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Direct reprogramming of human umbilical vein-
and peripheral blood-derived endothelial cells into
hepatic progenitor cells

Hiroki Inada® 219, Miyako Udono''0, Kanae Matsuda-Ito!, Kenichi Horisawa', Yasuyuki Ohkawa® 3,
Shizuka Miura', Takeshi Goya'?2, Junpei Yamamoto', Masao Nagasaki® %>, Kazuko Ueno®, Daisuke Saitou’,
Mikita Suyama7, Yoshihiko Maehara®, Wataru Kumamaru®, Yoshihiro Ogawa 2 Sayaka Sekiya1 &
Atsushi Suzuki@ 1>

Recent advances have enabled the direct induction of human tissue-specific stem and pro-
genitor cells from differentiated somatic cells. However, it is not known whether human
hepatic progenitor cells (hHepPCs) can be generated from other cell types by direct lineage
reprogramming with defined transcription factors. Here, we show that a set of three tran-
scription factors, FOXA3, HNF1A, and HNF6, can induce human umbilical vein endothelial
cells to directly acquire the properties of hHepPCs. These induced hHepPCs (hiHepPCs)
propagate in long-term monolayer culture and differentiate into functional hepatocytes and
cholangiocytes by forming cell aggregates and cystic epithelial spheroids, respectively, under
three-dimensional culture conditions. After transplantation, hiHepPC-derived hepatocytes
and cholangiocytes reconstitute damaged liver tissues and support hepatic function. The
defined transcription factors also induce hiHepPCs from endothelial cells circulating in adult
human peripheral blood. These expandable and bipotential hiHepPCs may be useful in the
study and treatment of human liver diseases.
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epatocytes are a valuable cell source for investigating and

treating liver diseases. However, it is not easy to obtain an

adequate quantity of hepatocytes from living patients and
organ donors, and it is also difficult to maintain the hepatic
function and proliferative potential of hepatocytes in culture after
isolation from the liver. Recent studies have demonstrated that
hepatocyte-like cells derived from human pluripotent stem cells
(hPSCs) can be used as an alternative to hepatocytes!. Because
hPSCs are expandable in culture, abundant hepatocyte-like cells
can be theoretically obtained by inducing the differentiation of
propagated hPSCs. However, controlling the differentiation of
hPSCs into hepatic lineages requires complicated processes that
imitate embryonic liver development, and currently, there are
many different protocols for the hepatic differentiation of hPSCs?,
which may be confusing for researchers. Moreover, hPSC-derived
cells can potentially develop into tumors if their differentiation is
not properly regulated.

As another strategy for generating an alternative to hepatocytes,
direct reprogramming technology can be used to convert mouse
and human fibroblasts into cells resembling hepatocytes without
passing through a pluripotent state3-6. These induced hepatocyte-
like cells (iHepCs) have the morphological and functional proper-
ties of hepatocytes and reconstitute hepatic tissues after transplan-
tation into injured mouse livers. Thus human iHepCs (hiHepCs)
are useful as an alternative to hepatocytes for examining the
pharmacological effects of drugs and developing therapeutic stra-
tegies for liver diseases, including improvement of hepatocyte
transplantation therapy and artificial-organ hepatic support. How-
ever, a large number of hiHepCs are required for medical appli-
cations, and the growth of hiHepCs is arrested and requires
additional oncogene-dependent cell-growth activation®®. Thus, to
facilitate the medical use of reprogrammed hepatocytes, human
induced hepatic progenitor cells (hiHepPCs) that can potentially
propagate in long-term culture and continuously produce hepato-
cytes as a descendant may be more valuable than growth-arrested
hiHepCs. Recent studies have shown that direct reprogramming
technology can be used to induce the conversion of differentiated
human somatic cells into various types of tissue-specific stem and
progenitor cells, including neural stem cells’, neural crest cells®,
hematopoietic progenitor cells’, and intestinal progenitor cells!?.
However, it is not known whether human hepatic progenitor cells
(hHepPCs) can be generated from other somatic cells by direct
lineage reprogramming with defined transcription factors (TFs).

In this study, we identify a specific combination of TFs that can
directly induce the conversion of human umbilical vein endo-
thelial cells (HUVECs) into hiHepPCs, which can maintain their
own cell population in long-term monolayer culture and give rise
to functional hepatocytes after formation of cell aggregates. In
addition to hepatocyte differentiation, hiHepPCs are also capable
of differentiating into cells that form cystic epithelial spheroids
under three-dimensional (3D) culture conditions, which closely
resemble the spheroids formed by human cholangiocytes. These
hiHepPC-derived hepatocytes and cholangiocytes can recon-
stitute injured liver tissues and ameliorate hepatic function after
transplantation. Moreover, enforced expression of the defined
TFs also enables generation of hiHepPCs from human peripheral
blood-derived endothelial cells (HPBECs). The generation of
expandable and bipotential hiHepPCs will provide an ideal source
of a large number of functional hepatocytes and cholangiocytes,
which may contribute to the development of basic research and
medical applications for patients with liver diseases.

Results
A specific set of three TFs induces hiHepPCs from HUVECs.
For the direct reprogramming of HUVECs into hiHepPCs, we

first selected a set of two genes, HNF4A and FOXA3, which we
have previously identified as the essential factors for inducing the
conversion of mouse fibroblasts into iHepCs%. To examine the
potential of these two genes, HUVECs were infected with retro-
viruses expressing each gene and subjected to serial passages to
determine whether HUVECs could be converted to albumin®
(ALB™) hepatic lineage cells (Fig. 1a). However, the combina-
torial expression of these two genes was not sufficient to induce
either hiHepCs or hiHepPCs from HUVECs (Fig. 1b). Thus we
then referred to previous studies in which two sets of genes,
HNF4A, FOXA3, and HNFIA or HNF4A, HNFIA, and HNFé,
were used to induce hiHepCs from fibroblasts>. The results from
these two studies indicate that HNF4A, FOXA3, HNF1A, and
HNF6 are potential candidates for core regulators of inducing the
hepatic fate in non-hepatic cells. Thus we selected these four TFs
and determined whether the forced expression of HNF4A,
FOXA3, HNFIA, and HNF6 in HUVECs induced conversion to
hiHepPCs. Our data showed that ALBT cells appeared in
HUVEC cultures after transduction with the four genes, and the
percentage of ALB* cells gradually increased during passaging,
suggesting the generation of hiHepPCs (Fig. 1b). However, the
percentage of ALB* cells remaining at 30-40% at passage 6 after
transduction suggested the presence of unnecessary factors
among the four. Thus we determined the essential factors among
the four by examining the effects of withdrawing individual fac-
tors from the pool of the four factors. Moreover, we added ATF5,
PROX1, and Cebpa (designated APC) to the set of HNF4A,
HNFIA, and HNF6 for promoting hepatocyte differentiation, as
described previously®. Our data showed that, in the absence of
HNFIA, no ALB™ cells were induced from HUVECs, indicating
that HNFIA is critical for inducing the hepatic program in
HUVECs (Fig. 1b). Consistent with previous studies>®, ALB+
cells induced from HUVEC:s after transduction with three sets of
genes, HNF4A, FOXA3, and HNFIA; HNF4A, HNFIA, and
HNF6; and HNF4A, HNF1A, and HNF6 plus APC, did not pro-
liferate during passaging (Fig. 1b). However, the proliferation of
ALB™ cells was only observed when the viral pool lacked HNF4A,
and the percentage of ALBT cells gradually increased during
passaging and reached 80-100% at passage 6 after transduction
(Fig. 1b). Further withdrawal of individual factors from the pool
of three defined factors had no effect on the induction of
hiHepPCs (Supplementary Fig. 1a, b). Moreover, two sets of two
TFs, FOXA3 with HNF1B or HNF1A, previously reported as
defined factors for inducing hepatic stem/progenitor cells from
mouse fibroblasts' 112, did not induce hiHepPCs from HUVECs
(Supplementary Fig. 1a, b).

hiHepPCs generated by transducing HUVECs with FOXA3,
HNFIA, and HNF6 had the typical morphology of epithelial cells
and expressed the epithelial cell marker E-cadherin (E-CAD), in
addition to ALB (Fig. 1b, c). The expression of endodermal
progenitor cell markers, such as SOX17 and C-X-C chemokine
receptor type 4 (CXCR4), were downregulated following the
conversion of HUVECs into hiHepPCs, suggesting that
hiHepPCs are distinct from endodermal progenitor cells
(Supplementary Fig. 1c). hiHepPCs were maintained in long-
term culture with proliferation and showed normal karyotypes
(Fig. 1d, e). Comparative genomic hybridization (CGH) analyses
revealed that three of four different hiHepPCs have no
chromosomal aberrations compared with the parental HUVECs,
while only a deletion was found on chromosome 3 in one of the
four hiHepPCs (Supplementary Fig. 1d). Although hiHepPCs can
propagate in culture, they do not express telomerase reverse
transcriptase (TERT) and show senescence-like phenotypes and
reduced growth activity around passage 24 (Supplementary
Fig. le-h). These characteristics are different from those of
human hepatocellular carcinoma cells. Although HNF4A was not
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Fig. 1 Generation of expandable hiHepPCs from HUVECs. a Schematic diagram of the experimental procedure. b Immunofluorescence staining of ALB or
E-CAD was conducted fo
FOXA3, HNF1A, and HNF6 are abbreviated as H4A, F3, HIA, and H6, respectively. Representative fluorescence images and morphologies of mock-infected
and transduced HUVECs are shown. DNA was stained with DAPI. Scale bars, 50 um. The graphs show the percentages of ALB* cells observed in individual
cultures during passaging.
HUVEC. ¢ The percentages of cells immunoreactive for ALB or E-CAD among mock-infected HUVECs and HUVECs transduced with the indicated factors
at passage (P) 6. Data re
hiHepPCs generated by transducing HUVECs with FOXA3, HNFIA, and HNF6 in three independent experiments. Cells (1x 10%) were passaged every 7 days
in wells of 6-well plates. e
analyzed in this study we

r mock-infected HUVECs and HUVECs transduced with the indicated factors at the indicated passage numbers (P). HNF4A,

The data obtained from two independent experiments are indicated by red and blue lines in the graphs, respectively. PH parental
present the mean + SD (n =3 independent experiments). d Growth curves of mock-infected HUVECs and three different
A representative image of a karyotype of a hiHepPC at passage 12. Note that the numbers of chromosomes in all 20 hiHepPCs

re normal. Source data are provided as a Source Data file.
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included in the reprogramming cocktail, endogenous HNF4A
expression was induced in hiHepPCs (Supplementary Fig. 1i).
Taken together, we identified a specific combination of three TFs,
FOXA3, HNF1A, and HNF6, that enable the generation of
expandable and genome-stable hiHepPCs from HUVECs.

hiHepPCs expand in culture with hepatocyte production. To
assess similarities between hiHepPCs and hHepPCs, we investi-
gated the global gene expression profiles in hiHepPCs using CEL-
seq2, a method of RNA sequencing (RNA-seq), and performed
gene set enrichment analysis (GSEA) using a publicized set of
genes specifically upregulated in hHepPCs derived from human
embryonic stem cells'? or adult human livers'4. The data showed
that the expression of hHepPC-specific genes, including a-
fetoprotein (AFP) and delta-like 1 homolog (DLK1), was highly
enriched in hiHepPC monolayer cultures (Fig. 2a and Supple-
mentary Fig. 2a). Quantitative polymerase chain reaction (QPCR)
analyses also revealed that, unlike HUVECs and adult human
hepatocytes, hiHepPCs expressed AFP and DLKI (Fig. 2b).
Moreover, in the monolayer hiHepPC cultures, AFPT cells had a
higher proliferative activity than AFP~ cells (Supplementary
Fig. 2b). These results suggest that hiHepPCs with the features of
hHepPCs are directly induced from HUVEC:s after transduction
with FOXA3, HNFIA, and HNF6 and subsequently propagate in
culture. To investigate details, we conducted co-
immunofluorescence staining of ALB with AFP or DLKI for
HUVEC cultures after transduction with the three genes. After
the initial passage of transduced HUVECs, ALB™T cells were first
observed at day 4 (Fig. 2¢). At that time, 100% of ALB* cells co-
expressed AFP and DLK1, and the percentages of AFP™ cells and
DLK1™ cells in ALBY cells gradually decreased during passaging
(Fig. 2c and Supplementary Fig. 2¢). In the cultures of transduced
HUVECs, the percentages of Ki67T proliferating cells in the
reprogrammed ALB™ cells were significantly higher than those in
the non-reprogrammed ALB~ cells (Supplementary Fig. 2d).
These results demonstrate that HUVECs can be directly con-
verted into AFPt DLK1T ALB* hiHepPCs after transduction
and that hiHepPCs subsequently proliferate and give rise to AFP
~DLK1~-ALB* hepatocytes as a descendant. Moreover, because
almost all AFP cells co-express ALB (Fig. 2c), hiHepPC cultures
are composed of at least two distinct types of hepatic lineage cells,
such as AFPT ALB* hiHepPCs and AFP~ALBT hepatocytes
derived from hiHepPCs. The percentage of AFPT ALB*
hiHepPCs became 25% at passage 6 after transduction, which was
maintained even in late passages (Fig. 2c). Spontaneous differ-
entiation of hiHepPCs to hepatocytes suggested that our culture
condition was not suitable for stable expansion of hiHepPCs. As
reported!?, the inhibitors of transforming growth factor (TGF)-
signaling pathway, which are contained in our culture medium,
may promote hepatocyte differentiation from hepatic progenitor
cells. However, our data demonstrated that the TGF-p inhibitors
did not affect the percentage of AFP*™ ALBT hiHepPCs in culture
but were effective in the induction of hiHepPCs from HUVECs
(Supplementary Fig. 2e, f).

