E-13
3 Aurora signaling pathway 26.553  1.02E-08
4 BET family signaling pathway 24.69 3.69E-08
5 Transcriptional regulation by High mobility group protein ~ 20.135  8.68E-07
6 BRCA signaling pathway 19.992  9.59E-07
7 Transcriptional regulation by SREBP 19.086  1.80E-06
8 Kinesin family signaling pathway 17.975  3.88E-06
9 Transcriptional regulation by RB/E2F 17.461  5.54E-06
10 Nucleophosmin signaling pathway 16.426  1.14E-05
11 Arginine methylation 16.23 1.30E-05
12 ATM/ATR signaling pathway 15.604  2.01E-05
13 PARP signaling pathway 14984  3.09E-05
14 ING signaling pathway 14.815  3.47E-05
15 Topoll signaling pathway 14.63 3.94E-05
16 TACC signaling pathway 14.252  5.13E-05
17 Sirtuin signaling pathway 14.225  5.22E-05
18 CDK signaling pathway 13.901  6.54E-05
19 Transcriptional regulation by Kaiso 13.76 7.21E-05
20 HAT signaling pathway 13.384  9.36E-05




B. Down-regulated pathways.

Rank KeyMolNet pathway score p-value

1 Lipoprotein metabolism 30.307  7.53E-10
2 Spliceosome assembly 25.517  2.08E-08
3 Integrin family 25273  2.47E-08
4 Sphingolipid signaling pathway 20.827  5.37E-07
5 Integrin signaling pathway 16.887  8.25E-06
6 ARF family signaling pathway 16.845  8.50E-06
7 Sphingoglycolipid degradation 15.776  1.78E-05
8 HDAC signaling pathway 14.763  3.60E-05
9 VHL signaling pathway 13.398  9.27E-05
10 2-Hydroxyglutarate signaling pathway 12.321 1.96E-04
11 Nicotinic Acetylcholine Receptor signaling pathway 11.877  2.66E-04

SC

(U-055-C

Figure S1. Cell morphologies of KKU-055-Parental cell, KKU-055-CSC and its differentiation form after the
induction with 10% FCS for 3 days.
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Figure S2. The numbers of (A) proteins and (B) peptides identified in the 4 separated biological samples from each
of KKU-055-CSC, KKU-055-DIF, and KKU-055-Parental cells. Solid column indicates the number of
identifications, white blue column indicates the identified numbers in the match between run. (C) Correlations of
proteins LFQ intensities between the 4 biological replicates from each of KKU-055-CSC, KKU-055-DIF, and KKU-
055-Parental cells. Pearson correlation showed the highly reproducible identification of each replicate in the same
group. Y axis X axis are labelled as the 4 biological replicates (as a number of 1, 2, 3, 4) from each of KKU-055-
CSC, KKU-055-DIF, and KKU-055-Parental.
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Figure S3. Cell morphologies of KKU-055-CSC treated with siControl and siHMGAI. The cell after siHMGA1
treatment induced the adherent to the cell culture dish.
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Figure S4. Proteomics identified the expression of STAT3, HMGAI1, Aurora A, BRG and other SWI/SNF-related
protein (noted) being overexpressed in KKU-055-CSC compared with KKU-055-DIF or -Par.

Noted:

SMARCAS:SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 5
SMARCCI1: SWI/SNF complex subunit SMARCC1

SMARCD2:SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily D member 2
SMARCADI1:SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A containing
DEAD/H box 1
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Figure S5. The positive correlation analysis between HMGAI and AURKA mRNA level in TCGA human

cholangiocarcinoma with the highest Pearson index (R?) of 0.73 (p-value 1.7 x 10'®)



Supplementary Table S1. Information of antibodies

Anti-body Company cat. Number Dilution
WB ICC IHC

anti-SOX2 Cell signaling technology 35798 1:1000 1:200
anti-CD44 Cell signaling technology 35708 1:1000 1:200
anti-CD147 Abcam ab666 1:5000
anti-EpCAM Abcam ab71916 1:1000
anti-HMGA1 Abcam ab129153 1:1000 1:500
anti-Aurora Cell signaling technology 3092 1:1000 1:200
anti-CD44v9 Cosmo bio LKG-M001 1:1000 1:300
Anti-Ki67 Abcam ab16667 1:100
anti-Actin Sigma A5441 10,000
anti-mouse IgG -HRP Thermo Scientific 62-6520 10,000
anti-rabbit I[gG-HRP Cell signaling 7074F2 10,000
anti-Rb Alexa 488 Invitrogen A311034 1:300
anti-Ms Alexa 568 Invitrogen A11031 1:300
anti-Rat Alexa 488 Invitrogen A11006 1:300
anti-Rb Alexa 568 Invitrogen A11036 1:300




Supplementary table 2. Information of PCR primer for real-time PCR

produce Annealing
Primer Gene Forward Reward size temperature
(bp) °O
1 c-myc ACCACCAGCAGCGACTCTGA GGGCTGTGAGGAGGTTTGCT 143 60
2 Oct3/4 AGTGCCCGAAACCCACACTG ACCACACTCGGACCACATCCT 81 60
3 SOX2 GAGGGGTGCAAAAGAGGAGA CGTGAGTGTGGATGGGATTG 139 60
4 OLIG2 | ACACAAATGGTAAACTCCTCCA ACACGGCAGACGCTACAAA 98 60
5 CD44 TAAGGACACCCCAAATT CCA ACTGCAATGCAAACTGCAAG 85 60
6 EpCAM | GTGCTGGTGTGTGAACACTG CGCGTTGTGATCTCCTTCTG 130 60
7 B-actin | TCGTGCGTCACATTAAGGAC GAAGGAAGGCTGGAAGAGTG 176 60




