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Abstract
Bile duct cancer (BDC) frequently invades the nerve fibers, making complete surgi-
cal resection difficult. A single tumor mass contains cells of variable malignancy and 
cell-differentiation states, with cancer stem cells (CSCs) considered responsible for 
poor clinical outcomes. This study aimed to investigate the contribution of autosyn-
thesized dopamine to CSC-related properties in BDC. Sphere formation assays using 
13 commercially available BDC cell lines demonstrated that blocking dopamine re-
ceptor D1 (DRD1) signaling promoted CSC-related anchorage-independent growth. 
Additionally, we newly established four new BDC patient-derived organoids (PDOs) 
and found that blocking DRD1 increased resistance to chemotherapy and enabled 
xenotransplantation in vivo. Single-cell analysis revealed that the BDC PDO cells var-
ied in their cell-differentiation states and responses to dopamine signaling. Further, 
DRD1 inhibition increased WNT7B expression in cells with bile duct-like phenotype, 
and it induced proliferation of other cell types expressing Wnt receptors and stem 
cell-like signatures. Reagents that inhibited Wnt function canceled the effect of DRD1 
inhibition and reduced cell proliferation in BDC PDOs. In summary, in BDCs, DRD1 
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1  |  INTRODUC TION

Bile duct cancer (BDC) has a low 5-year survival rate of only 7%–20% 
and a high postoperative recurrence rate of approximately 60%.1 
Further, over 75% of symptomatic cases are ineligible for complete 
resection.2 A single cancer tumor comprises numerous cells with 
different degrees of malignancy,3 with cancer stem cells (CSCs) con-
sidered the “root of recurrence and metastasis.” Consequently, CSCs 
have been set as critical therapeutic targets, particularly in hemato-
poietic malignancies or solid tumors, such as breast, brain, and colon 
cancers.4 Since the 2010s, a phenomenon called CSC plasticity has 
been highlighted. Non-CSCs can convert their phenotype into CSCs 
in limited conditions, and the surrounding environment is called the 
CSC niche.5,6,7 Thus, CSC niche-targeting therapy is gaining signif-
icant attention.8 However, in BDCs, although biomarkers for can-
cer stem-like properties have been reported,9,10 the mechanisms by 
which the niche regulates CSC plasticity remain to be elucidated.11

Anatomically, the nerve fibers run parallel to the bile ducts, and 
the high rate of neural invasion (56.0%–88.0%) is a critical factor 
for the poor prognosis of BDCs.12–14 As such, BDCs are sometimes 
referred to as “neurotropic cancers.”15 Further, recent studies show 
that both the malignant behavior of BDC and normal bile duct de-
velopment are affected by neurotransmitters.13,15–17 Notably, BDC 
cells synthesize dopamine by themselves under epigenetic regula-
tion.16,18 In acute myeloid leukemia, breast cancer, or non-small lung 
carcinoma, dopamine signaling contributes to CSC homeostasis.19–21 
However, the contribution of dopamine signaling to BDC CSC has 
not been elucidated thus far.

Patient-derived organoids (PDOs) are a novel cell resource cul-
tured in 3D gels in vitro, retaining features of the original tumor 
in vivo containing CSCs and non-CSCs.22,23 Therefore, PDOs are 
advantageous for examining tumor heterogeneity with in vitro in-
terventional experiments. This study aimed to elucidate the con-
tribution of autosynthesized dopamine to CSC-related properties 
using four BDC PDOs.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

Commercially available cells were obtained from RIKEN, the 
Japanese Collection of Research Bioresources Cell Bank, or the 
American Type Culture Collection. The short tandem repeat analy-
sis for cell line authentication and mycoplasma non-contamination 

test had been performed by each cell bank before shipment. Details 
about Cat#, RRID, and culture conditions are given in Table S1.

2.2  |  Sphere culture conditions and sphere 
formation assay

For sphere culture, cells were dissociated with TrypLE Express en-
zyme (Invitrogen), filtered through a 35-μm cell strainer (Corning), 
and seeded in ultralow attachment six-well plates (Corning; 10,000 
cells per well) with serum-free DMEM/Ham's F-12 (Nacalai Tesque). 
DMEM was supplemented with 1× B27 Supplement (Thermo Fisher 
Scientific), 10 ng/mL recombinant human fibroblast growth factor-
basic (Thermo Fisher Scientific), 20 ng/mL recombinant human 
epidermal growth factor (EGF; Thermo Fisher Scientific), and 
1% penicillin/streptomycin mixed solution (P/S; Nacalai Tesque). 
Spheres were passaged after 5–7 days. After two passages, cells 
were used for sphere formation assays or mRNA extraction. In 
sphere formation assays, dissociated and filtered cells were cultured 
in ultra-low attachment 24-well plates (Corning; 2000 cells per well) 
with a medium containing each reagent (DMSO and/or D1 inhibitor 
(SKF-83566, Abcam) and/or porcupine inhibitor (LGK974, Cayman 
Chemical Company)). On day 2, half the amount of medium with rea-
gent was added. Spheres were imaged using the microscope IX73 
(Olympus). On day 5 or 6, spheres larger than 75 μm in diameter were 
counted using Cell3Imager CC5000 (SCREEN Holdings).