A part of the hiHepPC-derived hepatocytes expresses not only
ALB and E-CAD but also markers of adult hepatocytes, such as
al-antitrypsin (AAT), asialoglycoprotein receptor 1 (ASGPR1),
and cytochrome P450 (CYP) 3A4 (Fig. 2d and Supplementary
Fig. 2g). In addition, hiHepPC-derived hepatocytes can synthesize
and store abundant glycogen and lipids in their cytoplasm and
incorporate and excrete indocyanine green (ICG) (Fig. 2d). After
transduction of HUVECs and subsequent generation of
hiHepPCs, the endothelial cell marker CD31, which is expressed
in HUVECs, was not detected in hiHepPCs (Fig. 2d). Gene
ontology enrichment analysis (GOEA) also revealed that the

expression of vascular endothelial cell-related genes was sig-
nificantly downregulated after the reprogramming of HUVECs to
hiHepPCs (Supplementary Fig. 2h). AFPT cells maintained in
hiHepPC cultures can be distinguished from CYP3A4™ hepato-
cytes (Fig. 2d). These CYP3A4T hepatocytes first appeared at
passage 4 in hiHepPC cultures and co-expressed ALB (Supple-
mentary Fig. 3a, b). Mathematically, 75% of cells in hiHepPC
cultures at passage 6 are characterized as AFP~ALB™ hepatocytes
(Fig. 2c). However, AFP~ALBT CYP3A4* hepatocytes comprise
only 15% under the same conditions (Supplementary Fig. 3b).
Thus 60% of hiHepPC cultures likely consist of AFP~ALBT
CYP3A4~ differentiating hepatocytes, in addition to hiHepPCs
and hiHepPC-derived hepatocytes. In mouse livers, Afp~Alb+
cells that do not express Cyp3all and Cyp3al3 (mouse homologs
to human CYP3A4) are found in late-stage liver development
(Supplementary Fig. 4), suggesting that hiHepPC-derived AFP
“ALBT CYP3A4~ cells can be considered as cells with features
intermediate  between hiHepPCs and hiHepPC-derived
hepatocytes.

Functional hepatocytes are generated in hiHepPC aggregates.
To induce further the differentiation of hiHepPCs into hepato-
cytes, we conducted cell aggregation culture of hiHepPCs. It is
known that cell-aggregate formation facilitates the maturation of
hPSC-derived hepatocyte-like cells!® and mouse iHepCs!7. Under
3D culture conditions, about 95% of the plated hiHepPCs con-
tributed to the formation of uniform cell aggregates, and these
aggregates were maintained in culture without active induction of
apoptosis for at least 4 weeks (Fig. 3a, b and Supplementary
Fig. 5a, b). hiHepPC aggregates were composed of cells expressing
ALB, E-CAD, CYP3A4, transferrin, AAT, and HNF4A (Fig. 3¢
and Supplementary Fig. 5c), and bile canaliculi-like structures
were formed by cells expressing the canalicular membrane pro-
tein multidrug resistance-associated protein 2 (MRP2) and hav-
ing functional MRP2 transporter activity in the aggregates
(Fig. 3¢, d). Cell counting and flow cytometric analyses revealed
that ALB, CYP3A4, and ASGPR1 were expressed by more than
95% of cells in hiHepPC aggregates (Supplementary Fig. 5d, e).
These data suggested that the differentiation of hiHepPCs into
mature hepatocytes was promoted after cell-aggregate formation.
Thus, to assess the hepatic maturation of hiHepPCs in cell
aggregation culture, we investigated the global gene expression
profiles in hiHepPC aggregates and performed principal com-
ponent analysis (PCA), GSEA, and GOEA. PCA revealed that the
gene expression signatures of hiHepPC monolayer cultures and
hiHepPC aggregates were stepwisely close to that of human
hepatocytes, indicating that hepatic maturation of hiHepPCs was
promoted by forming cell aggregates (Fig. 3e). Indeed, GSEA
showed that the expression of human hepatocyte-specific genes
was significantly upregulated in hiHepPC aggregates compared
with HUVECs and hiHepPC monolayer cultures (Fig. 3f and
Supplementary Fig. 6a). Moreover, GOEA revealed that the
extracted genes whose expression levels were higher in hiHepPC
aggregates than in hiHepPC monolayer cultures were significantly
enriched in genes expressed in the liver, and these liver-enriched
genes were related to hepatic functions associated with xenobiotic
metabolism, drug metabolism, and lipid metabolism (Fig. 3g).
Meanwhile, genes with lower expression levels in hiHepPC
aggregates than in hiHepPC monolayer cultures were enriched in
genes encoding cell cycle-related proteins, which is consistent
with the data showing a decrease in the number of Ki67" pro-
liferating cells in hiHepPC aggregates (Supplementary Fig. 6b, c).
These findings demonstrate that cell-aggregate formation facil-
itates differentiation of hiHepPCs into growth-arrested functional
hepatocytes. However, a part of genes contained in the GO terms
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Fig. 2 hiHepPCs are directly induced from HUVECs and differentiate into hepatocytes. a GSEA of CEL-seq2 data for hiHepPC monolayer cultures at
passage 8 and HUVECs was performed using the set of top 100 genes specifically upregulated in hHepPCs derived from hESCs'3 or adult human livers'+. b
gPCR analyses of hHepPC marker genes were performed on total RNA obtained from HUVECs, three different hiHepPCs at passage 8 in monolayer culture,
and human hepatocytes. All data were normalized with the values for hiHepPC-1 (monolayer), and the fold differences are shown. Data represent the
mean = SD (n =3 independent assays). ¢ Co-immunofluorescence staining of ALB with AFP was conducted for hiHepPCs induced from HUVECs at the
indicated passage numbers (P). P1 and P1' designate days 4 and 7, respectively, after the initial passage of transduced HUVECs. The upper and lower right
graphs show the percentages of AFPT cells in ALBT cells and ALBT cells in AFP* cells, respectively, which were observed in individual cultures of
hiHepPCs during passaging. Data represent the mean £ SD (n = 3 independent experiments). d Co-immunofluorescence staining of ALB with E-CAD, AAT,
ASGPRT, or CYP3A4 and of AFP with HNF4A or CYP3A4 and immunofluorescence staining of CD31 were conducted for mock-infected HUVECs at
passage (P) 1 and hiHepPC monolayer cultures at Pé. Periodic acid-Schiff (PAS) staining and oil red O staining were also conducted for mock-infected
HUVECs and hiHepPC monolayer cultures to visualize glycogen stores and lipid synthesis, respectively, in hiHepPC-derived hepatocytes. Additionally, ICG
uptake and subsequent release by hiHepPC-derived hepatocytes are shown. DNA was stained with DAPI. Scale bars, 50 um. Source data are provided as a
Source Data file.
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cholesterol metabolic processes, was not significantly upregulated
in hiHepPC aggregates compared with human hepatocytes
(Supplementary Fig. 6d). In contrast, there are also genes
expressed higher in cells composing the hiHepPC aggregates than
in human hepatocytes (Supplementary Fig. 6e). Thus it is sug-
gested that additional stimuli are required for inducing more
appropriate differentiation of hiHepPCs.

qPCR analyses showed that the expression of genes associated
with hepatic functions, such as CYPIA2, CYP2B6, CYP2C9,
CYP2CI9, CYP2EI, CYP3A4, uridine  diphosphate

UGT2B15, ATP-binding cassette (ABC) Bl, ABCC2, and ABCG2,
and hepatic immature phenotype, such as AFP and DLKI, were
upregulated and downregulated, respectively, after the formation
of hiHepPC aggregates (Supplementary Fig. 7a, b). The expres-
sion levels of cholangiocyte markers, such as cytokeratin (CK) 19,
epithelial cell adhesion molecule (EpCAM), and cystic fibrosis
transmembrane conductance regulator (CFTR), that were low in
the monolayer hiHepPC cultures slightly decreased in hiHepPC
aggregates (Supplementary Fig. 7b). HNF4A expression induced
in hiHepPCs was upregulated after cell-aggregate formation,
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Fig. 3 Promotion of hepatocyte differentiation in hiHepPC aggregates. a Representative morphologies of hiHepPC aggregates at days 1, 7, 14, 21, and 28
after initiation of 3D culture. b Representative images of hematoxylin and eosin (HE)-stained hiHepPC aggregates at day 7 after initiation of 3D culture. ¢
Co-immunofluorescence staining of ALB with E-CAD and of CYP3A4 with MRP2 were conducted for hiHepPC aggregates at day 7 after initiation of 3D
culture. DNA was stained with DAPI. d Representative bright-field and fluorescence images of a living hiHepPC aggregate at day 7 after initiation of 3D
culture stained with 5- and 6-carboxy-2’,7’-dichlorofluorescein diacetate (carboxy-DCFDA). Green fluorescence shows functional MRP2 transporter

activity in hiHepPC aggregates. e PCA was performed using CEL-seq2 data for HUVECs, hiHepPCs in monolayer and cell aggregation cultures, and human
hepatocytes. f GSEA of CEL-seq2 data for hiHepPC aggregates and HUVECs and of those for hiHepPC aggregates and hiHepPC monolayer cultures were
performed using the set of top 100 genes specifically upregulated in human hepatocytes. g GOEA was performed for genes with expression levels higher in
hiHepPC aggregates than in hiHepPC monolayer cultures (left graph). The liver-enriched genes shown in the left graph were related to hepatic functions
associated with xenobiotic metabolism, drug metabolism, and lipid metabolism (right graph). h, i CYP3A4 and CYP2C9 activities (h) and the amounts of
ALB and urea in the culture media (i) were measured after culture of HUVECs, two different hiHepPCs, cell aggregates derived from these hiHepPCs, and
human hepatocytes. All data shown in h were normalized with the values for hepatocytes in culture without rifampicin, and the fold differences are shown. j
The viability of hiHepPCs in monolayer and cell aggregation cultures and primary human hepatocytes was measured after culture of cells with the indicated
hepatotoxins. Statistical difference was determined by one-way analysis of variance followed by Tukey-Kramer test. Data represent the mean = SD (n=3

(h, i) or n=4 (§) independent assays). Scale bars, 50 um. Source data are provided as a Source Data file.

suggesting a correlation between the expression level of HNF4A
and differentiation of hiHepPCs into hepatocytes (Supplementary
Fig. 7c). Meanwhile, there was little or no expression of intestinal
epithelial cell marker genes, including a gene encoding the
intestinal master TF CDX2, in both hiHepPC monolayer cultures
and hiHepPC aggregates (Supplementary Fig. 7d-f), which
excludes a possibility that intestinal epithelial cells are differ-
entiated from hiHepPCs and express genes encoding enzymes
produced in both the liver and intestine.

In cell aggregation culture, the activities of CYP3A4 and
CYP2C9 in hiHepPCs were markedly increased compared with
those in the monolayer hiHepPC cultures, and hiHepPC-derived
hepatocytes in the aggregates could efficiently respond to
rifampicin and potentiate the CYP activities, similar to primary
human hepatocytes (Fig. 3h). Cell-aggregate formation also
increased the levels of ALB secretion and urea production by
hiHepPC-derived hepatocytes (Fig. 3i). Moreover, hepatotoxins,
such as amiodarone, diclofenac, and acetaminophen, affect
hiHepPC-derived hepatocytes in the aggregates and induce cell
death more effectively and more similarly to primary human
hepatocytes than hiHepPC monolayer cultures (Fig. 3j). Thus
hiHepPC-derived hepatocytes composing cell aggregates have the
specific functional features of mature hepatocytes. To compare
the gene expression signature of hiHepPC aggregates with those
of previously reported hiHepCs, we conducted GSEA using sets of
genes specifically upregulated in hiHepCs generated by Du and
colleagues®, designated hiHepC-Du, and hiHepCs and hiHepCs
expressing SV40 large T antigen (hiHepC-LT) generated by
Huang and colleagues®, designated hiHepC/hiHepC-LT-Huang.
The data showed that the expression of hiHepC-Du-specific genes
and hiHepC/hiHepC-LT-Huang-specific genes were highly and
poorly enriched in hiHepPC aggregates, respectively (Supple-
mentary Fig. 8a). In addition, the expression of genes specifically
upregulated in hiHepPC aggregates and hiHepC-Du were
significantly enriched in human hepatocytes (Supplementary
Fig. 8b). Thus the gene expression signature of hiHepPC
aggregates is relatively similar to those of hiHepC-Du and human
hepatocytes, rather than those of hiHepC/hiHepC-LT-Huang.
Taken together, our findings demonstrate that cell-aggregate
formation can induce hiHepPCs to differentiate into functional
hepatocytes and undergo growth arrest.

hiHepPCs differentiate into cholangiocytes in 3D culture.
hHepPCs are generally defined as cells capable of differentiating
into both hepatocytes and cholangiocytes. Thus we next deter-
mined whether hiHepPCs could differentiate into cholangiocytes,
in addition to hepatocytes, by inoculating hiHepPCs into Matrigel

and subjecting to 3D culture. At day 7 after initiation of 3D
culture, about 0.5% of hiHepPCs gave rise to cells that formed
spheroids, while HUVECs did not form any spheroids (Fig. 4a).
These hiHepPC spheroids could stably expand and be maintained
in long-term 3D culture by serial passaging, similar to human
fetal cholangiocyte-derived spheroids, without karyotypic aber-
rations (Fig. 4a and Supplementary Fig. 9a). Immunofluorescence
analyses revealed that the cells composing the hiHepPC spheroids
consistently expressed E-CAD at the basolateral membrane,
EZRIN at the apical surface, and the tight junction marker ZO-1
at the intercellular contact sites close to the apical surface, indi-
cating that these spheroids are formed by epithelial cells main-
taining distinctive apicobasal cell polarity (Fig. 4b). Additionally,
apical actin accumulation shown by phalloidin staining indicated
the epithelial cell polarity of spheroid-forming cells (Fig. 4b).
Moreover, transmission electron microscopy revealed that
hiHepPC spheroids consisted of cells with epithelial morphology
and polarity that lined the central lumen, attached to adjacent
cells by intracellular tight junctional complexes, and were deco-
rated with microvilli (Fig. 4c). These spheroid-forming epithelial
cells expressed cholangiocyte markers, such as CK19, SOXO9,
HNF1B, CFTR, EpCAM, and a-TUBULIN (Fig. 4b). qPCR ana-
lyses also revealed that the expression levels of cholangiocyte
markers (CK19, HNF1B, SOX9, CFTR, secretin receptor (SCTR),
and EpCAM) and hHepPC markers (ALB and AFP) increased
and decreased, respectively, in the hiHepPC spheroids compared
with those in the monolayer hiHepPC cultures (Supplementary
Fig. 9b). In addition, PCA showed that hiHepPC spheroids and
human fetal cholangiocyte-derived spheroids occupy a similar
dimensional space, indicating a close resemblance between the
gene expression signatures of two different types of spheroids
(Fig. 4d). In fact, GSEA revealed that the expression of genes
specifically upregulated in human fetal cholangiocyte-derived
spheroids was highly enriched in the hiHepPC spheroids com-
pared with HUVECs and hiHepPC monolayer cultures (Fig. 4e
and Supplementary Fig. 9c). However, GOEA revealed that there
are also genes expressed differentially between hiHepPC spher-
oids and human fetal cholangiocyte-derived spheroids (Supple-
mentary Fig. 9d, e).

To determine whether epithelial cells composing hiHepPC
spheroids have functional features of cholangiocytes, we evaluated
the potential for incorporating rhodamine 123 into the luminal
space of the spheroids. Rhodamine 123 is generally used to
determine the transporter activity of multidrug resistance 1
(MDR1) in cholangiocytes. Our data showed that rhodamine 123
was successfully transported into the luminal space of the
spheroids, and this transporter activity was blocked by addition
of the MDRI inhibitor verapamil (Fig. 4f). Thus epithelial cells
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Fig. 4 Cystic spheroid formation from hiHepPC-derived cholangiocytes. a Representative images of 3D cultures of HUVECs and hiHepPCs at day 7 and
passage (P) 5 and those of adult human liver-derived cholangiocytes at P3 after initiation of 3D culture with Matrigel. Scale bars, 100 um. b Co-
immunofluorescence staining of E-CAD with EZRIN or CFTR, of CK19 with SOX9 or HNF1B, and of EpCAM with a-TUBULIN and immunofluorescence
staining of ZO-1 with phalloidin staining of F-actin were conducted for hiHepPC spheroids. DNA was stained with DAPI. Scale bars, 50 um. ¢ Representative
ultrastructural images of hiHepPC spheroids (n =10 spheroids). Black arrowheads indicate intracellular tight junctional complexes. Scale bars, 10 um (left
panel) and 500 nm (right panel). d PCA was performed using CEL-seq2 data for HUVECs, hiHepPC monolayer cultures, hiHepPC spheroids, and human
fetal cholangiocyte-derived spheroids. @ GSEA of CEL-seq2 data for hiHepPC spheroids and HUVECs and of those for hiHepPC spheroids and hiHepPC
monolayer cultures were performed using the set of top 100 genes specifically upregulated in human fetal cholangiocyte-derived spheroids. f
Representative bright-field and fluorescence images showing uptake of rhodamine 123 (green) into the luminal space of hiHepPC spheroids and inhibition
of rhodamine 123 transport after treating the spheroids with verapamil before the addition of rhodamine 123. Scale bars, 50 um.
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constituting hiHepPC spheroids can transport rhodamine 123
through MDRI, similar to cholangiocytes. Moreover, we also
conducted a forskolin (FSK)-induced swelling assay to determine
whether CFTR functioned in hiHepPC spheroids. Because FSK
was usually present in our culture medium, we first removed FSK
from the culture medium and subsequently added it for analyses.
Our data showed that addition of FSK with or without the CFTR
inhibitor CFTRinh-172 to the culture media blocked or induced
the swelling of hiHepPC spheroids, respectively (Supplementary
Fig. 10). Thus epithelial cells forming hiHepPC spheroids can
respond to FSK in a CFTR-dependent manner and increase the
size of the spheroids, which is a functional feature of
cholangiocytes. Taken together, our findings demonstrate that
hiHepPCs can differentiate into cells with the morphological and
functional properties of cholangiocytes that can form cystic
epithelial spheroids resembling those formed by cholangiocytes
under 3D culture conditions.

Clonality and stable expansion of hiHepPCs. To ascertain the
bi-lineage differentiation potential of hiHepPCs, we conducted
clonal analyses of hiHepPCs. The cells in hiHepPC cultures
generated in three different experiments were trypsinized, sub-
jected to clone sorting by flow cytometry, and cultured under
single-cell culture conditions (Supplementary Fig. 11a). About 10
and 2% of the sorted cells could form colonies and continuously
proliferate over a prolonged culture period, respectively (Sup-
plementary Fig. 11b). The hiHepPC clones propagating in
monolayer culture maintained the expression of ALB, E-CAD,
and CYP3A4 (Supplementary Fig. 11c) and formed cell aggre-
gates and cystic epithelial spheroids composed of hepatocytes and
cholangiocytes, respectively, in 3D culture (Supplementary
Fig. 114, e), similar to bulk cultures of hiHepPCs. Thus hiHepPCs
can be defined as bipotential cells capable of giving rise to both
hepatocytes and cholangiocytes from single cells.

The global gene expression profile in hiHepPCs did not change
significantly after serial passages, and hiHepPCs propagating in
late passages were able to produce hepatocytes and cholangiocytes
under 3D culture conditions, indicating stability of hiHepPCs in
long-term monolayer culture (Supplementary Fig. 12a, b).
Exogenous gene expression of FOXA3, HNFIA, and HNF6 were
downregulated after the formation of hiHepPC aggregates and
spheroids, suggesting promotion of retroviral gene silencing
during differentiation of hiHepPCs in 3D culture (Supplementary
Fig. 12c). Interestingly, hiHepPCs could be generated from
HUVECs when we used FOXA1 or FOXA2, instead of FOXA3,
with HNF1A and HNF6 as the reprogramming factors and
differentiate into functional hepatocytes and epithelial cells
forming cystic spheroids, indicating redundant functions of the
FOXA family of TFs for induction of hiHepPCs (Supplementary
Fig. 13).

Liver tissue reconstitution by hiHepPC-derived cells. In addi-
tion to in vitro analyses, we examined the in vivo tissue-
reconstitution potential in hiHepPC-derived hepatocytes and
cholangiocytes. To investigate the reconstitution of liver par-
enchyma by hiHepPC-derived hepatocytes, we intrasplenically
injected cells dissociated from hiHepPC monolayer cultures and
hiHepPC aggregates into the livers of retrorsine-treated immu-
nodeficient NOD/SCID/gamma (NSG) mice after 70% partial
hepatectomy (PH) (Fig. 5a). Retrorsine is a known inhibitor of
hepatocyte proliferation in rats!8 and mice!?20. Consistent with
these previous studies, our present data showed that PH-induced
hepatocyte proliferation was significantly inhibited by pretreating
mice with retrorsine (Fig. 5b). Thus, in this retrorsine/PH-
induced acute liver failure model, donor cells can competitively

contribute to liver regeneration after transplantation into the
injured liver. Because retrorsine-treated hepatocytes were unable
to efficiently regenerate the liver parenchyma after PH, only 20%
of the retrorsine-treated hepatectomized mice could survive for
>50 days after intrasplenic injection of phosphate-buffered saline
(PBS) or HUVECs (Fig. 5¢). However, survival curves revealed
that 80% of the recipient mice transplanted with cells dissociated
from hiHepPC aggregates were surviving from the second day
after transplantation, similar to the mice transplanted with
human hepatocytes (Fig. 5c). Similarly, transplantation of cells
obtained from hiHepPC monolayer cultures improved survival
ratios of the recipient mice, and 50% of mice eventually survived
after transplantation (Fig. 5¢).

Immunofluorescence staining of human AAT revealed that
about 4% of hepatocytes in the livers of recipient mice were
repopulated by both hiHepPC-derived hepatocytes isolated from
the aggregates and human liver-derived hepatocytes 2 months
after transplantation (Fig. 5d). These hiHepPC-derived hepato-
cytes engrafted in the liver expressed hepatocyte markers, such as
CYP3A4, ALB, E-CAD, CK8/18, MRP2, and HNF4A, in addition
to AAT (Fig. 5e). Transplantation of hiHepPC-derived hepato-
cytes dissociated from the aggregates and human hepatocytes
immediately and significantly ameliorated liver failure, such as
increases in aspartate aminotransferase (AST) and alanine
transaminase (ALT), at day 2 after transplantation (Fig. 5f), and
relatively large amounts of human ALB were detected in the
serum of the recipient mice 2 months after transplantation
(Fig. 5g).

To examine the potential for biliary ductal tissue reconstitution
in hiHepPC-derived cholangiocytes, we intrasplenically injected
cells dissociated from hiHepPC spheroids into the livers of NSG
mice treated with 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC; Fig. 5h). Four weeks after the last injection of cells,
hiHepPC-derived cholangiocytes became engrafted in the liver
and formed ductal tissues composed of epithelial cells expressing
CK19 and SOX9, similar to cells obtained from human fetal
cholangiocyte-derived spheroids (Fig. 5i and Supplementary
Fig. 14a). The bile pigment bilirubin was accumulated in the
luminal space of ductal tissues formed by transplanted hiHepPC-
derived cholangiocytes, indicating a functional property of biliary
ductal tissues (Supplementary Fig. 14b). Co-immunofluorescence
staining of human ALB with mouse Alb and that of human CK19
with mouse CK19 revealed that no donor-derived cells expressed
mouse Alb and CK19 after transplantation of hiHepPC-derived
hepatocytes and cholangiocytes, human hepatocytes, and human
cholangiocytes (Fig. 5i, j). Thus hiHepPC-derived hepatocytes
and cholangiocytes have the potential to functionally reconstitute
a part of liver parenchyma and biliary ductal tissues, respectively,
without fusion with recipient mouse hepatocytes and cholangio-
cytes, after transplantation.

Generation of hiHepPCs from HPBECs. Finally, we sought to
induce the conversion of HPBECs into hiHepPCs by forced
expression of the defined TFs (Fig. 6a). Similar to the case of
HUVECs described above, HPBECs infected with viruses
expressing FOXA3, HNFIA, and HNF6 could be converted into
hiHepPCs (Fig. 6b). Although ALB™ cells in cultures of trans-
duced HPBECs appeared and proliferated at a slower rate than
those in cultures of transduced HUVECs, the percentage of ALBT
cells gradually increased during passaging and reached 65-75% at
passage 10 after transduction (Fig. 6b). These HPBEC-derived
hiHepPCs closely resembled HUVEC-derived hiHepPCs in terms
of epithelial morphology and functional aspects, giving rise to
cells expressing hepatocyte markers, such as AAT, ASGPR1, and
CYP3A4, in addition to ALB and E-CAD, and possessing
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hepatocyte-specific functional features, including glycogen and
lipid synthesis and ICG uptake and release (Fig. 6¢c). Moreover,
similar to HUVEC-derived hiHepPCs, HPBEC-derived
hiHepPCs expressed HNF4A and harbored a population of
AFPT cells during passaging in long-term monolayer culture
(Fig. 60).

Under 3D culture conditions, HPBEC-derived hiHepPCs were
also able to form cell aggregates and cystic spheroids, in which
hepatocytes and cholangiocytes were produced from hiHepPCs,
respectively (Fig. 7a). PCA showed that, similar to HUVEC-
derived hiHepPCs, HPBEC-derived hiHepPCs stepwisely

10

A4 A4
[DDC diet > Analysis of the liver
4 6 10
et weeks weeks weeks
i ) ) Cholangiocyte- ]
hiHepPC spheroid derived spheroid
52 52 £%
TXx T X R
@) O o
QF Q€ 5
©
LR
3o 3o oy
o X o X S
6 O 6 o ©
go 2o g
3 T

acquired the gene expression signatures of human hepatocytes
and cholangiocytes through differentiation in 3D culture (Fig. 7b).
GSEA revealed that the expression of human hepatocyte- and
cholangiocyte-specific genes was significantly upregulated in
hiHepPC aggregates and spheroids, respectively, compared with
HPBECs and hiHepPC monolayer cultures (Fig. 7c and
Supplementary Fig. 15). Moreover, CYP3A4 and CYP2C9
activities and rifampicin responsiveness in the aggregates of
HPBEC-derived hiHepPCs were much higher than those in the
monolayer hiHepPC cultures (Fig. 7d), and hiHepPC-derived
hepatocytes in the aggregates could efficiently secrete ALB and
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Fig. 5 hiHepPC-derived cells functionally reconstitute hepatic tissues in vivo. a Schematic diagram of the experimental procedure. hiHepPCs were
marked by infection with a virus expressing enhanced green fluorescent protein (EGFP) before transplantation. PH partial hepatectomy. b Immunofluorescence
staining of the thymidine analog 5-bromo-2'-deoxyuridine (BrdU) was conducted for the livers of control mice (No treat) and retrorsine-treated and
untreated mice at day 2 after PH. The graph shows the percentages of BrdUt cells observed in individual mouse livers. ¢ Kaplan-Meier survival curves of the
recipient retrorsine-treated hepatectomized mice after intrasplenic injection of human hepatocytes, cells dissociated from hiHepPC aggregates and hiHepPC
monolayer cultures, HUVECs, or only PBS into the liver. Statistical analyses using the log-rank test revealed significant differences between the curves for
HUVECs and hiHepPC aggregates or hepatocytes but not between those for hiHepPC aggregates and hepatocytes (P =0.309). d Immunofluorescence
staining of human AAT (hAAT) was conducted for recipient mouse livers 2 months after transplantation. The graph shows the percentages of hAAT+
cells observed in individual mouse livers. @ Co-immunofluorescence staining of EGFP with hAAT, CYP3A4, E-CAD, human CK8/18 (hCK8/18), MRP2, or
HNF4A and of hAAT with human ALB (hALB) were conducted for recipient mouse livers 2 months after transplantation of cells dissociated from hiHepPC
aggregates. f, g The amounts of AST and ALT (f) and those of hALB (g) in the serum of recipient mice were measured 2 days and 2 months after
transplantation, respectively. The sera of control mice (No treat) were measured as negative controls. h Schematic diagram of the experimental procedure. i
Co-immunofluorescence staining of human CK19 (hCK19) with mouse CK19 (mCK19) or SOX9 was conducted for DDC-treated mouse livers 4 weeks after
the last injection of cells dissociated from hiHepPC spheroids or human fetal cholangiocyte-derived spheroids. j Co-immunofluorescence staining of hALB
with mouse Alb (mAlb) was conducted for retrorsine-treated hepatectomized mouse livers 2 months after transplantation of cells dissociated from hiHepPC
aggregates or human hepatocytes. Statistical difference was determined by one-way analysis of variance followed by Tukey-Kramer test (b) or Dunnett's
test (d, f, g). Data represent the mean = SD (n=3 (b, d) or 4 (f, g) independent experiments). DNA was stained with DAPI. Scale bars, 50 um. Source data

are provided as a Source Data file.

produce urea (Fig. 7e). In addition, HPBEC-derived hiHepPCs
could give rise to hepatocytes and cholangiocytes capable of
partially reconstituting the liver parenchyma and biliary ductal
tissues, respectively, without cell fusion after transplantation into
the injured mouse liver (Fig. 7f, g). Hepatocytes differentiated
from HPBEC-derived hiHepPCs could repopulate about 2% of
hepatocytes in the livers of recipient mice 2 months after
transplantation, and 70% of mice eventually survived after
transplantation. Thus, similar to HUVECs, HPBECs can be
converted into expandable and bipotential hiHepPCs with a
defined set of TFs.

The percentages of ALBT cells in early passages of transduced
HPBECs were much lower than those of transduced HUVECs.
Thus, to increase the reprogramming efficiency, we used L-MYC
in addition to the three defined factors. In mice, L-Myc is a factor
capable of promoting the generation of induced PSCs with little
transformation activity?!. Our present data demonstrated that L-
MYC was also effective in promoting the induction of ALBT cells
from both transduced HUVECs (Supplementary Fig. 16a-c,
compared with Fig. 1b) and HPBECs (Supplementary Fig. 16d,
compared with Fig. 6b), and the resulting HPBEC-derived
hiHepPCs were designated MYC-hiHepPCs. These MYC-
hiHepPCs have epithelial morphology, produce cells expressing
hepatocyte markers, synthesizing and storing glycogen and lipids
in their cytoplasm, and incorporating and excreting ICG,
maintain AFPT cells during passaging, and form cystic spheroids
in 3D culture (Supplementary Fig. 16e). Clonal analyses of MYC-
hiHepPCs cultured under single-cell culture conditions con-
firmed their bi-lineage differentiation potential into hepatocytes
and cholangiocytes (Supplementary Fig. 17). Similar to HUVEC-
derived hiHepPCs, HPBEC-derived MYC-hiHepPCs and
hiHepPCs could also be maintained in long-term culture with
proliferation and showed normal karyotypes (Supplementary
Fig. 18a), while being negative for TERT expression and senescent
around passage 24 (Supplementary Fig. 18b). Indeed, both types
of HPBEC-derived hiHepPCs did not form any tumors after
subcutaneous injection into immunodeficient NOD/SCID mice,
as well as HUVEC-derived hiHepPCs (Supplementary Fig. 18c).
Thus L-MYC can be used for efficient induction of hiHepPCs
from HPBECs.

Discussion

In this study, we showed that the combined expression of three
TFs is sufficient to convert HUVECs and HPBECs into cells with
the properties of hHepPCs. The resulting hiHepPCs can be

maintained in long-term culture by propagating without chro-
mosomal instability and give rise to both functional hepatocytes
and cholangiocytes as descendants, demonstrating self-renewal
capacity and bi-lineage differentiation potential in hiHepPCs.
Moreover, hiHepPC-derived hepatocytes and cholangiocytes can
functionally reconstitute liver tissues after transplantation into
the injured mouse liver, similar to hepatocytes and cholangiocytes
isolated from human livers. In addition, we identified L-MYC as a
reprogramming-promoting factor for generating hiHepPCs.
Overexpression of L-MYC with FOXA3, HNFIA, and HNF6 in
HUVECs and HPBEC:s increases the number of ALBT cells in an
early stage of the reprogramming, suggesting that L-MYC helps
increase the efficiency of conversion of HUVECs and HPBECs
into hiHepPCs, in addition to activating growth activity in
hiHepPCs. Although HNF4A has been used as an essential factor
for the induction of hiHepCs from fibroblasts>9, the enforced
expression of HNF4A was not required and even became harmful
for the reprogramming of HUVECs into hiHepPCs. Because
endogenous HNF4A expression was induced in hiHepPCs, a
suitable expression level of HNF4A might be important for
maintaining the features of hiHepPCs, while high expression of
HNF4A might lead to further differentiation into growth-arrested
hepatocytes. Indeed, HNF4A expression was upregulated after the
induction of hiHepPC differentiation into growth-arrested func-
tional hepatocytes in cell aggregation culture.

Hepatocyte differentiation is inefficiently but conventionally
induced in hiHepPC monolayer cultures and strongly accelerated
after formation of cell aggregates under 3D culture conditions. In
contrast, cholangiocyte differentiation may be suppressed in the
monolayer hiHepPC cultures, and spheroid-forming efficiency of
hiHepPC-derived cholangiocytes is only 0.5%. Thus it is sug-
gested that our culture condition is not suitable for cholangiocyte
differentiation and/or spheroid formation from hiHepPCs.
Indeed, similar to hiHepPCs, only 0.5-1% of human fetal liver-
derived cholangiocytes that we obtained commercially and used
in this study could form epithelial spheroids at the beginning of
3D culture. Thus, in future study, we should modify our culture
condition to efficiently induce cholangiocyte differentiation and/
or spheroid formation from hiHepPCs. A possible approach to
induce differentiation of hiHepPCs into cholangiocytes is acti-
vation of Notch signaling in hiHepPCs, because hepatic stem/
progenitor cells directly induced from mouse fibroblasts gave rise
to cholangiocyte progenitor cells under stimulation of Notch
signaling!2. Nevertheless, our present data clearly demonstrated
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Fig. 6 Direct conversion of HPBECs to hiHepPCs. a Schematic diagram of the experimental procedure. b Immunofluorescence staining of ALB was
conducted for mock-infected HPBECs at day 45 and HPBEC-derived hiHepPCs at day 45 and passage (P) 10 after retrovirus infection. Representative
morphologies and fluorescence images of these two types of cells are shown. White broken lines surround hiHepPC colonies. Scale bars, 100 um. The
graph shows the percentages of ALB* cells observed in individual cultures of HPBECs at day 45 and hiHepPCs at day 45, P3, and P10 after retrovirus
infection. The data obtained from two biologically independent experiments using different blood samples are shown in the graph. Data represent the
mean £ SD (n = 3 independent assays). ¢ Co-immunofluorescence staining of ALB with E-CAD, AAT, ASGPR1, or CYP3A4 and of AFP with HNF4A; PAS
staining; and oil red O staining were conducted for HPBECs and HPBEC-derived hiHepPCs. Representative morphologies of these two types of cells are also
shown. White broken line surrounds a hiHepPC colony. In addition, HPBEC-derived hiHepPCs incorporated and excreted ICG. DNA was stained with DAPI.

Scale bars, 50 um. Source data are provided as a Source Data file.

that hiHepPCs can give rise to both hepatocytes and cholangio-
cytes from single cells, indicating that hiHepPCs have bipotency.

Surprisingly, only 4% engraftment of transplanted hiHepPC-
derived hepatocytes achieved 80% survival of recipient mice. Thus
it is suggested that humoral factors secreted from hiHepPC-
derived hepatocytes are effective to rescue the recipient mice after
transplantation by activating cell-growth activity and protecting
cells from cellular dysfunction. Meanwhile, similar to hiHepPC-
derived hepatocytes, human liver-derived hepatocytes that we
obtained commercially and used in this study also reconstituted
only 4% of host livers after transplantation, and in both cases,
80% of recipient mice could survive. Thus it is suggested that, in
the retrorsine/PH-induced acute liver failure model, many

healthy hepatocytes are not required for rescuing recipient mice.
Because retrorsine-treated hepatocytes in the recipient mouse
liver do not completely stop proliferation, they could weakly
contribute to liver regeneration after PH. Indeed, 20% of recipient
mice could survive even after intrasplenic injection of control PBS
or HUVEC:s. For the treatment of patients with acute liver failure,
immediate therapeutic effects given by transplanted hepatocytes
are required. Thus, to improve hepatic function of those patients
immediately, functionally mature hepatocytes, rather than
immature hepatocytes, should be transplanted into the liver of
those patients. As shown in this study, hiHepPC-derived hepa-
tocytes have functional properties similar to human liver-derived
hepatocytes in vitro and in vivo. Thus a transplantation therapy
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using hiHepPC-derived hepatocytes would be developed to an
effective method for treating patients with acute liver failure and
other liver disorders.

The induction of hiHepPCs requires the overexpression of
FOXA3, HNFIA, and HNF6 in HUVECs and HPBECs, although
FOXAS3 can be replaced with FOXAI or FOXA2. FOXA proteins
are considered pioneer factors that can bind to condensed
chromatin, enabling the relief of chromatin compaction and
allowing access of other TFs to the enhancers of target genes to

1: HPBEC

2: hiHepPC-1 (monolayer)
3: hiHepPC-1 aggregate
4: hiHepPC-2 (monolayer)
5: hiHepPC-2 aggregate
6: Hepatocyte

initiate tissue-specific gene expression22-24, Thus FOXA proteins
allow binding of HNF1A and HNF6 to their specific target sites,
leading to the induction of the program of hHepPCs in HUVECs
and HPBECs. In mice, Hnfla has been shown to play critical
roles in the differentiation and function of hepatocytes?>. How-
ever, Hnf6 has been shown to be essential for cholangiocyte
differentiation and bile duct morphogenesis?®. Thus, at least at
present, it is difficult to explain why combined the expression of
FOXA3, HNF1A, and HNF6 can induce the fate of hHepPCs in
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Fig. 7 Bi-lineage differentiation potential in HPBEC-derived hiHepPCs. a HPBEC-derived hiHepPCs formed cell aggregates and cystic spheroids under 3D
culture conditions. Co-immunofluorescence staining of ALB with CYP3A4 and of EZRIN with E-CAD were conducted for hiHepPC aggregates and
spheroids, respectively. Representative morphologies and fluorescence images of hiHepPC aggregates at day 5 and hiHepPC spheroids at passage (P) 2
after initiation of 3D culture are shown. b, ¢ We obtained CEL-seq2 data from HPBECs, HPBEC-derived hiHepPCs, and cell aggregates and spheroids
derived from these hiHepPCs and performed PCA using CEL-seq?2 data for the indicated cell types (b) and GSEA using the set of top 100 genes specifically
upregulated in human hepatocytes or human fetal cholangiocyte-derived spheroids (¢). P passage number of hiHepPCs in monolayer cultures. d, e CYP3A4
and CYP2C9 activities (d) and the amounts of ALB and urea in the culture media (e) were measured after culture of HPBECs, two different hiHepPCs
induced from HPBECs, cell aggregates derived from these hiHepPCs, and human hepatocytes. All data shown in d were normalized with the values for
hepatocytes in culture without rifampicin, and the fold differences are shown. Statistical difference was determined by one-way analysis of variance
followed by Tukey-Kramer test. Data represent the mean = SD (n = 3 independent assays). f Co-immunofluorescence staining of hALB with hAAT or mAlb
was conducted for retrorsine-treated hepatectomized mouse livers 2 months after transplantation of cells dissociated from HPBEC-derived hiHepPC
aggregates. g Co-immunofluorescence staining of hCK19 with mCK19 or SOX9 was conducted for DDC-treated mouse livers 4 weeks after the last
injection of cells dissociated from HPBEC-derived hiHepPC spheroids. DNA was stained with DAPI. Scale bars, 50 um. Source data are provided as a Source

Data file.

endothelial cells. In a case of mice, Hnf6 is not required, but only
two TFs, such as Foxa3 and Hnfla, are sufficient for inducing
hepatic stem/progenitor cells from fibroblasts!2. Although it is
not possible to induce hiHepPCs by using only FOXA3 and
HNF1A, these two factors may have fundamental roles in the
induction of the hepatic fate in non-hepatic cells, and thus the
role of HNF6 in the induction of hiHepPCs is interesting and
should be clarified in future study. Since biliary lineage cells in the
injured adult mouse liver act as facultative stem/progenitor
cells?’, it is possible to speculate that the enforced expression of
HNF6 is involved in the acquisition of the immature phenotype in
hiHepPCs.

Generating expandable and bipotential hiHepPCs using direct
reprogramming technology may facilitate their application for
drug development and therapeutic strategies for various liver
diseases. Hepatocytes and cholangiocytes that can be con-
tinuously produced from hiHepPCs in long-term culture may be
useful as an alternative to human liver-derived hepatocytes and
cholangiocytes, respectively. In particular, because hiHepPCs can
be generated from adult human peripheral blood, we could obtain
hiHepPC-derived hepatocytes and cholangiocytes from, theore-
tically, many healthy humans, as well as many patients, by only
collecting blood samples and use these cells for investigations of
individual differences in the pharmacological effects and toxicities
of drugs.

Methods

Mice. NSG (NOD.Cg—Prkdc“idIIng*mlMI/SZI) male mice (3 and 10 weeks old),
NOD/SCID female mice (10 weeks old) (both from Charles River Laboratories),
C57BL/6 male mice (8 weeks old) (Clea), C57BL/6 neonatal mice (2 days old), and
C57BL/6 mouse embryos (embryonic days 12.5 and 16.5) were used in this study.
Mice were housed in groups of 24 per cage in a 12-h light/dark cycle (08:00-20:00
light; 20:00-08:00 dark), with controlled room temperature (22 + 4 °C) and relative
humidity (60%). The experiments were approved by the Kyushu University Animal
Experiment Committee, and the care of the animals was in accordance with
institutional guidelines.

Cell lines. Plat-GP cells (Cell Biolabs) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Nacalai Tesque) containing 10% fetal bovine serum (FBS)
(GIBCO), 2 mM L-glutamine (Nacalai Tesque), and penicillin/streptomycin
(Nacalai Tesque) and used to produce recombinant retroviruses'?. The human
hepatocellular carcinoma cell lines HepG2 (RCB1886) and HuH7 (RCB1942) were
provided by the RIKEN BRC and cultured in DMEM containing 10% FBS, 2 mM
L-glutamine, and penicillin/streptomycin.

Cell culture. HUVECs (Takara) were cultured in HUVEC medium [1:1 mixture of
Medium 200 (Thermo Fisher Scientific), supplemented with Low Serum Growth
Supplement (Thermo Fisher Scientific), and FibroLife S2 Comp Kit (Kurabo)].
HPBECs were obtained from healthy donors as described previously?82°. Briefly,
peripheral blood mononuclear cells were isolated from the blood samples of
healthy donors using a Lymphoprep (STEMCELL Technologies) according to the
manufacturer’s instructions, plated on type I collagen-coated 24-well plates (Iwaki),
and cultured in HPBEC medium [EGM-2MYV BulletKit (Lonza), supplemented

with 10% FBS and 50% FibroLife S2 Comp Kit]. The collection of adult human
peripheral blood was approved by the Kyushu University Ethics Committee and
performed after obtaining informed consent. hiHepPCs were grown in hepato-
medium (plus) composed of a 1:1 mixture of DMEM and F-12 (Nacalai Tesque),
supplemented with 20% FibroLife S2 Comp Kit, 4% FBS, 1 pg mL~! insulin
(Wako), 1077 M dexamethasone (Sigma-Aldrich), 10 mM nicotinamide (Sigma-
Aldrich), 2 mM L-glutamine (Nacalai Tesque), 50 pM p-mercaptoethanol (Nacalai
Tesque), 20 ng mL~! recombinant human hepatocyte growth factor (thHGF)
(PeproTech), 1 uM A8301 (Tocris), 2 uM SB431542 (Tocris), 5 uM Y-27632
(Wako), and penicillin/streptomycin (Nacalai Tesque). hiHepPC aggregates were
formed from 5 x 103 hiHepPCs in each well of ultra-low attachment 96-well plates
coated with poly 2-hydroxyethyl methacrylate (Sumitomo Bakelite) and main-
tained in medium composed of a 1:1 mixture of DMEM and F-12, supplemented
with 1 pgmL~! insulin, 10 mM nicotinamide, 2 mM L-glutamine, 50 uM B-mer-
captoethanol, 20 ng mL~! thHGF, 1 uM FSK (Nacalai Tesque), 1 pM A8301, 20 uM
Y-27632, and penicillin/streptomycin. For differentiation of hiHepPCs into cho-
langiocytes and for 3D culture of human fetal liver-derived cholangiocytes (Sci-
enCell Research Laboratories), 1 x 10°> hiHepPCs and 1 x 10° human
cholangiocytes, respectively, were mixed with 50 uL of Matrigel (BD Biosciences)
and plated on 24-well plates. After polymerization of the Matrigel at 37°C, a
medium for expansion of adult human bile duct-derived progenitor cells'* was
added. Adult human liver-derived hepatocytes (Lonza) were cultured in medium
(1:1 mixture of DMEM and F-12, supplemented with 4% FBS, 1 ug mL-! insulin,
10~ M dexamethasone, 10 mM nicotinamide, 2 mM L-glutamine, 50 uM B-mer-
captoethanol, 20 ng mL~! thHGF, and penicillin/streptomycin). For single-cell
culture analyses, cells identified by clone sorting using FACS Jazz (BD Biosciences)
and BD FACS Sortware sorter software (BD Biosciences) were cultured in indi-
vidual wells of type I collagen-coated 96-well plates, and the clonal colonies formed
from each cell were expanded and analyzed.

Retrovirus production and transduction of cells. Human FOXAI, FOXA2,
FOXA3, HNFIA, HNF1B, HNF4A, HNF6, and ATF5 cDNAs were obtained by
reverse transcription-PCR, human PROXI cDNA was purchased from Dnaform,
rat Cebpa cDNA was kindly provided by A. Iwama, and human L-MYC cDNA was
obtained from pMXs-Hu-L-Myc (a gift from S. Yamanaka) (Addgene plasmid
#26022)21. The cDNAs were subcloned into the retroviral vector pGCDNsam (a
gift from M. Onodera). To produce recombinant retroviruses, plasmid DNA was
transfected into Plat-GP cells using linear polyethylenimine (PEI) (Polysciences).
At 3 days before transfection, Plat-GP cells (1.8 x 10°) were plated on poly-L-
lysine-coated 10-cm dishes and cultured in DMEM containing 8% FBS, 2mM L-
glutamine, and penicillin/streptomycin. Meanwhile, 36 uL of 1 mg mL~! PEL, 10 pg
of retroviral plasmid DNA, and 2 ug of the VSV-G expression plasmid pCMV-
VSV-G (a gift from H. Miyoshi) were diluted in 1 mL of DMEM and incubated for
15 min at room temperature. The mixture was then added to the plated Plat-GP
cells in a drop-by-drop manner. After 6 h of incubation at 37 °C under 5% CO,, the
medium was replaced with fresh medium, and the culture was continued. Super-
natants from the transfected cells were collected 24 h after medium replacement,
filtered through 0.2-um cellulose acetate filters (Sartorius), and concentrated

by centrifugation (10,000 x g for 16 h at 4 °C). The viral pellets were resuspended
in Hanks’ balanced salt solution (Nissui) (1/140 of initial supernatant volume).
HUVECs and HPBECs were grown on gelatin-coated 12-well plates and type I
collagen-coated 48-well plates, respectively, until they reached 5-10% and 20-30%
confluency, respectively. Then HUVECs and HPBECs were incubated in
HUVEC medium and HPBEC medium, respectively, containing the concentrated
viral supernatants and 5 pg mL~! protamine sulfate (Nacalai Tesque) for 6 h.

The viral infection was serially repeated four or eight times for HUVECs or
HPBECs, respectively. A step-by-step protocol describing the generation of
hiHepPCs and the induction of hiHepPC differentiation can be found at Protocol
Exchange30.
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Gene expression analysis. qPCR analyses using TagMan probes (Applied Bio-
systems) were conducted as described previously?. Briefly, we prepared total RNA
using an ISOGEN II (Nippongene) and synthesized cDNA from total RNA using a
SuperScript III Reverse Transcriptase (Thermo Fisher Scientific) according to the
manufacturer’s instructions. After various dilutions of template cDNA, we opti-
mized their concentration for each probe. In these concentrations, amplification by
PCR did not reach plateau but could be used for quantitative analysis. The TagMan
probes for CYP1A2 (Hs00167927_m1), CYP2B6 (Hs03044634_m1), CYP2C9
(Hs00426397_m1), CYP2CI9 (Hs00426380_m1), CYP2EI (Hs00559368_m1),
CYP3A4 (Hs00430021_m1), UGT1AI (Hs02511055_s1), UGT1A6
(Hs01592477_m1), UGT2B4 (Hs02383831_s1), UGT2B15 (Hs00870076_s1),
ABCBI (Hs00184500_m1), ABCC2 (Hs00166123_m1), ABCG2 (Hs01053790_m1),
and ASGPRI (Hs01005019_m1) were used. TagMan Gene Expression Assay IDs
(Applied Biosystems) are shown in parentheses following the gene names. As a
normalization control, Human GAPDH Endogenous Control (Applied Biosys-
tems) was used. To examine the expression of other genes, QPCR was conducted
using a THUNDERBIRD SYBR gqPCR Mix (Toyobo) according to the manu-
facturer’s instructions. qPCR primers for AFP, DLK1, SOX17, CXCR4, TERT,
CK19, HNFI1B, SOX9, CFTR, SCTR, EpCAM, ALB, AAT, HNF4A, CDX1, CDX2,
olfactomedin 4 (OLFM4), sucrase isomaltase (SI), trefoil factor 3 (TFF3), exogenous
FOXA3, exogenous HNFIA, exogenous HNF6, and GAPDH are listed in Supple-
mentary Table 1. The values for GAPDH were used as normalization controls.
Adult human hepatocytes obtained immediately after the thawing of cryopreserved
hepatocytes (Lonza) were used as controls for qPCR analyses. A recent study
demonstrated that the gene expression pattern of cryopreserved hepatocytes is not
very different from that of freshly isolated hepatocytes3!.

Immunostaining. Immunofluorescence staining for HUVECs, HPBECs, and
hiHepPCs in monolayer cultures was conducted as described previously*. Paraffin
sections of liver tissues, hiHepPC aggregates, and hiHepPC spheroids were pre-
pared and analyzed by immunofluorescence and immunohistochemical staining as
described previously®10. Briefly, cultured cells were washed with PBS and
sequentially fixed with 2% paraformaldehyde for 5 min at room temperature. The
fixed cells were washed in PBS and treated with 0.2% Triton X-100 (Nacalai
Tesque) for 1h at room temperature. Liver tissues and hiHepPC aggregates and
spheroids were fixed in a Zinc Formalin Fixative (Polysciences), dehydrated in
ethanol and xylene, embedded in paraffin wax, and sectioned. After depar-
affinization and rehydration of the sections, antigen retrieval was performed by
microwaving in 0.01 M citrate buffer (pH 6.0). For immunohistochemistry, the
sections were then incubated with 0.3% hydrogen peroxide in methanol for 20 min
at room temperature to quench endogenous peroxidase activity. After washing with
PBS and blocking with a Block Ace (DS Pharma Biomedical), the cultured cells and
tissue sections were incubated with primary antibodies. Then the cultured cells and
tissue sections were washed and incubated with secondary antibodies specific to the
species of the primary antibodies with 4,6-diamidino-2-phenylindole for immu-
nofluorescence staining. Primary and secondary antibodies used in this study are
listed in Supplementary Table 2. Cellular F-actin was stained using Alexa 488-
conjugated phalloidin (Thermo Fisher Scientific). For flow cytometric analyses of
immunostained cells, hiHepPC aggregates were trypsinized, fixed using a Cytofix/
Cytoperm Kit (BD Biosciences), and stained with appropriate primary and sec-
ondary antibodies. The immunostained cells were analyzed using the FACS Jazz
and BD FACS Sortware sorter software. Gating strategy is shown in Supplementary
Fig. 19.

Analysis of hepatic function. Cell aggregates formed from HUVEC-derived and
HPBEC-derived hiHepPCs were cultured for 14 and 7 days, respectively, after
initiation of 3D culture. Then these aggregates were trypsinized, and 1 x 10° cells
were plated on each well of type I collagen-coated 96-well plates. Similarly, 1 x 10°
HUVEGCs, 1 x 10° HPBECs, 1 x 10° cells obtained from hiHepPC monolayer cul-
tures, and 1 x 10° human hepatocytes were plated on each well of type I collagen-
coated 96-well plates. The amounts of urea or human ALB in the culture media
were measured after culture of cells with or without 5 mM ammonium chloride
(Nacalai Tesque), respectively, for 24h. ALB and urea were detected using an
Albuwell II (Exocell) and a QuantiChrom Urea Assay Kit (BioAssay Systems),
respectively, according to the manufacturers’ instructions. The absorbance signals
were measured with a Multiskan FC microplate reader (Thermo Fisher Scientific).
CYP3A4 and CYP2C9 activities were measured after culture of cells with or
without 25 uM rifampicin (Nacalai Tesque) for 48 h using a P450-Glo CYP3A4
Assay Kit (with Luciferin-IPA) and P450-Glo CYP2C9 Assay Kit (both from
Promega), respectively, according to the manufacturer’s instructions. The lumi-
nescent signals were measured with a Luminescencer Octa (ATTO). Cell viability
was measured with Cell Count Reagent SF (Nacalai Tesque) after treatment of 1 x
10# cells plated on each well of type I collagen-coated 96-well plates with amio-
darone (Sigma-Aldrich), diclofenac (Sigma-Aldrich), or acetaminophen (Sigma-
Aldrich) for 24 h. The absorbance signals were measured with a Multiskan FC
microplate reader. ICG uptake was evaluated after culture of HUVECs, HPBECs,
and hiHepPCs with 1 mgmL-! cardiogreen (Sigma-Aldrich) for 30 min, and ICG
release was subsequently analyzed at 6 h after excluding cardiogreen from the
medium. Oil red O staining was conducted as described previously>2. Briefly,
cultured cells were fixed in 10% formalin for 10 min at room temperature, washed

with PBS, and treated with 60% isopropanol for 1 min at room temperature. The
cells were then incubated with 60% Oil red O (Muto Pure Chemicals) in water for
20 min at room temperature. After washing with 60% isopropanol for 1 min and
additional washing with PBS, the cells were incubated with hematoxylin (Muto
Pure Chemicals) for 5 min. A functional feature of bile canaliculi was visualized by
incubating hiHepPC aggregates with 5 uM carboxy-2',7’-dichlorofluorescein dia-
cetate (Molecular Probes) for 20 min at 37 °C under 5% CO,, followed by washing
with PBS (Nacalai Tesque).

Analysis of cholangiocyte function. MDRI1 transporter activity in hiHepPC
spheroids was analyzed as described previously>3. Briefly, 3D cultures of hiHepPC
spheroids were incubated with 100 pM rhodamine 123 (Sigma-Aldrich) for 10 min
at 37 °C under 5% CO,. For inhibition of MDRI1 transporter activity, rhodamine
123 was added to the culture medium after 30 min of incubation with 20 yM R
(4)-verapamil (Sigma-Aldrich). The function of CFTR in the hiHepPC spheroids
was evaluated as described previously. Briefly, hiHepPC spheroids were cultured
in human cholangiocyte culture medium without FSK for 24 h, and then 10 uM
FSK or FSK plus 100 uM CFTRinh-172 (Sigma-Aldrich) were added to the med-
ium. The diameter of 20 spheroids was measured before addition of FSK or FSK
plus CFTRinh-172 to the medium, and the diameter of corresponding spheroids
was also measured after culture with or without FSK and/or CFTRinh-172 for 24 h.

Transcriptome analysis. Total RNA was obtained from the primary monolayer
cultures of HUVECs and HPBECs, which were derived from two different donors,
respectively; three different HUVEC-derived hiHepPCs at passage 8 and two dif-
ferent HPBEC-derived hiHepPCs at passage 12 in monolayer culture; cell aggre-
gates and cystic spheroids formed from these HUVEC-derived hiHepPCs at day 21
and passage 9, respectively, and those from HPBEC-derived hiHepPCs at day 7 and
passage 6, respectively, after initiation of 3D culture; three different HUVEC-
derived hiHepPCs at passage 16 in monolayer culture; human fetal cholangiocyte-
derived spheroids at passage 2 in 3D culture; and adult human hepatocytes
obtained immediately after the thawing of cryopreserved hepatocytes (Lonza) that
were derived from two different donors using a NucleoSpin RNA II kit (Macherey-
Nagel) according to the manufacturers’ instructions and analyzed with CEL-seq2%4.
CEL-seq2 was originally developed as a single-cell RNA-seq method4, but it is also
available as an RNA-seq method for cell populations?. Library preparation and
sequencing were conducted as follows: (1) barcoding the samples with a set of
primers including an unique molecular identifier (UMI), (2) converting mRNA to
double-stranded DNA using a SuperScript IT Double-Stranded cDNA Synthesis Kit
(Thermo Fisher Scientific), (3) nucleic acid purification with AMPure XP beads
(Beckman Coulter), and (4) converting antisense RNA to cDNA using random
priming with a random hexamer containing an Illumina 3’ adaptor sequence343°,
All sequencing experiments were performed on an Illumina HiSeq 1500 system.
Reads were mapped to the human reference genome (Ensemble GRCh38) using
Bowtie2 (v2.3.0) and converted into UMI counts of each gene. Differentially
expressed genes (DEGs) were extracted using the TCC (v1.12.0) (with an adjusted
g-value of <0.05)%¢, DESeq2 (v1.26.0) (with an adjusted g-value of <0.1)*7, or
edgeR (v3.28.1) (with an adjusted g-value of <0.1)383% packages for R (v3.6.0).
Functional enrichment analyses of the DEGs were performed using the Database
for Annotation, Visualization, and Integrated Discovery (DAVID) (v6.8)4041,
GSEA for cross-platform comparison of the gene expression was performed using
“data sets” and “gene sets” calculated from the present CEL-seq2 data sets or
previously reported microarray and RNA-seq data sets as described previously*2.
Briefly, for preparation of the “data sets”, transcriptome-wide ranking lists of the
gene expression fold change between sample pairs were calculated with GEO2R
program in the Gene Expression Omnibus (GEO) for publicized microarray data
(Accession Numbers: GEO: GSE42643, GSE63859, and GSE98324)0:13:14 and
edgeR package3®3 on R software for the present CEL-seq2 data (Accession
Number: GEO: GSE120732) and publicized RNA-seq data (Accession Number:
GEO: GSE54066)°. Gene symbols and fold change score were sorted in descending
order, and genes with no expression change between the paired samples were
eliminated using the Microsoft Excel software (v16.16). For preparation of the
“gene sets”, gene symbol lists of top 100, 200, and 500 genes for each “data set”
were created for the following data pairs: Human ESC-derived Hepatic Progenitor
Under Base Condition vs Undifferentiated Human ESCs (GSE98324); EM vs
Tissue (GSE63859); iHep vs HEF (GSE54066); hiHep vs HFF (GSE42643);
hiHepLT vs HFF (GSE42643); human-hepatocyte vs HUVEC or HPBEC
(GSE120732); human-cholangiocyte-spheroid-culture vs HUVEC or HPBEC
(GSE120732); and HUVEC-hiHepPC-aggregate vs HUVEC (GSE120732). Both
“data sets” and “gene sets” data were processed with the GSEAPreranked program
(v5) in GSEA software (v3.0) with “classic” enrichment statistic parameter344,
PCA based on the whole-transcriptome data was performed using CEL-seq2 data
sets after upper quantile normalization on R software with or without the rgl
(v0.99.16) package for 3D or two-dimensional plots, respectively.

Transplantation. Before transplantation of hepatocytes, the recipient NSG male
mice (3 weeks old) were administered 40 mgkg™! retrorsine (Sigma-Aldrich) by
intraperitoneal injection and subsequently given 80 mgkg™! retrorsine two times
every other week. One week after the last injection of retrorsine, the recipient mice
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(6 weeks old) received 70% PH, followed by intrasplenic injection of PBS, 1 x 10°
HUVEGCs, 1 x 106 cells obtained from hiHepPC monolayer cultures, 1 x 10° cells
dissociated from hiHepPC aggregates, and 1 x 106 human hepatocytes obtained
immediately after the thawing of cryopreserved hepatocytes into the liver. Cell
aggregates formed from HUVEC-derived and HPBEC-derived hiHepPCs were
cultured for 14 and 7 days, respectively, after initiation of 3D culture. Then these
aggregates were trypsinized, and dissociated 1 x 10 cells were used as donor cells
for transplantation. Liver tissues and serum were obtained from the recipient mice
2 months after transplantation, and the amounts of human ALB in the mouse
serum were measured using a Human ALB ELISA Kit (Bethyl) according to the
manufacturer’s instructions. The amounts of AST and ALT in the mouse serum
obtained at day 2 after transplantation were measured using a Transaminase CII-
test Kit (Wako) according to the manufacturer’s instructions. Hepatocyte pro-
liferation in the liver was evaluated by 5-bromo-2’-deoxyuridine (BrdU) incor-
poration into DNA for 1h after intraperitoneal injection of 50 mg kg~! BrdU
(Nacalai Tesque) into mice. For cholangiocyte transplantation, the recipient NSG
mice (10 weeks old) were fed a diet containing 0.1% DDC (Sigma-Aldrich) to
induce chronic liver injury and primitive ductule formation for 10 weeks until the
analysis of liver tissues. At 4 and 6 weeks after initiation of DDC treatment, 2 x 10
cells dissociated from HUVEC-derived and HPBEC-derived hiHepPC spheroids at
passage 9 and 6, respectively, and human fetal cholangiocyte-derived spheroids at
passage 3 in 3D culture with Matrigel were intrasplenically injected into the DDC-
treated recipient mouse livers. We prepared HUVEC-derived and HPBEC-derived
hiHepPCs and cell aggregates and spheroids formed from these hiHepPCs in at
least three independent experiments and transplanted them into more than three
recipient mice. The hiHepPCs and their progenies prepared in all experiments were
able to become engrafted and reconstitute liver tissues after transplantation.

Tumorigenicity assay. In all, 5 x 10 HuH?7, 5 x 10 HPBEC-derived MYC-
hiHepPCs, 5 x 109 HPBEC-derived hiHepPCs, and 5 x 10 HUVEC-derived
hiHepPCs were obtained from monolayer cultures, resuspended in 100 uL of
Matrigel in PBS (1:1), and subcutaneously injected into the recipient NOD/SCID
female mice (10 weeks old). HuH7 or hiHepPCs were allowed to grow for 1 or
2 months after injection, respectively, and the weights of tumors formed from these
cells were measured.

Karyotype assay. Karyotypes of HUVEC-derived hiHepPCs in monolayer culture
were determined at the Chromocenter in Japan. Karyotype analyses for cells

composing HUVEC-derived hiHepPC spheroids in 3D culture with Matrigel and
HPBEC-derived MYC-hiHepPCs and hiHepPCs in monolayer culture were con-
ducted as described previously!0. Briefly, cells treated with 0.05 pg mL~! colcemid
solution (Nacalai Tesque) were processed using a standard karyotyping protocol.

CGH analysis. hiHepPCs were generated from four different HUVECs derived

from two male donors (Takara, lots: 4257002 and 4257007) and two female donors
(Gibco, lot: 1814635 and Lonza, lot: 00022). Copy number variations between these
hiHepPCs at passage 12 in monolayer culture and each parental HUVEC were

determined by Takara in Japan using a SurePrint G3 Human CGH Microarray Kit
(Agilent). The data were analyzed using an Agilent Genomic Workbench software
(v7.0) and deposited in the GEO database (Accession Number: GEO: GSE118910).

Cellular senescence assay. hiHepPCs in monolayer cultures were fixed with PBS
containing 2% formaldehyde (Nacalai Tesque) and 0.2% glutaraldehyde (Nacalai
Tesque), and senescence-associated B-galactosidase activities in hiHepPCs were
analyzed as described previously**. Briefly, the fixed cells were washed in PBS and
incubated for 16 h at 37 °C with a mixture of 0.5 mg mL~! X-gal (Anatrace) and 40
mM citric acid/sodium phosphate buffer (pH 6.0) containing 5 mM potassium
ferricyanide (Wako), 5 mM potassium ferrocyanide (Wako), and 2 mM magne-
sium chloride (Wako).

Cell cycle analysis. hiHepPCs in monolayer cultures were trypsinized, fixed with
cold 70% ethanol for 16 h at —30°C, treated with 20 pg mL~! RNase A (Thermo
Fisher Scientific) for 30 min at 37 °C, and stained with 100 pg mL~! propidium
iodide (PI) for 10 min at room temperature. The PI-stained cells were analyzed
using the FACS Jazz and BD FACS Sortware sorter software. Gating strategy is
shown in Supplementary Fig. 19.

Statistics and reproducibility. Statistical significance was analyzed using two-
sided Student’s ¢ test and one-way analysis of variance followed by Tukey-Kramer
test or Dunnett’s test. Kaplan-Meier survival curves were statistically analyzed by
log-rank test. A difference at P <0.05 was considered statistically significant. The
significance of an observed enrichment score in GSEA was assessed by comparing
it with the set of null enrichment scores computed with randomly assigned phe-
notypes. Cell and tissue images presented in the figures and supplementary figures
were obtained from at least three independent experiments, and representative
images are shown.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data sets were deposited in the GEO database under Accession Numbers GEO:
GSE118910 and GEO: GSE120732. The publicly available data sets (Accession Numbers:
GEO: GSE42643, GSE63859, GSE98324, and GEO: GSE54066) were also used in this
study. All other data supporting the results presented herein are available within the
article and Supplementary Information and from the corresponding author upon
reasonable request. A reporting summary for this article is available as a Supplementary
Information file. Source data are provided with this paper.
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Supplementary Figure 1. Additional analyses of hepatic reprogramming factors and further characterization
of hiHepPCs. (a) Co-immunofluorescence staining of ALB with E-CAD was conducted for mock-infected HUVECs
and HUVECs transduced with the indicated factors at passage 6. FOXA3, HNF1A, HNF6, and HNF1B are abbreviated
as F3, H1A, H6, and H1B, respectively. (b) The percentages of cells immunoreactive for ALB or E-CAD among mock-
infected HUVECs and HUVECs transduced with the indicated factors at passage (P) 6. Data represent the mean +
SD (n = 3 independent experiments). (¢) gPCR analyses of SOX77 and CXCR4 were performed on total RNA
obtained from HUVECs at passage (P) 2 and three different hiHepPCs at P8 in monolayer culture. All data were
normalized with the values for HUVECs, and the fold differences are shown. Data represent the mean = SD (n =3
independent assays). (d) CGH analyses were performed on genomic DNA extracted from four different hiHepPCs at
passage 12 in monolayer culture and each parental HUVEC. As shown by blue dots, only a deletion was found on
chromosome 3 in one of the four hiHepPCs compared with the parental HUVECs. CNV, copy number variation. (e)
gPCR analyses of TERT were performed on total RNA obtained from the human hepatocellular carcinoma cell line
HepG2, HUVECs at passage (P) 3 and P7, and two different hiHepPCs at P6 and P12 in monolayer culture. All data
were normalized with the values for HepG2, and the fold differences are shown. Data represent the mean = SD (n =
3 independent assays). (f) Representative morphologies of hiHepPCs and representative SA-B-gal activities in
hiHepPCs at passage (P) 8, P16, and P24 in monolayer culture. (g) Immunofluorescence staining of Ki67 was
conducted for hiHepPCs at passage (P) 6, P16, and P24 in monolayer culture. The graph shows the percentages of
Ki67+ cells in hiHepPC monolayer cultures at the indicated passage numbers. Data represent the mean = SD (n=3
independent experiments). (h) Cell cycle analyses of hiHepPCs at passage (P) 6, P16, and P24 in monolayer culture
were performed using flow cytometry. Blue, red, and green lines show cells in GO/G1, S, and G2/M phases,
respectively. The experiments were repeated three times, and representative histograms are shown. (i) Co-
immunofluorescence staining of E-CAD with HNF4A was conducted for mock-infected HUVECs and HUVEC-derived
hiHepPCs. DNA was stained with DAPI. Scale bars, 50 um. Source data are provided as a Source Data file.
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Supplementary Figure 2. Imnmature phenotype and proliferative activity of hiHepPCs. (a) GSEA of CEL-seq2
data for hiHepPC monolayer cultures and HUVECs was performed using the set of top 200 (upper panels) and 500
(lower panels) genes specifically upregulated in hHepPCs derived from hESCs' or adult human livers2. (b) Co-
immunofluorescence staining of AFP with Ki67 was conducted for hiHepPCs at passage 6 in monolayer culture. The
graph shows the percentages of Ki67+ cells in AFP+ or AFP- cells, which were observed in individual cultures of
hiHepPCs. Data represent the mean = SD (n = 3 independent experiments). (¢) Co-immunofluorescence staining of
ALB with DLK1 was conducted for hiHepPCs induced from HUVECs at the indicated passage numbers (P). P1
designates day 4 after the initial passage of transduced HUVECs. (d) Co-immunofluorescence staining of ALB with
Ki67 was conducted for hiHepPCs induced from HUVECs at the indicated passage numbers (P). P1’ designates day 7
after the initial passage of transduced HUVECs. The graphs show the percentages of Ki67+ cells in ALB* or ALB- cells,
which were observed in individual cultures of hiHepPCs. Data represent the mean = SD (n = 3 independent
experiments). (e) hiHepPCs were induced from HUVECs in the presence (+) or absence (-) of TGF-B inhibitors
(A8301 and SB431542). Co-immunofluorescence staining of ALB with AFP was conducted for hiHepPCs at the
indicated passage numbers (P), and the percentages of ALB* cells (left graph) and AFP+ cells in ALB* cells (right
graph), which were observed in individual cultures of hiHepPCs, are shown. Data represent the mean = SD (n =3
independent experiments). (f) TGF-p inhibitors (A8301 and SB431542) were withdrawn from the culture medium at
passage (P) 10, and hiHepPCs were cultured in the absence (-) of TGF-B inhibitors from P10 to P16. hiHepPCs were
also cultured in the presence (+) of TGF-B inhibitors as a control. Co-immunofluorescence staining of ALB with AFP
was conducted for hiHepPCs at P16, and the percentage of AFP+ cells in ALB* cells, which were observed in
individual cultures of hiHepPCs, is shown. Data represent the mean = SD (n = 3 independent experiments). (g)
gPCR analyses of AAT, ASGPR1, and CYP3A4 were performed on total RNA obtained from HUVECs at passage (P)
2, three different hiHepPCs at P8 in monolayer culture, and human hepatocytes. All data were normalized with the
values for hiHepPC-1 (monolayer), and the fold differences are shown. Data represent the mean = SD (n = 3
independent assays). (h) GOEA was performed for genes with expression levels higher in HUVECs than in hiHepPC
monolayer cultures. DNA was stained with DAPI. Scale bar, 50 um. Statistical difference was determined by two-sided
Student’s t-test (b,d) or one-way analysis of variance followed by Tukey—Kramer test (e). Source data are provided as
a Source Data file.
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Supplementary Figure 3. ALB* CYP3A4* hepatocytes appear in hiHepPC monolayer cultures during
passaging. (a) Co-immunofluorescence staining of ALB with CYP3A4 was conducted for hiHepPCs induced from
HUVECs at the indicated passage numbers (P). P1 and P1’ designate day 4 and 7, respectively, after the initial
passage of transduced HUVECs. DNA was stained with DAPI. Scale bars, 50 um. (b) The upper and lower graphs
show the percentages of CYP3A4+ cells in ALB* cells and ALB* cells in CYP3A4+ cells, respectively, which were
observed in individual cultures of hiHepPCs during passaging. Data represent the mean = SD (n = 3 independent
experiments). Source data are provided as a Source Data file.
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Supplementary Figure 4. Differentiation of mouse hepatoblasts into hepatocytes during liver development.
Co-immunofluorescence staining of Alb with Afp or Cyp3a11/Cyp3ai13 (mouse homologues to human CYP3A4) and
Afp with Cyp3a11/Cyp3a13 were conducted for fetal livers at embryonic day (E) 12.5 and E16.5, postnatal livers at 2
days old (P2), and adult livers at 8 weeks old (8w). These livers were obtained from C57BL/6 wild-type mice. We used
an anti-CYP3A4 antibody (ab3572), which is known as an antibody that has cross-reactivity among human, mouse,
and rat. White broken lines surround magnified images shown in the bottom panels. Afp- Alb* cells that do not express
Cyp3a11 and Cyp3ai13 are observed in E16.5 and P2 mouse livers. DNA was stained with DAPI. Scale bars, 25 um.
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Supplementary Figure 5. Further characterization of hiHepPC aggregates. (a) Immunofluorescence staining of
ALB, CYP3A4, or cleaved caspase 3 (CC-3) was conducted for hiHepPC aggregates at day 28 after initiation of 3D
culture. The percentage of CC-3+ cells observed in hiHepPC aggregates was calculated after counting cells in 10
aggregates. (b) The percentage of propidium iodide* (PI*) dead cells contained in hiHepPC monolayer cultures and
hiHepPC aggregates at days 7, 14, 21, and 28 after initiation of 3D culture was evaluated by flow cytometry. (c) Co-
immunofluorescence staining of ALB with transferrin, AAT, or HNF4A were conducted for hiHepPC aggregates at day
7 after initiation of 3D culture. (d) The percentages of cells that were weakly or strongly positive for
immunofluorescence staining of ALB or CYP3A4 among cells composing hiHepPC aggregates at day 21 after
initiation of 3D culture were calculated after counting cells in 10 aggregates. (e) The percentages of cells
immunoreactive for ALB, CYP3A4, or ASGPR1 among cells composing hiHepPC aggregates at day 7 after initiation of
3D culture were evaluated by flow cytometry. Data represent the mean = SD (n = 3 independent experiments). DNA
was stained with DAPI. Scale bars, 50 um. Source data are provided as a Source Data file.



Q

Signature of hepatocyte Signature of hepatocyte log (P-value)
0.6 -

© 0.8 p-val: <0.001 p-val: <0.001
8 07 NES: 13.45 8'2 NEs:9s9 R X O
= 05 SIZE: 191 . SIZE: 191 cell division
2 0.4‘ 0.3 DNA replication
s 82 0-2 mitotic nuclear division
c 0'1 G1/S transition of mitotic cell cycle
Yoo

sister chromatid cohesion
1| WWHIHHI AN
i

o 0.8 p-val: <0.001 0-° p-val: <0.001
8 0’6 NES:19.54 04 NES: 12.13 _
€ 0.5 SIZE: 438 0.3 SIZE: 454 o
© 04 ©
£ 03 0.2 °
£ c
2 0.2 0. 1 | S
c 0. 1( =
w 0.0 ~— 0.0 -
TN L
©
()]
Al | o
hiHepPC HUVEC hiHepPC hiHepPC 8
aggregate aggregate (monolayer) =
d log (P-value)
-20 -15 -10 -5 0
acutephase response
oxidation-reduction process
negative regulation of endopeptidase activity
platelet degranulation
regulation of complement activation
fibrinolysis
response to drug
liver development
signal peptide processing
lipoprotein metabolic process
——) DO Sitive regulation of cholesterol esterification
————) cOMplement activation, aternative pathway
———1 Negative regulation of fibrinolysis
)| cholesterol metabolic process
) SRP-dependent cotranslational protein targeting to membrane
e log (P-value)
-8 -6 -4 -2 0

oxidation-reduction process

cell-cell adhesion

glycosphingolipid metabolic process

epithelial cell differentiation

epidemal growth factor receptor signaling pathway
cytoskeleton organization

microtubule-based process

steroid metabolic process

clathrin-mediated endocytosis

microtubule cytoskeleton organization

apoptotic process

negative regulation of transforming growth factor beta receptor signaling pathway
response to nutrient

amino acid transport

cellular aldehyde metabolic process

Supplementary Figure 6. Comparative analyses using the global gene expression profiles of HUVECs,
hiHepPC monolayer cultures, hiHepPC aggregates, and hepatocytes. (a) GSEA of CEL-seg2 data for hiHepPC
aggregates and HUVECs and of those for hiHepPC aggregates and hiHepPC monolayer cultures were performed
using the set of top 200 (upper panels) and 500 (lower panels) genes specifically upregulated in human hepatocytes.
(b) GOEA was performed for genes with expression levels higher in hiHepPC monolayer cultures than in hiHepPC
aggregates. (¢) Immunofluorescence staining of Ki67 was conducted for hiHepPCs in monolayer culture and cell
aggregates derived from hiHepPCs at day 7 after initiation of 3D culture. DNA was stained with DAPI. Scale bars, 100

m. (d) GOEA was performed for genes with expression levels higher in human hepatocytes than in hiHepPC
aggregates. (e) GOEA was performed for genes with expression levels higher in hiHepPC aggregates than in human
hepatocytes. Source data are provided as a Source Data file.
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Supplementary Figure 7. Gene expression analyses of hiHepPCs in monolayer culture and cell aggregates
derived from hiHepPCs. (a) qPCR analyses of genes encoding liver enzymes were performed on total RNA obtained
from human hepatocytes derived from two different donors, three different hiHepPCs in monolayer culture, and cell
aggregates derived from these hiHepPCs at day 21 after initiation of 3D culture. All data were normalized with the
values for hepatocytes in the left-most lane in each graph, and the fold differences are shown. (b) gPCR analyses of
hHepPC marker genes (AFP and DLK1) and cholangiocyte marker genes (CK19, EpCAM, and CFTR) were
performed on total RNA obtained from HUVECs, three different hiHepPCs in monolayer culture, cell aggregates
derived from these hiHepPCs at day 21 after initiation of 3D culture, human fetal cholangiocyte-derived spheroids at
passage 3 after initiation of 3D culture, and human hepatocytes. All data were normalized with the values for
hiHepPC-1 (monolayer), and the fold differences are shown. (¢) gPCR analyses of HNF4A were performed on total
RNA obtained from HUVECs, three different hiHepPCs in monolayer culture, cell aggregates derived from these
hiHepPCs at day 21 after initiation of 3D culture, and human hepatocytes. All data were normalized with the values for
hiHepPC-1 (monolayer), and the fold differences are shown. (d) gPCR analyses of intestinal epithelial cell marker
genes were performed on total RNA obtained from spherical organoids derived from human fetal intestinal progenitor
cells (hFIPCs)®, HUVECs, human hepatocytes, three different hiHepPCs in monolayer culture, and cell aggregates
derived from these hiHepPCs at day 21 after initiation of 3D culture. All data were normalized with the values for
hFIPC-derived organoids, and the fold differences are shown. (e) gPCR analyses of intestinal epithelial cell marker
genes were performed on total RNA obtained from spherical organoids derived from human fetal intestinal progenitor
cells (hFIPCs)5, HUVECs, and three different hiHepPCs at passage (P) 1, P6, and P16 in monolayer culture. All data
were normalized with the values for hFIPC-derived organoids, and the fold differences are shown. (f) Co-
immunofluorescence staining of CDX2 with E-CAD was conducted for hiHepPCs at passage 6 in monolayer culture.
DNA was stained with DAPI. Scale bar, 50 um. Data represent the mean = SD (n = 3 independent assays). Source
data are provided as a Source Data file.



Q

Signature of hiHepC

(Du et al., 2014 [3])

p-val: <0.001
NES: 9.11
SIZE: 93

Enrichment score
OO000000 0
S oW RO &

T

- e
hiHepPC HUVEC
aggregate

Signature of hiHepPC

o aggregate
3 83 p-val: < 0.001
2 0 NES:9.88
€ 08 SIZE: 91
g 81

03
S 02
283
s o
L

Hepatocyte HUVEC

coooo0000

0000y
SRIFSRTSS

cooooo00
O=NWAUITON

VOO UIOUIO

Signature of hiHepC
(Huang et al., 2014 [4])

hiHepPC
aggregate

p-val: 0.004
NES: 2.11
SIZE: 84

L TR ™ L L L

HUVEC

Signature of hiHepC
(Du et al., 2014 [3])

I |

Hepatocyte

p-val: <0.001
NES: 8.25
SIZE: 83

HUVEC

-0.050

Signature of hiHepC-LT

(Huang et al., 2014 [4])

0.150 p-val: 0.026
0.100 NES: 1.69

0.050 SIZE: 75
0.000

hiHepPC HUVEC
aggregate
Signature of hiHepC

(Huang et al., 2014 [4])

0.200

0175

0.150

312

88%(5) p-val: 0.008

. NES: 2.11

8668 SIZE: 84

s T TN
Hepatocyte HUVEC

Signature of hiHepC-LT

(Huang et al., 2014 [4])

9(5) p-val: <0.001
50 -
39 NES: 1.95
00
7!

SIZE: 77

000000000

(LR L

Hepatocyte HUVEC

Supplementary Figure 8. The gene expression signature of hiHepPC aggregates is similar to those of hiHepC-
Du and human hepatocytes. (a,b) GSEA of CEL-seq2 data for hiHepPC aggregates and HUVECs (a) and of those
for human hepatocytes and HUVECs (b) were performed using the set of top 100 genes specifically upregulated in
hiHepC-Du, hiHepC-Huang, hiHepC-LT-Huang, or hiHepPC aggregates.
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Supplementary Figure 9. Differentiation of hiHepPCs into genome-stable cholangiocytes. (a) A representative
image of a karyotype of a hiHepPC-derived cholangiocyte constituting a spheroid at passage 8 after initiation of 3D
culture with Matrigel. Note that the numbers of chromosomes in all 20 hiHepPC-derived cholangiocytes analyzed in
this study were normal. Scale bar, 10 um. (b) gPCR analyses of cholangiocyte marker genes were performed on total
RNA obtained from human fetal cholangiocyte-derived spheroids, three different hiHepPCs in monolayer culture, and
spheroids derived from these hiHepPCs. The spheroids derived from cholangiocytes and hiHepPCs were used at
passage 2 and 9, respectively, after initiation of 3D culture with Matrigel. All data were normalized with the values for
cholangiocyte-derived spheroids, and the fold differences are shown. Data represent the mean = SD (n = 3
independent assays). (¢) GSEA of CEL-seq2 data for hiHepPC spheroids and HUVECs and of those for hiHepPC
spheroids and hiHepPC monolayer cultures were performed using the set of top 200 (upper panels) and 500 (lower
panels) genes specifically upregulated in human fetal cholangiocyte-derived spheroids. (d) GOEA was performed for
genes with expression levels higher in human fetal cholangiocyte-derived spheroids than in hiHepPC spheroids. (e)
GOEA was performed for genes with expression levels higher in hiHepPC spheroids than in human fetal
cholangiocyte-derived spheroids. Source data are provided as a Source Data file.
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Supplementary Figure 10. hiHepPC spheroids are composed of functional cholangiocytes. (a) Representative
morphologies of hiHepPC spheroids before and after culture with or without FSK and/or CFTRinh-172 for 24 h. Scale
bars, 100 um. (b) The diameter of 20 spheroids in each assay point of the indicated culture conditions was measured.
Means of the data are shown with red lines (n = 20 spheroids). Statistical difference was determined by one-way
analysis of variance followed by Tukey—Kramer test. n.s., not significant. Source data are provided as a Source Data
file.
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Supplementary Figure 11. Clonal analysis of HUVEC-derived hiHepPCs. (a) Experimental procedure for the
clonal analyses of three different hiHepPCs. Cells in each hiHepPC monolayer culture at passages 10—13 underwent
clone sorting by flow cytometry and were clonally cultured in 96-well plates. A portion of hiHepPCs formed colonies
and expanded in clonal culture. (b) The percentages of hiHepPC clones that formed colonies in the wells of 96-well
plates (upper graph) and propagated over a prolonged culture period (lower graph) at day 21 and passage 4,
respectively, after clone sorting of three different hiHepPCs. (¢) Co-immunofluorescence staining of ALB with E-CAD
and immunofluorescence staining of CYP3A4 were conducted for a hiHepPC clone propagating in monolayer culture.
Representative morphology and fluorescence image of the hiHepPC clone are shown. (d,e) Co-immunofluorescence
staining of ALB with CYP3A4 (d) and of SOX9 with CK19 (e) were conducted for hiHepPC aggregates and spheroids,
respectively, that were derived from a representative hiHepPC clone. Also, gPCR analyses of hepatocyte marker
genes (CYP3A4 and CYP1A2) (d) and cholangiocyte marker genes (CK19 and EpCAM) (e) were performed on total
RNA obtained from two different hiHepPC clones in monolayer culture and cell aggregates/spheroids derived from
these hiHepPC clones. All data were normalized with the values for hiHepPC Clone-1 (monolayer), and the fold
differences are shown. Statistical difference was determined by one-way analysis of variance followed by Tukey—
Kramer test. Data represent the mean = SD (n = 3 independent assays). DNA was stained with DAPI. Scale bars, 50
um. Source data are provided as a Source Data file.
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Supplementary Figure 12. Stable expansion of hiHepPCs in monolayer culture and retroviral gene silencing in
hiHepPC aggregates and spheroids under 3D culture conditions. (a) PCA was performed using CEL-seq2 data
for HUVECSs, hiHepPCs at passage (P) 8 and P16 in monolayer culture, and human hepatocytes. (b) Representative
fluorescence images and morphology of a cell aggregate composed of cells immunoreactive for ALB with CYP3A4
and a cystic spheroid, respectively, both of which were formed from hiHepPCs at passage 16 in monolayer culture.
DNA was stained with DAPI. Scale bars, 50 um. (¢) qPCR analyses of retroviral exogenous gene expression of
FOXA3, HNF1A, and HNF6 were performed on total RNA obtained from HUVECs, three different hiHepPCs at
passage (P) 8 in monolayer culture, cell aggregates derived from these hiHepPCs at day 21 after initiation of 3D
culture, and spheroids derived from these hiHepPCs at P7 after initiation of 3D culture. All data were normalized with
the values for hiHepPC-1 (monolayer), and the fold differences are shown. Data represent the mean = SD (n =3
independent assays). Source data are provided as a Source Data file.
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Supplementary Figure 13. Redundant function of FOXA transcription factors in the generation of hiHepPCs.
(a) Co-immunofluorescence staining of ALB with E-CAD or AAT and of AFP with CYP3A4 and immunofluorescence
staining of ASGPR1, CYP3A4, AFP, and CD31 were conducted for hiHepPCs induced by the forced expression of
HNF1A and HNF6 with FOXA1 or FOXA2 in HUVECs, which were designated hiHepPC (FOXA1) and hiHepPC
(FOXA2), respectively. Representative morphologies and fluorescence images of these two types of hiHepPCs are
shown. DNA was stained with DAPI. (b) PAS staining and oil red O staining were conducted for hiHepPC (FOXAT)
and hiHepPC (FOXAZ2). These hiHepPCs incorporated and excreted ICG and formed cystic epithelial spheroids in 3D
culture with Matrigel. Scale bars, 50 um.
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Supplementary Figure 14. hiHepPC-derived cholangiocytes form functional biliary ductal tissues after
transplantation into the injured mouse liver. (a) Co-immunofluorescence staining of hCK19 with mCK19 was
conducted for DDC-treated mouse livers and hiHepPC spheroids. Note that no cross-reactivity was observed. DNA
was stained with DAPI. Scale bars, 50 um. (b) Fouchest's staining was conducted with immunohistochemical staining
of mCK19 or hCK19 for DDC-treated mouse livers (left image) or DDC-treated mouse livers 4 weeks after the last
injection of cells dissociated from hiHepPC spheroids (right image), respectively. Arrowheads indicate accumulation of
the bile pigment bilirubin in the mouse (left image) and human (right image) ductal tissues formed in the DDC-treated
mouse livers. Nuclei were stained with hematoxylin. Scale bars, 25 um.
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Supplementary Figure 15. Upregulation of human hepatocyte- and cholangiocyte-specific gene expression in
HPBEC-derived hiHepPC aggregates and spheroids, respectively. (a) GSEA of CEL-seq2 data for hiHepPC
aggregates and HPBECs and of those for hiHepPC aggregates and hiHepPC monolayer cultures were performed
using the set of top 200 (upper panels) and 500 (lower panels) genes specifically upregulated in human hepatocytes.
hiHepPCs used in these analyses were derived from HPBECs. (b) GSEA of CEL-seq2 data for hiHepPC spheroids
and HPBECs and of those for hiHepPC spheroids and hiHepPC monolayer cultures were performed using the set of
top 200 (upper panels) and 500 (lower panels) genes specifically upregulated in human fetal cholangiocyte-derived
spheroids. hiHepPCs used in these analyses were derived from HPBECs.
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Supplementary Figure 16. L-MYC effectively promotes the induction of hiHepPCs from HUVECs and HPBECs.
(a) Immunofluorescence staining of ALB or E-CAD was conducted for HUVECs transduced with FOXA3, HNF1A,
HNF®6, and L-MYC at the indicated passage numbers (P). Representative fluorescence images and morphologies of
transduced HUVECs are shown. DNA was stained with DAPI. