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OPEN A live single-cell reporter system

reveals drug-induced plasticity of a
cancer stem cell-like population in
cholangiocarcinoma

Krittiyabhorn Kongtanawanich?, Sunisa Prasopporn:2, Supawan Jamnongsong'-?,
Nontaphat Thongsin3, Tongchai Payungwong?, Seiji Okada®*, Marianne Hokland®,
Methichit Wattanapanitch® & Siwanon Jirawatnotai®2*6

Cancer stem cells (CSC) play an important role in carcinogenesis and are acknowledged to be
responsible for chemoresistance in cholangiocarcinoma (CCA). Studying CCA CSC has been challenging,
due to lack of consensus CSC markers, and to their plastic nature. Since dual expression of the core
pluripotent factors SOX2/OCT4 has been shown to correlate with poor outcome in CCA patients,

we selected the SOX2/OCT4 activating short half-life GFP-based live reporter (SORE6-dsCopGFP) to
study CSC dynamics at the single-cell level. Transduction of five human CCA cell lines resulted in the
expression of 1.8-13.1% GFP-positive (SORE6P°%) cells. By live imaging, we found that SORE6P°S CCA
cells possess self-renewal capacity and that they can be induced to differentiate. Significantly, the
SOREG6F°S cells were highly tumorigenic, both in vitro and in vivo, thus implicating the characteristics
of primary CSCs. When we then analyzed for selected CSC-related markers, we found that the majority
of both CD133+/CD44*, and CD133*/LGR5* CCA cells were SORE6POS cells. Exposing transduced cells
to standard CCA chemotherapy revealed higher growth rate inhibition at 50% (GR,,s) for SORE6”°®
cells compared to GFP-negative (SORE6NE®) ones indicating that these CSC-like cells were more
resistant to the treatment. Moreover, the chemotherapy induced SORE6P°S from SOREGNEC cells,
while retaining the existing SORE6F°° population. Finally, treatment of transduced cells with CDK4/6
inhibitors in vitro for 3 days resulted in a lowered CSC number in the culture. Thus, applying a live
reporter system allowed us to elucidate the stem cell diversity and drug-induced plasticity of CCA CSCs.
These findings have clear implications for future management of such patients.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

5-FU 5-Fluorouracil; IUPAC: 5-fluoro-1H-pyrimidine-2,4-dione

AB Abemaciclib; ITUPAC: N-[5-[(4-ethylpiperazin-1-yl)methyl]pyridin-2-yl]-5-fluoro-4-(7-
fluoro-2-methyl-3-propan-2-ylbenzimidazol-5-yl)pyrimidin-2-amine

ANPEP Alanyl aminopeptidase, membrane

APC Allophycocyanin

ARRIVE Animal research: reporting of in vivo experiments

ATRA All-trans retinoic acid; IUPAC name: (2E,4E,6E,8E)-3,7-dimethyl-9-(2,6,6-trimethylcyclohex-
en-1-yl)nona-2,4,6,8-tetraenoic acid

AUC Area under the curve

1Department of Pharmacology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand. 2Siriraj
Center of Research Excellence for Precision Medicine and Systems Pharmacology, Faculty of Medicine Siriraj
Hospital, Mahidol University, Bangkok, Thailand. 3Siriraj Center for Regenerative Medicine, Research Department,
Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand. “Division of Hematopoiesis, Joint
Research Center for Human Retrovirus Infection, Kumamoto University, Kumamoto, Japan. *Department of
Biomedicine, Aarhus University, Aarhus, Denmark. ®Faculty of Pharmacy, Silpakorn University, Nakhon Pathom,
Thailand. *“email: siwanon.jir@mahidol.ac.th

Scientific Reports |

(2024) 14:22619 | https://doi.org/10.1038/s41598-024-73581-8 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf

www.nature.com/scientificreports/

AVMA American Veterinary Medical Association

Balb/c-RJ BALB/c mice with Rag2 and Jak3 double knockout

CCA Cholangiocarcinoma

CCA CSC Cholangiocarcinoma stem cell

CDK Cyclin-dependent kinase

CHOL Cholangiocarcinoma

Cis Cisplatin; IUPAC: azane, dichloroplatinum

COA Certificate of analysis

CSC Cancer stem cell

cyTOF Cytometry by time-of-flight

DMEM Dulbecco’s modified Eagle’s medium

DMF Dimethylformamide, [IUPAC name: N,N-dimethylformamide

DMSO Dimethyl sulfoxide; IUPAC name: methylsulfinylmethane

EDTA Ethylenediaminetetraacetic acid; IUPAC: 2-[2-[bis(carboxymethyl)amino]ethyl-(carboxyme-
thyl)amino]acetic acid

EPCAM Epithelial cell adhesion molecule

FACS Fluorescence-activated cell sorting

FBS Fetal bovine serum

Gem Gemcitabine; IUPAC: 4-amino-1-[(2R,4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)
oxolan-2-yl]pyrimidin-2-one

Gem+Cis Gemcitabine plus cisplatin

GFP Green fluorescence protein

GR Growth rate inhibition

GR,, Growth rate inhibition at 40 percent

GR,, Growth rate inhibition at 50 percent

GR,, Growth rate inhibition at 90 percent

HEK293T Human embryonic kidney 293T

HTS High-throughput screening

iPS Induced pluripotent stem

IHC Immunohistochemistry

JCRB Japanese Collection of Research Bioresources

LGR5 Leucine-rich repeat-containing G-protein coupled receptor 5

mCMV Minimal cytomegalovirus

MU-TACUC  Mahidol University-Institute Animal Care and Use Committee

NANOG Nanog homeobox

NIH National Institutes of Health

NIR Near infrared

NIS Nikon Imaging Software

OCT4 Octamer-binding transcription factor 4

(ON Overall survival

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PD Palbociclib; IUPAC: 6-acetyl-8-cyclopentyl-5-methyl-2-[(5-piperazin-1-ylpyridin-2-yl)ami-
no]pyrido[2,3-d]pyrimidin-7-one

PE Phycoerythrin

PROM1 Prominin 1

RPMI 1640 Roswell Park Memorial Institute 1640 Medium

rtPCR Reverse transcriptase polymerase chain reaction

SORE6GNEG GFP-negative expression

SORE6P©S GFP-positive expression

SOREG6WEAK  GFP-weak expression

SOX2 SRY-Box Transcription Factor 2

SOX9 SRY-Box Transcription Factor 9

ssGSEA Single-sample gene set enrichment method

TCGA The Cancer Genome Atlas Program

THY1 Thy-1 cell surface antigen

tSNE t-distributed stochastic neighbor embedding

ZFP206 Zinc finger and SCAN domain containing 10

Cholangiocarcinoma (CCA) is an aggressive tumor of the bile duct epithelia with a poor prognosis, primarily
due to drug resistance!2. Recent evidence point to cancer stem cells (CSCs) as one of the potential sources of
drug resistance®*. These cells belong to a minor cancer cell population with special characteristics, such as self-
renewal, apoptosis resistance, slow proliferation, and generation of new cancer cells”®. Dynamic remodeling
and phenotype plasticity of the intrahepatic biliary CSCs have been shown to be to play key roles in tissue
regeneration’. In agreement with this, CCA has been identified to contain high levels of CSCs®.

Currently, CCA CSCs are intensively studied, mainly by approaches that rely on CSC-associated surface
markers including EpCAM, CD44, CD133, LGR5%-!1, However, results from these studies often appear
discordant, and at times contrasting, partly due to lack of consensus on the CCA CSC markers!'!~1°.
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CSCs have been shown to instigate heterogeneity in tumors by existing in reversible states of dormancy,
quiescence, aneuploidy, and stemness'®!7, and cancer microenvironmental signals have been shown to influence
the heterogeneity and number of stem cells in the tumor. Thus, stemness is a plastic state that could be acquired
and lost based on the microenvironment and signaling cues'®!°. There have been discussions on the possibility
of targeting CSC for cancer therapy. Since, CSCs can cause cancer recurrence, metastasis, heterogeneity, and
treatment resistance, an effective therapeutic strategy should include attacking CSCs?’. However, more studies
are necessary to advance the CSC-targeting drug discovery, especially in CCA8. Thus, an experimental set-up, by
which CSCs can be studied is required to understand the CSC plasticity and its hierarchical staging.

Thus, we developed a novel surface marker-independent system to identify CSCs in commercially available
CCA cell lines to study CSC number and plasticity in real-time and at the single-cell level. The system relies on
a live GFP reporter regulated by the binding of two putative pluripotent transcription factors SOX2 and OCT4
to regulatory elements (SORE6 sequence), from the NANOG promoter?!. Using this GFP reporter system we
were able to identify CCA cells with CSC properties. Importantly, apart from a high degree of plasticity, we
demonstrated the plastic nature of CCA CSCs during drug treatment, thus helping to understand the role of
CCA CSCs in drug resistance.

Results

Dual expression of core pluripotent factors SOX2/OCT4 is associated with poor clinical
outcome in CCA

Since CSC has been implicated as a driver for disease severity in CCA, we investigated the association between
key proteins in CCA CSC and disease prognosis. Overall survival analyses were performed based on data from
The Cancer Genome Atlas (TCGA) by focusing on the roles of core pluripotency proteins. We found that, as a
single marker, none of the factors and prominent CSC markers (NANOG, SOX2, OCT4, SOX9, CD44, EPCAM,
LGR5, PROM1 [CD133], ANPEP [CD13], and THY1 [CD90]) significantly associated with overall survival
in CCA patients (Supplementary Fig. 1). SOX2 and OCT4 are known to co-regulate the pluripotency gene
expression program, and promote expression of other key stem cell factors, including nanog, and ZFP206'-%.
Interestingly, dual expression of SOX2 and OCT4 has been identified to play an important role in carcinogenesis
and progression of several types of cancer?*~?’. In line with this we found that as a pair, the dual expression of
SOX2 and OCT4 was strongly associated with overall survival in CCA patients. SOX9 has been implicated as a
CSC factor in certain types of cancer such as colon, prostate, and liver’>?°. However, the role of SOX9 in other
tissues is less clear. From the TCGA database, we found that high SOX9 expression appeared to correlate with a
longer survival (Supplementary Fig. 1d). SOX9 mRNA levels were relatively low in induced pluripotent stem cell,
compared to CCA cells (Supplementary Fig. 1k, 1), supporting the notion that SOX9 plays a role in cholangiocyte
lineage commitment™. From these results, we believe that SOX9 expression does not have discriminative power
to distinguish CCA CSCs from CCA cells. Since the high combined expression of SOX2 and OCT4 transcripts
significantly correlated with poor survival (Fig. 1a), the dual expression of SOX2 and OCT4 might be a key driver
for the stem cell-mediated tumorigenesis in CCA and thus, the co-expression of SOX2/OCT4 may be a used as
a specific marker of CCA CSC.

SOX2/OCT4 express and are functional in a subpopulation of CCA cells

Given these results, we used the previously published SOX2/OCT4-responsive reporter system SORE6-
dsCopGFP?!, for further investigation of the CSC population in CCA. To this end we transduced five CCA cell
lines, KKU-055, KKU-213B, SSP-25, TFK-1 and KKK-D068 with the SORE6-dsCopGFP (Fig. 1b) and analyzed
by fluorescence microscopy (Fig. 1¢) as well as by flow cytometry (Fig. 1d, Supplementary Fig. 2a) the temporal
expression of dsCopGFP thus indicating SOX2/OCT4 activity in these cells. Under standard culture conditions,
the GFP-positive cells (called as SORE67OS cells) ranged from 1.84 to 13.10% of the cells in the CCA cell lines
(Fig. le). Furthermore, to characterize the isolated SORE6POS and SORE6NEG cells, we used RT-PCR to analyze
the expression of SOX2 and OCT4. We found that SORE6"®S cells generally displayed enhanced expression for
both stemness genes compared to SOREGNES cells (Supplementary Fig. 2b).

Differentiation and dedifferentiation potential of SORE6F°S CCA cells

Since the SORE6OS cells have been reported as CSC-like cells?”*132, we then studied, whether our SORE670S
CCA cells were CSCs. We treated them with a differentiation inducer all-trans retinoic acid (ATRA), which has
been shown to induce differentiation in CSCs**-3. Three days of ATRA treatment induced a dose-dependent
reduction in the percentage of SORE6YS cells (Fig. 2a). Importantly, applying the same experimental setup
on fluorescence-activated cell sorting (FACS)-sorted SORE6"© cells (Supplementary Fig. 3), the number of
SORE6PS cells decreased while the SORE6NEC cells increased, indicating differentiation of SORE6™®S to
SOREGNEC cells (Fig. 2b).