2.3  |  Patient-derived organoid culture

Patient-derived organoids were established from fresh surgi-
cal specimens obtained from patients who underwent sur-
gical resection at Kyoto University Hospital. Primary tumor 
tissue samples were processed as previously described with 
slight modifications.24–28 The cell aggregates were embedded in 
Matrigel (Corning) and covered by a conditioned medium com-
posed of 50% L-WRN (ATCC Cat# CRL-3276, RRID: CVCL_DA06; 
containing Wnt3A, R-spondin 3, and Noggin), advanced DMEM/
F12 (Invitrogen), 5% FBS (Cytiva), 2 mmol/L L-Alanyl-L-Glutamine 
(Wako), 1% P/S, 2.5  μg/mL plasmocin prophylactic (Invitrogen), 
10  μM Y-27632 (Wako), 1× B27 Supplement, 100 ng/mL basic 
FGF, and 20 ng/mL EGF, denoted as “niche-enriched.” The medium 
containing advanced DMEM/F12, 5% FBS, 2 mmol/L L-Alanyl-L-
Glutamine, and 1% P/S was called “niche deficient.” Used PDOs 
were passaged fewer than 35 times.

is a crucial protein involved in autonomous CSC proliferation through the regulation 
of endogenous WNT7B. As such, inhibition of the DRD1 feedback signaling may be a 
potential treatment strategy for BDC.
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2.4  |  Organoid formation assay

Patient-derived organoids were dissociated into single cells using 
TrypLE Express Enzyme, filtered through a 35-μm cell strainer, and 
cultured in 48-well plates (250 cells per 5 μL Matrigel per well, with 
2 μL Matrigel embedded a priori so that PDOs did not spread to the 
bottom) with the medium changed twice weekly. Images of PDOs 
were recorded using microscope IX73. On days 10–15, PDOs greater 
than 75 μm in diameter were counted using Cell3Imager CC5000 
with a multiplanar scanning option.

2.5  |  RT-PCR

Total RNA extraction, single-strand complementary DNA synthesis, 
and qRT-PCR were performed in triplicate as previously described.27 
The relative quantification of each target, normalized to an endog-
enous control (GAPDH), was performed using the comparative Ct 
method. Table  S2 lists the primer sequences. Further details are 
given in the Supplementary Methods.

2.6  |  ShRNA-mediated human DRD1 gene 
knockdown by lentiviral transduction

ShRNA-mediated knockdown (KD) was performed as described 
previously.27 The two predesigned DRD1-targeting shRNA 
(A:TRCN0000356937, 5- ccggTTATGCCTTTAATGCTGATTTctc-
gagaaatcagcattaaaggcataatttttg-3, B:TRCN0000230254, 5- ccgg-
TATCAGTCATATTGGACTATGctcgagcatagtccaatatgactgatatttttg-3) 
were used. At 48–72 h after viral infection, the cells were treated 
with a medium containing puromycin (Invitrogen) at 1–5 μg/mL for 
2 weeks to eliminate the non-infected cells. Further details are pro-
vided in the Supplementary Methods.

2.7  |  Xenograft assay

NOD/SCID mice were purchased from the Charles River Laboratories 
Japan. Cultured BDC cells including spheres were dissociated with 
TrypLE Express enzyme, centrifuged, and resuspended in iced PBS. 
PDO cells were dissociated with TrypLE Express enzyme, centri-
fuged, and resuspended in an iced “niche-deficient” medium at a 
concentration of 105 or 106 in 50 μL. For subcutaneous transplan-
tation, cells were injected into the flanks of 8–12-week-old NOD/
SCID mice (PDO cell suspension was mixed with Matrigel [50% vol/
vol]). The tumor constructions were examined by peeling off the 
skin. For spleen injection,29 the NOD/SCID mice were anesthetized 
using isoflurane, and a 1.5-cm left-sided transverse laparotomy was 
performed to open the abdominal cavity. Cells were injected into the 
spleen using a 27-gauge needle. Tumor cells were allowed to circu-
late for 10 min, and the spleen was resected. For peri-sciatic nerve 
xenograft,30 NOD/SCID mice were anesthetized, and a 1.5-cm 

incision exposed their sciatic nerves. The cell mixture with Matrigel 
(50% vol/vol) was injected at the space of the branch of the tibial 
and sural nerves.

2.8  |  Chemoresistance assay

Patient-derived organoids were dissociated and cultured in V-
bottom 96-well plates (nerbe plus; 2000 cells in 4  μL of Matrigel 
per well, covered by a “niche-enriched” medium). After 3 days, the 
medium was changed into a “niche-enriched” or “niche-deficient” 
medium (medium change, twice weekly). On days 7–10, PDOs were 
treated with gemcitabine hydrochloride (Tokyo Chemical Industry), 
cisplatin (Wako), or 5-fluorouracil (Nacalai Tesque). Subsequently, 
after 3 days, the medium was changed to 100 μL of “niche-deficient” 
medium with 10 μL of CCK-8 (Dojindo Labs). After incubation for 2 h, 
each medium was transferred to a new 96-well plate, and the optical 
absorbance at a wavelength of 450 nm was measured using the plate 
reader Infinite F50 (TECAN).

2.9  |  scRNA-seq

Dissociated PDO cells in Matrigel were plated on a Matrigel-
precoated six-well plate (10,000 cells per well) and cultured in a 
niche-enriched medium with DMSO or D1 inhibitor (SKF-83566 
4  μM) with the medium changed twice weekly. After 14 days, the 
cells were dissociated, and scRNA-seq was conducted using the 10X 
Genomics Chromium Single Cell 3′ Gene Expression kit. Further 
details, including sequencing and bioinformatics, are given in 
Supplementary Methods.

2.10  |  Statistical analysis

Values were presented as the mean ± standard error of the mean 
when data distribution was assumed to be normal (not formally 
tested); otherwise, a box plot was used. Student's t-test (two-tailed 
unpaired or paired), the Wilcoxon rank-sum test, or Tukey's test was 
used to compare groups as appropriate. All statistical analyses were 
performed using R (v.3.6.2) with R package multcomp (v.1.4–17). The 
p-values were as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.05, and n.s. > 0.05.

3  |  RESULTS

3.1  |  Blocking of DRD1 increases bile duct cancer 
sphere formation

To find cell lines that followed the CSC plasticity model, sphere for-
mation assays were applied to 13 commercially available BDC cell 
lines (Figure 1A and Figure S1A). In general, most monolayer-cultured 
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cells are non-CSC-like, and sphere culture can enrich CSC-like cells 
as spherical aggregates called spheres, with non-CSC-like cells sus-
pended as single cells.22,31,32 The cell lines were divided into the 
following two groups according to the types of sphere formation: 
(1) a convertible type that formed spheres only in sphere culture 
(NOZ, KKU213, TYGBK1, TYBDC1, HuCCA1, HuCCT1, and TKF1) 
and (2) an unconvertible type that formed no or few small spheres 
(KKU055, KKU100, OCUG1, G415) or formed aggregates in either 
condition (OZ, TYGBK8; Figure 1A and Figure S1B). It was inferred 
that the convertible type lines were more likely to retain CSC plastic-
ity than the unconvertible type.

Expressions of pluripotency-associated genes (i.e., NANOG, 
SOX2, and POU5F1/OCT4) and the recently reported slow-cycling 
CSC marker PROX133 were confirmed to be elevated in the convert-
ible type (Figure S2A). In addition, “convertible type” sphere cells 
had higher tumorigenic potential than monolayer-cultured cells in 
vivo (Figure  S2B). Then, the dopamine autosynthesis capacity of 
BDC was confirmed by mRNA expression of dopamine synthe-
sis genes (TH and DDC) and quantification of dopamine levels by 
enzyme-linked immunosorbent assay (ELISA; Figure  S3). The ex-
pression of TH, the rate-limiting enzyme for dopamine synthesis, 
was higher in the convertible type than in the unconvertible type. 
These data suggested that these convertible-type BDC cell lines 
(NOZ, KKU213, TYGBK1, TYBDC1, HuCCA1, HuCCT1, and TKF1) 

followed the CSC plasticity model with higher dopamine autosyn-
thesis capacity.

Additionally, to explore the functions of dopamine recep-
tors in CSCs, we evaluated the expressions of genes of five dopa-
mine receptor subtypes (D1-like: DRD1 and DRD5; D2-like: DRD2, 
DRD3, and DRD4) in conditions of the sphere and monolayer cul-
ture. The results showed that DRD1 was the most upregulated in 
convertible-type spheres (Figure 1B). A selective D1 receptor inhib-
itor (SKF-83566) was applied to the sphere formation assay of three 
convertible-type lines that had the highest sphere-forming ability 
(TYGBK1, NOZ, and TFK1; Figure S1A). The D1 inhibitor increased 
the number of spheres (Figure 1C,D). The involvement of DRD1 was 
confirmed using DRD1-KD (Figure 1 E and Figure S2C). In summary, 
these results suggested that blocking of D1 signaling enhanced the 
CSC niche of BDC.

3.2  |  Blocking of DRD1 signaling augments patient-
derived organoids initiation in vitro

To validate the above results with more clinically relevant re-
sources, four BDC PDOs were newly established from fresh sur-
gical specimens (Sph18-08, Sph18-16, Sph18-22, and Sph18-29; 
Table  1). Each PDO had genetic variants characteristic of BDCs 

F I G U R E  1  Sphere formation assay 
depicting increased spheres with DRD1 
inhibition. (A) Schematic picture of sphere 
formation assay, enriching cancer stem 
cells (CSCs) (blue dots) out of a mixture 
of CSC (blue dots) and non-CSC cells (red 
dots) (top). Examples of a convertible 
line (TYGBK1), an unconvertible line 
(KKU-100) (down), and a typical “sphere” 
(arrowhead). Scale bar, 100 μm. (B) 
Change in mRNA expression of dopamine 
receptors from monolayer culture to 
sphere culture quantified via qRT-PCR. 
Each value is calculated as the median 
of the triplicate. Comparison using 
Wilcoxon rank-sum test. DRD1: median 
log2Foldchange (FC) of 2.8 in convertible 
and of 0.14 in “unconvertible,” p = 0.035. 
(C) Schematic picture of sphere formation 
assay (left). Examples of microscopic 
images of spheres (right). Scale bar, 
100 μm. (D) Sphere formation assay 
with D1 inhibitor (SKF-83566 0.4 μM, 
1 μM or DMSO) using TYGBK1, NOZ, 
and TFK1. Tukey's test is used. n = 4. (E) 
Sphere formation assay with D1 inhibitor 
(SKF-83566 1 μM, 4 μM or DMSO) using 
vector-induced or DRD1-knockdown (KD) 
TFK1s n = 4
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(Figure S4 and Table S3). The main mutations had a variant allele 
frequency of 50% or 100% (heterozygous or homozygous muta-
tion), suggesting PDOs contained only tumor cells. The dopamine 
autosynthesis capacity in these PDOs was confirmed by qRT-PCR 
and ELISA (Figure S3).

Organoid formation assays were performed to evaluate the 
organoid-initiating cell frequency, and D1 inhibition or KD of 
DRD1 increased the size and number of PDO initiations (Figure  2 
and Figures  S5A-D). Additionally, after long-term incubation over 
2 weeks with D1 inhibition, the PDOs developed into unique warty 
shapes, whereas the control PDOs remained spherical in shape 
(Figure 2A). These results suggested that DRD1 inhibition enhanced 

reconstruction and growth of PDOs through the high tumor-
initiating ability of CSC-like cells in PDOs.

3.3  |  Single-cell RNA-sequence analysis revealed 
cancer stem cell-like and dopamine-responsive cells in 
patient-derived organoids

To detect how CSCs were enhanced in D1-inhibited PDOs, scRNA-
seq with and without D1 inhibitor was conducted (Figure  3A). 
Several cell clusters with various cell cycle states were observed. 
Given the expressional bias in proliferating cells,34 five cell clusters 

TA B L E  1  Clinical information of the established BDC PDOs

Number Age Sex Tumor location Histology
TNM staging by 
AJCC/UICC (8th) Clinical IHC results

sph18-08 69 Male Distal well T3N1M0 p53+ > 95%, IMP3+ 50%

sph18-16 76 Female Gallbladder mod T2aN1M0 None

sph18-22 79 Female Intrahepatic mod T1aN0M0 Focally p53 + <5% 
claudin4+, IMP3+

sph18-29 73 Female Distal mod T3N1M0 None

Abbreviations: AJCC, American Joint Committee on Cancer; BDC, bile duct cancer; IHC, Immunohistochemistry; mod, moderately differentiated 
tubular adenocarcinoma; PDO, patient-derived organoid; well, well-differentiated tubular adenocarcinoma; UICC, International Union Against 
Cancer.

F I G U R E  2  Distinct patient-derived 
cancer organoid (PDO) formation with 
D1 inhibitor or DRD1 KD. (A) Schematic 
picture of PDO establishment and 
organoid formation assay (left). Examples 
of microscopic images of PDOs cultured 
for 17 days (right). Scale bar, 100 μm. 
(B) Organoid formation assay with D1 
inhibitor (SKF-83566 1 μM, 4 μM, or 
DMSO) using Sph18-08, 16, 29. Tukey's 
test is used. n = 4. (C) Organoid formation 
assay with D1 inhibitor using vector-
induced or DRD1-KD Sph18-16 n = 4
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were further analyzed, most of which were cells in the G0/1 phase 
(Figure 3A right and Figure S6A-C). Three kinds of cells were found: 
(1) B1 and B2 with bile duct-like signatures, (2) H with hepatocyte-
like signatures, and (3) INT1 and INT2 with intermediate signatures 
of the two.35–37 INT1, INT2, and H also expressed genes showing 
duodenal-stem-like signatures (Figure 3B).38 In addition, B1 and B2 
cells exhibited lower expression of genes related to gemcitabine, 
fluorouracil, doxorubicin, and docetaxel resistance, supporting 
that these cells were less CSC-like than were INT1, INT2, and H 
(Figure S7A).

Analysis of cell type-specific surface markers showed that TROP2 
(TACSTD2), a cell surface glycoprotein, was more highly expressed in 
B1 and B2 cells than in INT1 and INT2 cells, while its expression was 
the lowest in H cells (Figure 3C,D and Table S4). Additionally, FACS-
sorted TROP2high cells exhibited decreased organoid-initiating cell 
frequency and less plasticity to be TROP2low (Figure  S7B-D). This 
was consistent with a previous report that CD24+/CD44+ cells (INT 
cells, Figure 4D) had CSC-like potency in extrahepatic cholangiocar-
cinomas.10 Both results suggested that PDOs contained different 

cell types represented by B, INT, and H clusters, among which INT 
and H cells revealed stem-like features.

Additionally, B1 and B2 cells exhibited higher expression of 
genes related to dopamine responsiveness of “adenyl-cyclase-
activating” or “adenyl-cyclase-inhibiting” (Figure  3C,D). Varying 
protein expression levels of KRT19 (bile duct marker), PROX1 (he-
patocyte marker), and DRD1 in a PDO were confirmed via immu-
nohistochemistry (Figure S8A). In the original surgical specimen of 
Sph18-16, DRD1 expression overlapped with TROP2 in epithelial-
like cells (Figure S8B). In addition, dopamine production among cells 
appeared to vary according to the expression of MAOB, a gene re-
sponsible for dopamine metabolism (Figure 3C,D, Figure S8C). This 
heterogeneity of dopamine responsiveness was also confirmed in 
another PDO, Sph18-29 (Figure S9A-D). Further, the expression of 
TROP2, the B cluster marker, was correlated to the gene signature 
associated with the dopamine D1 receptor in The Cancer Genome 
Atlas (TCGA) cholangiocarcinoma cohort (Figure  S9E). These re-
sults indicated that TROP2-marked B cluster cells could be more 
dopamine-reactive than INT or H cells.

F I G U R E  3  ScRNA-seq of PDO 
Sph18-16. (A) Schema of scRNA-seq (left) 
and clusters shown in Uniform Manifold 
Approximation and Projection (UMAP) 
(right). (B) Dot plot of enrichment analysis 
for each cluster. Gene sets related to 
hepato-biliary development or stem cells 
derived from MSigDB:C8 are listed. The 
color of the dots represents the adjusted 
p-value, and the diameter represents 
the count of enriched genes. Results of 
adjusted p < 0.05 are shown. (C) Feature 
plots of each gene signature score and 
expression of TROP2 and MAOB. (D) 
Expressions of genes or gene signature 
scores of the five clusters. Table S6 shows 
the details of the gene sets
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F I G U R E  4  ScRNA-seq analysis comparing control (DMSO) and D1 inhibitor (SKF-83566 4 μM) treatment. (A) Heatmap visualization of 
the 50 most frequently appearing upregulated genes in D1 inhibitor-treated Sph18-16 sample by enrichment analysis using all GOBP terms. 
The details are provided in Table S5. (B) Violin plots depicting the expression of genes compared with control (red) and D1 inhibitor-treated 
sample (green). Bar indicates the median value. Adjusted p-value for B1 of WNT7A, 0.00058; B1 of WNT7B, 0.0029; INT1 of WNT7B, 
0.0013; B1 of DKK1, 0.0018. (C) Proliferating cells of each cluster in control or D1 inhibitor-treated sample (top). Listed percentages of cells 
in S and G2/M phases of each cluster (down). (D) Trajectories showing INT1 as the center in DMSO and INT2 in D1 inhibitor treatment
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3.4  |  WNT7B is produced by B subtypes and 
enhanced by D1 inhibition

To explore the cause of CSC enhancement by D1 inhibition, we 
performed enrichment analysis and compared control and D1 
inhibitor-treated samples with all gene sets of GO-term BP. Three 
significant pathways with high enrichment of highly expressed genes 
in D1 inhibitor-treated cells were identified: EGFR signaling, riboso-
mal proteins, and wound healing or morphogenesis (Figure 4A and 
Table S5). EGFR signaling is reported to be associated with cholan-
giocarcinoma plasticity, and its upregulation is concordant to en-
hancement of CSCs.1 In addition, increased ribosomal protein might 
be interpreted as enhancement of cell proliferation. The current 
study focused on upregulated WNT7A/7B in wound healing-related 
genes because WNT7A/B could be the cause of increased prolifera-
tion or CSC-like potential.26,39,40

Further, the expression of WNT7A/7B was higher in B cells, 
whereas expressions of the receptor or coreceptor genes of Wnt 
(LRP5, LRP6, and LGR4) were higher in INTs, the suspected CSC 
subtyped cells (Figure  3D). D1 inhibitor treatment increased 
WNT7A/7B expression in B1 and INT1 cells and decreased the 
expression of DKK1, a negative regulator of Wnt signaling. In 
contrast, the expressions of LRP5, LRP6, and LGR4 showed no 
significant changes (Figure  4B). The increased expression of 
WNT7B in TROP2-positive cells was confirmed by confocal 
immunofluorescent image (Figure  S10A). Additionally, D1 in-
hibitor treatment-induced increase in gene expression related 
to Wnt signaling was most evident in INT2 cells (Figure  S10B). 
Wnt signaling is related to the self-renewal of CSCs,41 and D1 
inhibition-induced increase in their proliferating population was 
most pronounced in INT2 cells (Figure 4C). Thus, it is supposed 
that increased WNT7A/7B by D1 inhibition in B cells promoted 
INT cell proliferation.

Trajectory analyses identified that INT cells were centered and 
branched into B, H, and proliferating clusters (Figure 4D), suggest-
ing a cellular hierarchy with INT cells at the top. D1 inhibitor treat-
ment shifted the center from INT1 to INT2, which also supported 
the above deduction that D1 inhibition promoted INT2 proliferation. 
Heterogeneous WNT7B expression in original surgical specimens 
was confirmed in Sph18-16 and 18–29 (Figure S10C). However, PDO 
Sph18-29 did not express WNT7A (Figure S9C). Further, in the TCGA 
datasets, the WNT7A expression level was not higher in BDCs than 
that in normal tissue (Figure S10D). In contrast, WNT7B expression 
was the highest in the Wnt gene family (Figure S10D). Hence, we 
assumed that WNT7B is the main possible CSC niche factor involved 
in D1 inhibition.

3.5  |  Effect of D1 inhibitor depends on Wnt 
autosignaling

To elucidate the contribution of Wnt overexpression under 
DRD1-regulated control in BDC cell proliferation, Wnt signaling 

was blocked via the porcupine inhibitor LGK974. Porcupine is an 
endoplasmic reticulum transmembrane protein essential for the 
processing and correct localization of Wnt proteins, and this was 
initially confirmed in PC12 rat neuronal cells.42,43 In sphere assays 
of TYGBK1, NOZ, and TFK1, LGK974 canceled the increase of 
sphere formation by D1 inhibition (Figure 5A). Similar results with 
LGK974 were confirmed in three PDOs: Sph18-08, Sph18-16, and 
Sph18-29 (Figure 5B and Figure S11A). To identify the mechanism 
of increased WNT7B by D1 inhibition, a Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway map analysis was performed 
in B1 cells (Figure S11B).

The results showed increased c-FOS expression downstream 
of dopamine receptors. C-FOS is known to be increased by ERK.44 
In studies of osteosarcoma, in which D1 inhibitors or DRD1-KD 
increased its proliferation, a D1 inhibitor increased ERK1/2 activ-
ity,45 and FOS directly controlled the expression of endogenous 
WNT7B.46 Similarly, increased c-FOS expression downstream of 
ERK was confirmed in B1 cells in the current study (Figure S11C). 
In the TCGA dataset, the gene signature of DRD1 was correlated 
to that of ERK and so was that of ERK and FOS, or FOS and WNT7B 
(Figure  S11D). Further, higher expression of WNT7B was a poor 
prognostic factor in BDC (Figure  S11E). These results suggested 
that increased WNT7B by D1 inhibition was mediated by ERK-FOS 
signaling.

F I G U R E  5  Autosignaling of Wnt as downstream of D1 inhibition. 
(A) Sphere formation assay with D1 inhibitor (SKF-83566 0.4 μM 
for NOZ and TFK1, 1 μM for TYGBK1, or DMSO) and porcupine 
inhibitor (LGK974 1 nM for NOZ and TFK1, 10 nM for TYGBK1 or 
DMSO). Tukey's test is used, n = 4. D1i, D1 inhibitor; Pi, porcupine 
inhibitor. (B) Organoid formation assay of Sph18-16 with D1 
inhibitor (SKF-83566 4 μM or DMSO) and porcupine inhibitor 
(LGK974 1 nM,10 nM or DMSO). Tukey's test is used, n = 4. Results 
of Sph18-08 and 29 are shown in Figure S11A.
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3.6  |  Effect of D1 inhibition is pronounced in the 
absence of the exogenous cancer stem cell niches

Thus far, we have found that the autosynthesized dopamine of BDCs 
affected their endogenous Wnt signaling. Lastly, the effects of D1 
inhibition were examined in different microenvironments. Given 
that BDCs are neurotropic cancers, comparative xenotransplanta-
tion assays with DRD1-KD PDOs were performed in three different 
sites in the NOD-SCID mouse: peri-sciatic nerve, subcutaneous, and 
spleen (Figure 6A). In peri-sciatic nerve xenografts, the efficacy of 
tumor initiation was similar between the vector and DRD1-KD PDOs 
(7/10 and 8/10; Figure 6A and Figure S12A). However, the size of 
the masses was larger in DRD1-KD PDOs (Figure 6B). Additionally, 
most of the vector PDO (6/7) formed masses only along the nerves 
(Figure 6B arrowhead), whereas DRD1-KD PDOs could grow away 
from the nerves (5/8). Tumor initiation of subcutaneous and splenic 
injected cells was lower than that of peri-sciatic-nerve transplanted 
cells, but only DRD1-KD PDO cells formed subcutaneous mass or 

F I G U R E  6  D1 inhibition enhancing 
cancer stem cell (CSC)-related capacities 
in the absence of exogenous niches. 
(A) Peri-sciatic nerve xenograft, 
subcutaneous xenograft, and splenic 
injection assay of Sph18-29. Vector 
or two independent DRD1-targeting 
shRNA is transduced to Sph18-29. Table 
of the result (right). (B) Gross images of 
xenografted tumor in the peri-sciatic 
nerve (left). Control patient-derived 
cancer organoid (PDO tumor forming 
only along the nerves (arrowhead). Scale 
bar, 5 mm. The tumor size vertical to the 
nerve (mm) is measured (right). Wilcoxon 
rank-sum test is used. (C) Macroscopic 
and HE-stained histological images of a 
subcutaneously xenografted tumor and 
lung metastasis of DRD1-KD sph18-29. 
Scale bar, 5 mm in macroscopic images 
and 100 μm in histological images. (D) 
CCK8 proliferation assay of Sph18-16, 
29 with 5FU in the niche-enriched or 
niche-deficient medium, n = 4. The 
result of cisplatin and gemcitabine 
is shown in Figure S12C. Two-tailed 
unpaired Student's t-test is used at each 
concentration

F I G U R E  7  Schematic illustrations depicting variations of B, 
INT, H clusters, and WNT7B as endogenous cancer stem cell (CSC) 
niche downstream of DRD1-ERK-FOS
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lung metastasis (Figure 6A,C). Similar findings were confirmed with 
another PDO (Figure S12B). These results suggested that the neural-
related niche could also enhance CSCs and that the effect of D1 in-
hibition was more pronounced in their absence.

Given that the organoid culture medium contained neural stem 
cell-related niche factors such as B-27 supplement47 or Wnt3a,48 we 
next examined chemoresistant proliferation, another CSC-related 
property, with PDOs precultured with D1 inhibitor in niche-enriched 
and niche-deficient media. In the niche-enriched medium, there was 
no difference in chemoresistance between the D1 inhibition and 
control groups; however, in the “niche-deficient” medium, chemo-
resistance was enhanced by D1 inhibition in two PDOs with three 
cytotoxic reagents (5FU, cisplatin, and gemcitabine; Figure 6D and 
Figure S12C). Therefore, neural-related niche factors and D1 inhibi-
tion might partially overlap in enhancing CSC-related properties, and 
this is consistent with our result that D1 inhibition increased CSC 
proliferation via Wnt signaling (Figure 7).

4  |  DISCUSSION

The genetic landscape of BDC is comparatively broad, and the com-
mon nongenetic mechanism causing therapeutic resistance has not 
been elucidated.1 The current study, using single-cell analysis of 
clinical human materials, describes a spectrum of cell-differentiation 
states from bile duct-like to hepatocyte-like differentiation, includ-
ing intermediate clusters such as CSCs. The findings are consistent 
with a previous report indicating similarity between differentiat-
ing lineages of tumor and normal tissue development.3 A previous 
study with scRNA-seq of normal liver tissue showed that TROP2 
expression was negatively correlated with hepatocyte fate.37 In 
our analysis, TROP2high was inferred as a bile duct-like cell marker 
and TROP2inter or TROP2low as markers for suspected CSC-like 
cells. PROX1 is a stable hepatocyte marker,49 and our scRNA-seq 
confirmed its expression in the hepatocyte-like cluster (Table S4E), 
although “hepatocyte-like” was a relative signature with low ex-
pression of the developed hepatocyte markers CYP3A4 and ALB 
(Figure 3D). Another report described PROX1 as a marker for dor-
mant CSC.33 Consistently, the current study found that hepatocyte-
like clusters with the signature of duodenal stem genes (Figure 3B,D) 
had less proliferative fractions (Figure 4C). Conclusively, TROP2 and 
PROX1 are potential markers for analyzing BDC heterogeneity.

Using sphere/organoid formation assays focusing on autosyn-
thesized dopamine, the current study identified DRD1 signaling 
as a potential regulator of CSCs. Additionally, ScRNA-seq analysis 
showed that D1 inhibition increased WNT7B expression in bile duct-
like cells, resulting in the proliferation of CSC-like INT2 cells. This is 
in contrast with the self-inhibition of SP cell expansion by SFRP4, 
secreted from non-SP cells in B-cell lymphoma.50 Thus, BDCs might 
monitor autosynthesized dopamine by DRD1, with its low signaling 
leading to the autonomous proliferation of CSCs via increased en-
dogenous WNT7B levels.

For the detailed molecular mechanism, we developed a cascade 
of DRD1-ERK-FOS-WNT7B based on KEGG pathway map analysis 
and previous reports44–46 and confirmed its clinical relevance in the 
TCGA dataset (Figures  S9E and S11D,E). The scRNA-seq analysis 
did not detect mRNA expression of DRD1 in many populations, al-
though DRD1 protein expression was confirmed in Western blotting 
or immunohistochemistry (Figures S5B,D, S8A,B, and S9D). This re-
sult may be attributed to the technical limitation of detecting low or 
continuously expressed protein mRNA at a single-cell level.51 Thus, 
gene signature analysis was used to evaluate DRD1 signaling activ-
ity. In the BDC cohort of TCGA, higher expression of WNT7B was a 
poor prognostic factor (Figure S11E), and there were expressional 
correlations among WNT7B, FOS, ERK signaling and DRD1-related 
genes (Figure S11D). This suggested the clinical relevance of DRD1-
ERK-FOS-WNT7B cascade in the entire BDC cohort.

However, BDCs are heterogenous in their genetic backgrounds, 
and their individual reactivities to dopamine or WNT7B may vary. 
In the current study, 2 of the 13 commercially available BDC cell 
lines, TYGBK8 and OZ, form sphere-like aggregates even in 2D cul-
ture condition with a high expressional level of CSC-related genes 
(Figure S13A). The number of spheres was also increased in TYGBK8 
under low-dose D1 inhibitor treatment but not in OZ (Figure S13B). 
This might imply that the CSC capacity of OZ did not depend on 
dopamine signaling and high malignancy of OZ, which was originally 
obtained from the ascitic effusion, was suspected.52 Sph18-29 had 
CTNNB1 exon 3 mutation (Figure S4), which is reported to be associ-
ated with activation of the Wnt/β-catenin pathway.53 Nevertheless, 
porcupine inhibitor suppressed organoid formation of Sph18-29 
cells. We suspect that WNT7B also activated the noncanonical WNT 
pathway, as is reported in pancreatic progenitor cells54 or prostate 
cancer.55 Therefore, the contributions of D1 signaling or WNT7B 
could depend on the cell line characteristics.

This study has some limitations. It focused primarily on tumor 
cells and not on nontumor cells such as fibroblasts, immune cells, 
or neural cells. As for the neural-related niche, we showed its pos-
sible functional overlap with tumoral Wnt self-signaling (Figure 6). 
Moreover, in the genes upregulated by D1 inhibition (Figure  4A), 
there were other intercellular signaling genes, including the sema-
phorin gene family (SEMA3B, SEMA4B). The semaphorin gene family 
was initially identified as a neural developmental factor and recently 
emerged as a regulator of malignancy through cross-talk with tumor 
microenvironments.56 The neural-related niche and cross-talks 
causing neurotropism of PDOs (Figure 6 and Figure S12B,C) require 
further analysis.

In conclusion, although more than 150 clinical trials targeting 
CSC are currently ongoing,8 most responses have been modest, es-
pecially in solid tumors. This implies that targeting only CSCs might 
trigger feedback signaling to enhance CSCs. The current study sup-
ports that the D1 self-signaling of BDCs might be a vital regulator of 
autonomous CSC growth via ERK-FOS and WNT7B. Thus, inhibition 
of this feedback signaling may lead to novel combination therapies 
with conventional chemotherapy.
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