Then, we examined the potential of SORE6P®S cells to spontaneously differentiate, which has been described
as one of the hallmarks of CSCs®*. FACS-sorted SORE6POS TFK-1 and KKK-DO068 cells were grown under
standard culture conditions and the GFP expression following each passage was analyzed (Fig. 2¢, d). After
sorting, all of the TFK-1 and KKK-D068 cells were SORE67C® (Fig. 2c, P.0, dark line compared to Fig. 2c, pre-
sort, dark line). Following passage 1, number of cells with high GFP reduced (Fig. 2¢, P.1). The GFP signal further
reduced after 2 passages (Fig. 2¢, P. 2). Similar results were observed for the KKK-D068 cells (Fig. 2d). Single
cell analyses of a SOREG'®S cell over a period of 36 h showed that a SORE6P®S cell divided into daughter cells
with reduced GFP expression (Fig. 2e, and Supplementary video 1). To validate the spontaneous differentiation
potential of the CCA CSCs in the more physiological condition we grew sorted SORE6Y®S cells in three-
dimensional (3D) spheroids. Although, we started the 3D culture with nearly pure SORE6P®S cells, we found
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Fig. 1. SOX2 and OCT4 are relevant drivers for stem cell characteristics in CCA. (a) Kaplan-Meier survival
analyses show an overall survival of patients based on combined expression levels (low; blue vs. high; red line)
of SOX2 and OCT4 transcripts. (b) Constructions of CCA cell lines containing the GFP-based live reporter
(SORE6-dsCopGFP). Created by BioRender.com / Mahidol University. (¢) Spatial expressions of GFP in TFK-1
cells containing the SORE6-dsCopGFP (SORE6) under standard culture conditions. TFK-1 cells transduced
with mCMV-dsCopGFP (mCMYV) reporter were used as controls. Scale bar =50 pum. The images were taken
using a 10x objective lens. (d) Identification of GFP-expressing subpopulation (SORE67CS cells) (right panel)
by flow cytometry. The same cell line transduced with mCMV-dsCopGFP (left panel) was used to identify the
background. (e) Averaged percentages of the SORE6POS cells in different cell lines were determined by flow
cytometry. The data represent mean=+s.d.; n=3.

that, at day 14 the majority of the cells in the 3D culture no longer expressed GFP (Fig. 2f), thus consistent with
the results in the two-dimensional (2D) culture setup.

It has been proposed that, under permissive conditions, CSCs may be induced from non-CSCs by
dedifferentiation?*¥. To address this, we FACS-sorted GFP-negative (SORE6NEG) CCA cells and cultured these
cells for two passages. We found that starting from passage 0 post-sorting SORE6NEC TFK-1 cells, comprising
99.82% SOREGNECcells, increasing numbers of SORE6POS cells were detected at later passages (1.28% and 5.20%
SORE6P®S cells emerged in passage 1 and 2, respectively) (Fig. 3a, b, and Supplementary Fig. 3). The number
of SORE6P®S cells following passage 2 was comparable to the number of SORE67S cells in the pre-sort TFK-
1 cells (5.71%). Similar results were observed for another CCA cell line, KKK-D068 (Fig. 3c, d). To confirm
these findings, live-cell imaging was performed in TFK-1 cell line to demonstrate the dedifferentiation from
SOREGNEC to SORE6POS cells (Fig. 3e, and Supplementary video 2). Specifically, we observed SORE6S cells
emerging from SOREGNEC cells. We also found that SORE6P®S cells can be generated from SORE6POS cells,

Scientific Reports |

(2024) 14:22619

| https://doi.org/10.1038/s41598-024-73581-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a C
p =2.36-07 mCMV-dsCopGFP
p = 2.37e-06 TFK-1 @&=» SORE6-dsCopGFP
10 Pre-sort SORE6PS P.0 SORE6POs P.1 SORE6P°s P.2 SORE6P°s
% 100- 100-
i = 1 1
g 4 807 807
u = 2 60+ 60-
[4 ! 1
E : | _
%
= 207
- ]
- (2 AR 0- A 1 .
0 -10° 0 10°  10° 107 -10° 0 10° 10° 107 -10° O 10° 10° 107
0 50 100 GFP
ATRA concentration (uM) d
b KKK-D068
Pre-sort SORE6"°S P.0 SORE6P°s P.1 SORE6P°s P.2 SORE6P°S
100 1004 1004 [100
§ 80 80 -j 80 80
3 ] 1
e | 601 604 60
2 1 1 ]
E | 40- 404 40- 40
). ] ]
o Il SORE6s = | 204 204 20+ 2
_ [[] soreeee 2|, - » A 0
2 75 -10% 0 10°  10° 107 -10° 0 10° 10° 107 -10° O 10° 10° 107 -10° O 10°  10° 10
s GFP
H e
g 5 t=0h t=4h t=28h t=36h
o
o
=
5
[
(4
0
After 3 days 3 days
sort vehicle ATRA
f Day 0 Day 14
GFP Hoechst GFP Hoechst
SORE6F°s
mCMV

Fig. 2. SOX2/OCT4 activity in SORE6"S cells is transient and is suppressed by ATRA. (a) Suppression of
SORE6PS TFK-1 cells following 3-days treatment with ATRA. The data represent mean +s.d.; n=3. (b)
Percent SORE6POS and SOREGNES cells of TFK-1 cells after 3-days treatment with 50 uM ATRA or vehicle
control (0.5% DMSO) of the FACS sorted SORE6"®S cells. A representative of three independent experiments
analyzed by flow cytometry is shown. The data represent mean +s.d.; n=3. Created by BioRender.com /
Mahidol University. (c) Spontaneous differentiation of SORE6”CS to SORE6NEC cells. Sorted SORE67CS TFK-1
and (d) KKK-DO068 cells were followed over 2 passages. FACS analyses were performed to determine the
numbers of SORE6POS cells. P.0, immediately after sorting; P.1, first passage after sorting; P.2, second passage
after sorting. (e) Live cell imaging was performed to observe spontaneous differentiation of a SORE6P®S TFK-1
cell. Scale bar =20 um. Yellow arrowheads indicate daughter cells, and blue arrowheads indicate the mother
cell. (f) Emerging of SOREGNEC cells from sorted SORE6POS cells in TFK-1 3D culture after 14 days of culture.
White scale bar =200 um, yellow scale bar =50 pm. The images were taken by a 20x air objective lens. ATRA:
all-trans retinoic acid.

resembling the self-renewal process in stem cells (Fig. 3f, and Supplementary video 3). Thus, by our live-reporter
system we demonstrated that a subset of CCA cells temporarily express functional core pluripotent factors
SOX2/0OCT4, and that GFP-expressing SORE6"OS cells can be generated from SORE6NEC cells and vice versa. In
addition, SORE6P®S cells can also be regenerated from other SORE6CS cells. Taken together these results point
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Fig. 3. SOREG"OS cells emerge from SORE6NEC CCA cells. FACS-sorted SORE6NES TFK-1 (a,b) and
KKK-DO068 cells (c,d) were grown as monolayer cultures. Percentages of SORE6YCS cell in indicated passages
were determined by flow cytometry. The bar graphs represent mean +s.d.; # =3 from the independent
experiments. P.0, immediately after sorting; P.1, first passage after sorting; P.2, second passage. 2D live cell
imaging of TFK-1 cells revealed spontaneous dedifferentiation (e) and self-renewal (f). Scale bar =50 pm.

For (e), A, B, C, and D indicate different cells. For (f), yellow arrowheads indicate daughter cells, and blue
arrowheads indicate the mother cell.
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to the existence of a steady state level of a CSC cell population in CCA, and that this equilibrium is maintained
due to the plasticity of the CCA CSC cells.

SORE6PC5cells show increased tumorigenic capability in both in vitro cultures and in vivo
xenograft models
To assess the tumorigenicity of SORE6?S CCA cells, both in vitro and in vivo tumorigenesis assays were
performed (Fig. 4a). The in vitro tumorigenic assay was performed by evaluating the potential of cells to grow
independently from the surface attachment (anchorage-independent growth). We found that FACS-sorted
SORE6POS TFK-1 cells grew at significantly higher numbers of spheroids of larger size, compared to SORE6NES
cells (Fig. 4b-e, and Supplementary Fig. 4a). Furthermore, signal intensities were positively correlated with the
size of the spheroids (Fig. 4f). To assess the tumorigenic potential of the SORE6S cells in vivo, mouse xenograft
experiments were performed. The SORE6PS TFK-1 and KKK-DO068 cells showed significantly higher growth
rates, than the SORE6NEC counterparts (Fig. 4g, h). We analyzed SOX2, and OCT4 expressions from the mouse
xenografts collected at the endpoint and found that both SORE6"®S (initially implanted with SORE6YS cells)
and SOREGMNEC (initially implanted with SOREGNEC cells) groups express comparable levels of SOX2, and OCT4
protein, by IHC (Supplementary Fig. 4b). We explained that the plasticity of the CCA CSC caused the number
of CSC in the tumor from both groups to adjust to a steady level, after a long period of tumor implantation in
the mice.

These results indicated that the SORE6POS population comprised increased tumorigenic potential compared
to SOREGNEC cells. Thus, these results indicated that the SORE6PCS CCA cells possess several properties
characteristic of CSCs.

SOREG6POS CCA characterizes a rare population which coincides with CD133* CCA cells
Ongoing research focuses on identifying specific markers for CCA CSCs; the most prominent candidates of
which include CD44, CD133, LGR5, and EpCAM!'~!4. However, no consensus on the putative CSC marker(s)
has been made as yet. We therefore explored the activities of SOX2/OCT4 in CCA cells expressing CD44,
CD133, LGR5, and EpCAM by multiplex flow cytometry. t-distributed Stochastic Neighbor Embedding (t-SNE)
analyses show the cells, positive for these CSC markers together with SORE6F®S cells in 5 different CCA cell
lines (Fig. 5a). Each CCA cell line expressed the surface proteins differently, i.e. expression of EpCAM was
found in most of the CCA cells in all cell lines (percentages of marker-positive cells are indicated in the t-SNE
maps). CD44 expressions were found in most of the CCA cells, except KKU-055, in which CD44 was found in
only a small subpopulation (around 1%). EpCAM and CD44 alone did not appear to have discriminative power
to distinguish CCA CSCs. These results were consistent with previous reports'!. LGR5", a proposed marker
for CSC in gastrointestinal cancer®® expressed differently in each cell line. Interestingly, CD133* expressed as
clusters in all CCA cell lines. These data suggest that a single marker does not hold enough discriminative power
to classify CCA CSCs.

To investigate whether our SORE6P®S cells expressed CSC-associated surface markers we found that only a
few of the CCA cells positive for CSC markers expressed a strong GFP signal (Supplementary Fig. 5a-b, dark
blue). However, when CCA cells with weaker GFP signal (SORE6VEAX) were included, (Supplementary Fig. 5a-
b, dark blue + green), we observed that a high percentage of CD133* CCA cells was SORE6S (ranging from
95.36% in TFK-1 to 25.29% in KKU-055; mean +s.d. = 72.08% =+ 27.30, Fig. 5b-e). CCA cells with other CSC
markers contained lower numbers of SORE6P®S, i.e. 39.62% + 15.75 of EpCAM™* CCA cells were SORE6”OS cells
(ranging from 52.23% in TFK-1 to 14.06% in KKU-055 cells, Fig. 5b-e).

When co-expressions of multiple CSC markers were analyzed, we found that most of the CCA cells
expressing double markers, CD133*CD44%, and CD133*LGR5*, were SORE6P®S (Fig. 5f-h), averaging
around 80% of the double-marker-positive populations across the 5 cell lines (Fig. 5g). These sub-populations
constituted around 0.74% in average (ranging from 0.11 to 1.45%) of the CCA cells in culture (Fig. 5i). When
subsets of CCA cells with triple or quadruple CSC markers were analyzed, the CD133*CD44"EpCAM™,
and CD133*CD44*LGR5*EpCAM™* showed very high percentages of cells expressing GFP (Supplementary
Fig. 6a-b, d-e). However, these triple and quadruple-positive cells constituted a very small portion of the CCA
in culture (0.27% in average, 0.02-1.28%) (Supplementary Fig. 6c, f). These results point to CD133-positive
cells representing a CCA population with active SOX2/OCT4. The results also suggest that there might be
subpopulations of CSCs with different surface markers that constitute the CCA CSCs, and that more than one
surface marker are required to delineate subpopulations of CCA CSCs.

CSC-like SOREG P°S cells are more resistant to chemotherapy

Since CSCshave been proposed as akey driver for chemoresistance in CCA, we investigated the impact of standard
CCA-chemotherapies (gemcitabine, cisplatin, and 5-fluorouracil [5-FU]) in our CCA cell lines containing the live
reporter. By high-content imaging, dose-response curves, GR values, and SORE6"S percentages were analyzed
(Fig. 6a-c, and Supplementary Fig. 7a). We found that as concentrations of gemcitabine, gemcitabine + cisplatin,
and 5-FU increased, the viability of CCA in general decreased, whereas the percent of SORE6"CS cells increased.
We found that GR, s of SORE6"OS cells were higher than SORE6NEC for all the drugs tested except for cisplatin,
for which SORE6F®S and SORE6NES had comparable GR, s (Fig. 6d-f, Supplementary Fig. 4a, 7b). At the end of
the treatment period, SORE6"C® populations were enriched in all cultures (Fig. 6g), indicating that the CSC-like
SOREG6S cell population is more resistant to certain chemotherapies, and increases over the time.

We next asked how these CSC-like population increase under the chemotherapy. To address this, SORE6POS
and SOREGNES populations were FACS-sorted and treated with 5-FU (Fig. 6h, i and Supplementary Fig. 3). At
day 3 after sorting, 25% of the FACS-sorted SORE6"S population treated with vehicle control spontaneously
loosed the GFP signal, and became SORE6NEC (Fig. 6h, vehicle). Interestingly, 5-FU treatment inhibited the
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Fig. 4. High tumorigenic potency in SORE67S cell. (a) Schematic diagram of the in vitro and in vivo
tumorigenic assay. Created by BioRender.com / Mahidol University. (b) In vitro tumorigenicity was tested
by growing the FACS-sorted SORE6"0S or SORE6NEC TFK-1 cells into spheroids. Scale bar =300 pm.
Representative images of the spheroid morphology from initial seeding density 1,000 cells/well shown in (c).
Scale bar =200 pm. Numbers and sizes of the spheroid were quantified by image analysis and shown in the
bar graphs (d,e). The data represent mean +s.d.; n=6. P-values for in vitro tumorigenicity were analyzed by
the Wilcoxon rank sum test. (f) Positive correlations between log,, spheroid area vs. log, ; GFP intensity. The
regression line (black line) was estimated by linear regression of Pearson correlation with 95% confidence
interval (gray band). R=Pearson’s correlation coefficient, p =p-value. The data was acquired from image
analysis. (g, h) the sorted SORE6"S and SORE6NES cells were implanted into severe immunocompromised
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and n =8 for KKK-D068. P-values for in vivo data were analyzed by paired t-test.
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transition of GFP-positive to GFP-negative population (Fig. 6h, 5-FU). On the other hand, around 10% of
SOREGNEC cells spontaneously transformed to SORE6FOS (Fig. 6i, vehicle) and here 5-FU treatment promoted
the transformation of SORE6"S to 25% (Fig. 6i, 5-FU). We observed similar results in 3D cultured CCAs, i.e.,
5-FU treatment increased the SORE6POS cell population (Fig. 6j). These results indicate that 5-FU treatment may
promote CSC by stabilizing the SORE6POS population and facilitating SORE6NES to SOREGPCS transformation.

CDKA4/6 inhibitors suppress CSC-like CCA populations

CDK4/6 inhibitors have been tested in CCA as either mono- or combination-therapy and interestingly,
CDK4/6 inhibitors were shown to suppress SOX2 and OCT4 levels by means of protein destabilization**, Using
our live reporter system, we examined the effect of CDK4/6 inhibitors on the CCA CSCs. We found that the
CDK4/6 inhibitors, abemaciclib (AB) and palbociclib (PD), suppressed the number of SORE6"OS cells in a
dose-dependent manner (Fig. 7a-b), and following 3 days of treatment with CDK4/6 inhibitors, the percentage
of SOREGYOS cell in the culture decreased from 12 to 4% (Fig. 7c). To track the reduction of SORE6F®S cells,
we analyzed FACS-sorted SORE6POS and SOREGNES CCA cells in culture during CDK4/6 inhibitor treatment
(Fig. 7d, e and Supplementary Fig. 3). We found that 25% of SORE6PS CCA cells spontaneously lost their GFP
expression and became SORE6NFC after 3 days in culture (Fig. 7d, vehicle). Addition of PD further increased the
SORE6GNEC population (Fig. 7d, PD). Moreover, we found that in the SORE6NES population, CDK4/6 inhibition
suppressed the spontaneous transition of SORE6YEC to SORE67OS cells (Fig. 7e, PD). Lastly, we compared
the CSC-like SORE6"©S number for all treatments, using area under the curves (AUCs) from the normalized
SORE6PS percentages. Chemotherapies (Fig. 7f, Gem, 5-FU, Gem + Cis) appeared to increase AUC, while
CDK4/6 inhibitors decreased the AUC (Fig. 7f, AB and PD). In conclusion, these data show that applying a live
reporter system we have identified CDK4/6 inhibitors as a potential CSC reduction therapy in CCA.

39-43

Discussion

The study of CCA CSCs helps to advance our understanding on CCA carcinogenesis and management. However,
CSCsare scarce, plastic, and exhibiting different characteristics and levels of differentiation and rendering bulk or
snapshot-based study approaches ineffective. In addition, although the functional characterization implied that
CSCs may comprise different hierarchical groups resembling that of the stem cell hierarchy, it has been difficult
to physically isolate and study these cells because of the lack of specific markers. Here, the live biosensor SORE6-
dsCopGFP reporter, which responds to SOX2 and OCT4 transcriptional function has been employed to study
CCA CSCs in five different CCA cell lines. It is well documented that SOX2 and OCT4 are high in the stemness
hierarchy and have been shown to be drivers in several types of CSC*>*. In addition, from the TCGA-CHOL
data set, dual expression of SOX2 and OCT4 significantly correlated with the poor survival of CCA patients. Due
to the limited number of patients in the cohort, the long-term survivals of the patients beyond 60 months was
not available. In addition, in the CD44-High and LGR5-High CCA, the data were only available until around 50
months, possibly due to the loss of follow-up. Short half-life of dsCopGFP was designed to detect the temporal
change in the SOX2/OCT4 activities®!. Wild-type GFP protein has a half-life of approximately of 26 h, however,
addition of peptides from cyclin B1 destructive box and PEST sequence from the mouse ornithine decarboxylase
gene reduced the half-life of dsCopGFP to 5.5 h, especially suitable for detecting activity of transcription factor
such as SOX2 and OCT4". While we were working on our project, an independent group designed the same
SOX2/0OCT4-based reporter to study interaction between macrophages and CCA CSC. They reported that that
SORE6P®S cells generally displayed enhanced expression for both stemness genes and CSC genes compared to
SOREGNEC cells. Thus, these data indicate that the SORE6-dsCopGFP reporter can be used to identify cells with
stem-like characteristics*.

We demonstrated that the SOREGPS cells showed several genuine CSC characteristics, e.g. resistance
to chemotherapy, increased spheroid formation, self-renewal, and high tumorigenesis capability in
immunocompromised animals. Thus, we suggested that the SORE6POS cells were CSC cells. Interestingly,
applying the SORES6 reporter system, we were able to demonstrate plasticity in these cells, and moreover they
were able to self-renew and dedifferentiate which might be important to maintain the stem cell number in
the culture. This observation might also explain one mechanism by which the cancer stem cell population is
maintained in tumors.

Several surface markers have been proposed to identify CCA CSCs. When analyzing for these markers we
showed - as expected - that SORE6"S cells were enriched in CCA cells expressing CD133*. When multiple
markers were analyzed, we found a higher enrichment of SOREGP®S cells in both the CD133*CD44* and the
CD133*LGR5" subpopulation. Thus, our results suggest that there may be several minor subpopulations of CCA
CSCs in the culture, as proposed by a previous study. Interestingly, we found highly differential expression of
CSC markers among our 5 CCA model cell lines. These results implicate existence of different types of CSCs
and the heterogeneity of CCA CSC in the cell lines. These results were more evident, especially when CCA cells
with weak GFP expression (SORE6YEAK) were included in the study (Fig. 5). These cells with low SOX2/OCT4
activities may implicate different stages of progenitor or progenitor-like cells within the CSC population®. We
hypothesize that the SORE6WEAK CCA cells contained lower levels of SOX2/OCT4 compared to the SORE6POS
cells, and that SORE6VEAK and SORE6P©® may be distinctive stem cell populations. It has been demonstrated
that variable expression levels of SOX2 and OCT4 regulates the hierarchy of stem cells®>2. For example, in
the ventricular zone of the developing mouse cortex, SOX2 is more highly expressed in the slowly dividing,
multipotent, radial glia cells than in the rapidly dividing intermediate progenitor cells, which are committed to
neurogenesis®>>3, Whether or not, the SORE6WEAK and SORE6PS cells may be of CSCs with different potential
requires further investigation. However, low numbers of cells in the minor subpopulations prevented us from
isolating and growing these for further studies. It will be informative when these single cells with varying levels
of SOX/OCT4 activities are studied in conjunction with other single cell technologies, such as single-cell DNA/
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RNA-sequencing, and mass cytometry (CyTOF). Anatomical subtypes of CCA, i.e. extrahepatic, perihilar, and
intrahepatic, show clinical and biological differences®*. Likewise, the expression of a given CCA CSC marker can
be varied between the subtypes®. Since, our cell line models, namely SSP-25, KKU-213B, KKK-D068, KKU-055
are of intrahepatic origin, except for TFK-1 which is derived from extrahepatic CCA, the results from this study
should need further validation, especially for cell lines of extrahepatic and perihilar origin.

Our live reporter CCA cells allowed us to study the role of CSC following drug treatments®. We showed
that under standard CCA chemotherapies, CCA CSCs are relatively resistant. Thus, enrichment of CSCs
was observed after only 3 days of treatment. However, we also demonstrated that CSC enrichment was not
necessarily observed following all treatments. Cisplatin was found not to enrich SORE6POS cells. We showed that
unlike chemotherapy, CDK4/6 inhibition depleted CCA CSCs. Supportive roles of G1 CDKs in embryonic and
adult stem cells have been established by several groups*#*>>’. Recent works showed that CDK4/6 inhibition
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«Fig. 5. Expression of selected CSC-associated markers on SORES6 cell subsets in five CCA cell lines. (a) t-SNE
diagrams of SORE6"®S cell immuno-stained for putative surface protein markers as indicated. Red and grey
areas represent marker positive or negative, respectively. The red numbers show the percentage of surface
marker-positive cells. (b) Pie charts show percentages of SORES6 cell subsets in single surface marker-defined
CCA subpopulations, as indicated on the top of the panel. Strong GFP expression (SORE6"®S; dark blue), weak
GFP expression (SORE6VEAK; green), and no GFP expression (SORE6NES; yellow). (c) The bar graphs show
the percentage of SORES cells (strong and weak signals) in single surface marker-defined CCA subpopulations
as indicated in (b). (d) Heatmap shows averages of percent SORES cells (strong and weak signals) in single
surface marker-defined CCA subpopulations as indicated in (b), broken down in detail for each cell line. (e)
Percentages of cells in single surface marker-defined subpopulations. (f) Pie charts show percentages of SORE6
cell subsets in double surface marker-defined CCA subpopulations, as indicated at the top of the panel. Strong
GFP expression (SORE6PS; dark blue), weak GFP expression (SORE6WEAK; green), and no GFP expression
(SORE6NES; yellow). (g) The bar graphs show the percentage of SOREG cells (strong and weak signals) in
double surface marker-defined CCA subpopulations as indicated in (f). (h) Heatmap shows averages of percent
SORES cells (strong and weak signals) in double surface marker-defined CCA subpopulations as indicated
in (f), broken down in detail for each cell line. (i) Percentages of cells in double surface marker-defined
subpopulations. All pie charts were generated from a representative experiment. Each bar in all bar graphs
showed average number from 5 CCA cell lines + s.d. from three biological replicates (n=15).

mitigate expressions of stem cell factors and CSCs in several types of cancer, such as breast cancer, esophageal
cancer, acute myeloid leukemia®®-%2. We demonstrated here that inhibition of CDK4/6 activities by palbociclib
or abemaciclib not only blocks CCA, but also depletes the CCA CSC population. This information can be used
to design novel therapy that target both CCA and the CSCs.

In conclusion, by applying a live reporter-based system to study CSCs in different CCA cell lines we have been
able to delineate the plasticity as well as drug-induced dynamics of CSCs. Since CCA is a highly cytoreduction
resistant disease these findings have clear implications for the management of the patients and could prove
useful in the development and efficacy screening of novel drugs.

Materials and methods

Cell culture

Four CCA cell lines of intrahepatic origin; KKU-055, KKK-D068, KKU-213B, SSP-25, together with an
extrahepatic cell line TFK-1426%64 were obtained from the Japanese Collection of Research Bioresources (JCRB,
Osaka, Japan). For population types, 5 CCA cell lines 3 were from Thai CCA (KKU-055, KKK-D068, and KKU-
213B) and 2 Japanese CCA (SSP-25 and TFK-1). For anatomical classification, KKU-055, KKK-D068, KKU-
213B, and SSP-25 are intrahepatic CCA, while TFK-1 are extrahepatic CCA*. About drug sensitivity, all CCA
cell lines were sensitive to palbociclib”. KKK-D068, KKU-055, TFK-1, and SSP-25 were sensitive to most of
chemotherapy including standard treatments®. KKU-055, KKK-D068, KKU-213B, and HEK293T (American
Type Culture Collection) were maintained in Dulbecco’s modified Eagle’s medium (DMEM), while Roswell
Park Memorial Institute 1640 Medium (RPMI 1640) was used for SSP-25 and TFK-1. Each culture medium was
supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% penicillin/streptomycin.
For routine subculturing, the cells were washed once with phosphate-buffered saline (PBS), then 0.25% trypsin-
EDTA (Thermo Fisher Scientific) to detach the cells. The culture medium was added onto the plate as volume
ratio by 9 culture medium to 1 trypsin-EDTA to inhibit trypsinization. All cell lines were maintained at 37 °C in
a humidified atmosphere containing 5% CO, and routinely tested for mycoplasma by PCR.

Lentivirus production, cell transduction, and construction of CCA cell lines with live
reporter for CSC

The lentiviral-based stem-cell reporter system®' was a kind gift from Dr. Lalage M. Wakefield, NCI, USA. In
the system, six tandem repeats of a composite OCT4/SOX2 response element (SORE6) coupled with minimal
cytomegalovirus (mCMV) promoter are used to drive expression of the green fluorescent protein (GFP)
reporter. The destabilized copepod GFP was used in this construct to ensure the temporal resolution (SORE6-
dsCopGFP). A similar construct without SORE6 (mCMV-dsCopGFP) was used as flow cytometric gating
control and background control of fluorescence microscope. For more detail of the construct please refer to
reference®!. To generate lentiviral reporters, either SORE6-dsCopGFP or mCMV-dsCopGFP plasmid was co-
transfected with the second-generation packaging plasmids composed of psPAX2 and pMD2.G into HEK293T
cells, by Lipofectamine™ LTX (Invitrogen, ) (1 ug DNA: 1.5 pL lipofectamine ratio) in serum- and antibiotic-free
Opti-MEM medium (Thermo Fisher Scientific), for 8 h. Then, the medium was replaced with fresh HEK293T
culture medium and incubated for 48 h. The viral supernatant was collected and filtrated (0.45 puM filter), then
mixed with 5 pg/mL polybrene and fresh culture medium in 1:1 ratio. To transduce the viral reporter, the cells
were exposed to the viral mixture for 24 h. Puromycin selection was performed for 5 days in the sub-confluent
CCA cultures.

Reverse transcription polymerase chain reaction (rtPCR)

RNA extraction, cDNA conversion, and RT-qPCR were performed as previously described®. Briefly, RNA was
extracted using the Total RNA Purification Kit (GeneMark), and then 1 ug of RNA was converted to cDNA
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The qPCR was performed
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Fig. 6. CSC mediated-drug resistance following chemotherapy. (a—c) The normalized percentages of
SORE6PS TFK-1 cells treated with increasing doses of drugs (green lines, left y-axis). Dose response of

total CCA cell numbers are shown in orange lines (right y-axis). The data represent mean +s.d.; n=3. (d-f)
Dose-response curves for sorted SORE6® and sorted SORE6NES TFK-1 cells following chemotherapy. GRy s
of each line is shown in the graph. The data represent mean +s.d.; n=3. The data was acquired from image
analysis. (g) Percent SORE6"9S cells after 3 days of 0.063 uM gemcitabine or 0.313 uM 5-FU. The data represent
mean +s.d.; n=3. Percent subpopulations of sorted SORE6S (h) and SORE6NES cells (i) treated with 0.313
uM 5-FU for 3 days, then quantified by flow cytometry. The data represent mean +s.d.; n=3. (j) TFK-1 multi-
spheroids under 0.05 uM 5-FU for 3 days. Scale bar =100 pum. The data in (a-f) were acquired from image
analysis, while (g-i) were from flow cytometry. 5-FU: 5-fluorouracil, Gem: gemcitabine.
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Fig. 7. Effect of CDK4/6 inhibitors on the SORE6"OS population. (a,b) The normalized percentages of
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SORE6"®S (d) and SOREGNEC (e) cells treated with 5 uM PD for 3 days, then quantified by flow cytometric
analysis. The data represented mean +s.d.; n=3. (f) Inductions and suppressions of SORE6"°S cells by
chemotherapy and CDK4/6 inhibitors. Normalized AUC of percent SORE6P®S TFK-1 cells following indicated
treatments. The data represent mean +s.d.; n=3. The data in (a,b,f) were acquired from image analysis,

while (c-e) were from flow cytometry. 5-FU: 5-fluorouracil, AB: abemaciclib, Gem: gemcitabine, Gem + Cis:
gemcitabine and cisplatin, PD: palbociclib.

using KAPA™ SYBR' FAST qPCR Master Mix Kit (Kapa Biosystems) on the CFX96™ Real-Time PCR detection
system (BioRad). Primers: GAPDH-F 5'-GTCAACGGATTTGGTCGTATTG-3'; GAPDH-R 5'-CATGGGTG
GAATCATATTGGAA-3’, SOX9-F 5'- GCTCTGGAGACTTCTGAACGA-3'; SOX9-R 5-CCGTTCTTCACC
GACTTCCT-3', SOX2-F 5'- GAGCTTTGCAGGAAGTTTGC-3'; SOX2-R 5'- GCAAGAAGCCTCTCCTTG
AA-3', OCT4-F 5'- TCGAGAACCGAGTGAGAGG-3; OCT4-R 5'- GAACCACACTCGGACCACA-3'. Gene
expressions were analyzed relative to induced pluripotent stem (iPS) cells.

Flow cytometry analysis and FACS

The reporter-containing cells were detached from the plate by routine trypsinization, and collected by
centrifugation. Then the cell pellets were washed three times with PBS supplemented with 3% FBS and
resuspended in the same solution. GFP and Live/Dead Zombie NIR (BioLegend) detection was performed on
Cytoflex™ flow cytometer (Beckman Coulter). BD LSR Fortessa™ Cell Analyzer (BD Biosciences) was used for
multicolor detection. For cell surface protein analyses, the trypsinization duration was done as short as possible
and depending on each cell line to prevent cell surface marker protein destruction. The following fluorescence-
conjugated antibodies to cell surface markers for CCA CSC were used; mouse PE anti-human CD133 (#372803),
rat PerCP-Cy5.5 anti-mouse/human CD44 (#103031), mouse PE-Cy7 anti-human CD326 (EpCAM) (#324221)
all from BioLegend, USA, and rat APC anti-human LGR5, #130-100-85 (Miltenyi Biotec). Following washing
with 3% FBS in PBS, cells were blocked by Odyssey blocking buffer (Li-Cor) for 30 min on ice, then stained with
the antibody cocktail together with Live/Dead Zombie NIR for 15 min in the dark. Isotype-matched antibodies
were used to estimate the non-specific binding; mouse PE IgGl, k isotype control antibody (#400111), rat
PerCP/Cyanine5.5 IgG2b, k isotype control antibody (#400631), mouse PE/Cyanine7 IgG2b, « isotype control
antibody (#400325), rat APC IgG2b, « Isotype control antibody (#400611) (all from BioLegend). UltraComp™
eBeads (Invitrogen) were used for compensation. For FACS, the cells were detached and washed as described
above. The cells were passed through a cell strainer and kept on ice in the dark not more than 2 h until sorting
was performed on a BD FACS Aria™ III Cell Sorter. To increase the purity of GFP-expressing cell, the sorting was
repeated in some experiments.

Scientific Reports |

(2024) 14:22619

| https://doi.org/10.1038/s41598-024-73581-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

For data analysis, the data from FACS and cell analyzer were analyzed by Flow]Jo software (version 10.8.1).
Cell lines transduced with mCMV-dsCopGFP-transduced were used as controls. To determine SORE6"®S cells,
the SORE6- dsCopGFP-transduced cells with signal exceeded 99.95% of the cell line match mCMV-dsCopGFP
cells will be accepted as SORE6YCS cells. The cells that expressed GFP at an intensity between negative and
positive populations were indicated as SORE6VEAK cells. In some experiments.

High content imaging

High content imaging was performed at 5x, 10x, and 20x using High-throughput screening (HTS) microplate
reader Operetta CLS™ (PerkinElmer). Data were processed and analyzed by Columbus Image Data Storage and
Analysis System (PerkinElmer) and R software (version 4.2.2). For image analysis in the confocal mode, the
maximum projection was applied. For 2D live cell imaging, Nikon Inverted Microscope ECLIPSE Ti-1 was
used at 20x. The image was taken every 2 h for 3-5 days. Nikon Imaging Software (NIS-Elements) was used for
imaging processing and analysis.

2D drug testing

Cells were seeded into a 6-well plate (100,000 cells/well), 12-well plate (60,000 cells/well) or 384-well plate (1,000
cells/well) in culture medium, and allowed to grow for 24 h, before treating with gemcitabine (Selleckchem,
#S1714), 5-FU (Selleckchem, #S1209), cisplatin (Medchem, #HY-17394), AB (Selleckchem, S7158), palbociclib
(Selleckchem, #S1579), or ATRA (Tokyo Chemical Industry, #R0064) at various concentrations for 3 days. 0.5%
of Dimethyl sulfoxide (DMSO) or Dimethylformamide (DMF) in culture medium matched the vehicle of the
drug.

For flow cytometry, cells were stained with Live/Dead Zombie NIR and analyzed on a Cytoflex™ flow
cytometer. Data were shown as cell percentages.

For high-content imaging analysis, cells were fixed and stained with 4% paraformaldehyde (PFA) and
Hoechst 33342 (Abcam), respectively. The high-content imaging was performed as stated in the previous section.
The number of nuclei was determined by Hoechst 33342. The dose-response curves and growth rate inhibition
(GR) were constructed and calculated as described®. GFP intensity of the single cell in each well was measured
from the images to determine for percentage of SORE6YCS cell. Briefly, GFP intensities were measured from
nuclear extension areas to avoid incorrect cell segmentation. mCMV-dsCopGFP cells were used as control to
determine SORE67S cells. Normalized %SOREG"®S cells were calculated as the percentages of SORE67OS cells
of the treatment groups divided by the percentages of cells treated with vehicle. To compare %SORE67S cells
across treatments, AUC of normalized %SORE6POS cells from concentrations between GR,, to GR, was used.
The normalization was performed by dividing with the AUC of cells treated with vehicle.

In vitro tumorigenesis and 3D drug testing.

The cells were seeded at densities of 1,000, 500, 250 cells/well in a 96 well-plate ultra-low attachment flat bottom
(Corning) containing medium supplemented with 10% FBS, and 0.7% StemXVivo methylcellulose (R&D
systems). Cells were fixed, and then nuclei were stained on day 14 using 4% PFA for 30 min and 10 pug/mL
Hoechst 33342 for overnight, respectively. By using maximum projection, nuclei area > 8000 um? from all fields
in each well were counted as spheroids. The GFP intensities of the spheroids were measured from the spheroid
area.

For 3D drug testing, 4,000 TFK-1 cells were seeded and allowed to form spheroids for 3 days, and then
5-FU was added for 5 days. 0.5% of DMSO in culture medium was used as vehicle control. 10 mM Calcein Blue
AM (Abcam) was used to visualize live cells in spheroids. The summation of the Calcein Blue AM area called
“Spheroid viability index” from every sample was calculated. The data were used to draw the dose-response
curves. The relative CSC content was calculated from the means of the GFP intensity from viable spheroid
normalized to the vehicle control.

Mouse xenograft

To access tumorigenicity in vivo, an animal study was performed under a protocol (COA no. 010/2564) approved
by the Mahidol University-Institute Animal Care and Use Committee (MU-IACUC), according to Assessment
and Accreditation of Laboratory Animal Care guidelines. All protocols complied with the NIH Guidelines and
were reported in accordance with ARRIVE guidelines (https://arriveguidelines.org). Animals were housed in
standard laboratory cages. Food and water were given ad libitum. Either 5x 10° of SORE6Y©S and SORE6NEC
cells (for TFK-1), or 1 X 10° cells (for KKK-D068) were mixed with 10% Matrigel (Corning), before inoculated
subcutaneously into the flank of the anesthetized Balb/c-R] mice (BALB/c: Rag2/Jak3 dKO). Tumor growth was
measured daily. The tumor volumes were calculated using the equation: Tumor Volume = % (Length X Width?).
After the tumor reached the experimental endpoint, both groups in the same cell line were euthanasia using
lethal anesthesia (I.P. injection of 300 mg/kg ketamine: 30 mg/kg xylazine), following the AVMA Guidelines.

Immunohistochemistry
Immunohistochemistry (IHC) was performed according to standard protocol®’. Stained mouse tissues were
stained with SOX2 (clone: SP76) and OCT4 (clone: MRQ-10) antibodies.

Survival analysis

To determine the association between CCA CSC-related genes with clinical outcome, the overall survival
analysis was performed on the bulk RNA-seq of primary CHOL tumors from the TCGA dataset®® using Survival
Genie (https://bhasinlab.bmi.emory.edu/SurvivalGenie/)®. All primary cholangiocarcinoma (CHOL) tumors
in the TCGA dataset with available transcriptome profile and clinical information (n=36) were included in
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the survival analysis. To compare the overall survival (OS) in the Kaplan-Meier plot between patients with high
and low gene expression we used the survfit function from the survival package in R software’®. The patients
with high and low gene expression in both individual and combination gene analyses were categorized by Cutp
option from survMisc R package”. Therefore, individual genes (SOX2, OCT4, NANOG, SOX9, CD44, PROM1
(encoding CD133), EPCAM, LGR5, ANPEP (encoding CD13), and THY (encoding CD90)) and a combination
of genes (SOX2+ OCT4) were analyzed using the Survival Genie gene-based option®. Log-rank p-value lower
than 0.05 were considered statistically significant.

Statistical analysis

The graphs and each statistical significance were determined and created with GraphPad Prism software and
R (http://www.R-project.org/, version 4.2.2). Statistical significance was determined between groups using
two-tailed t-test. If specific statistical determination was used, the test was in-text stated. A p-value <0.05 was
considered statistically significant for all tests.

Data availability

The data generated during this study are available from the corresponding author upon reasonable request.
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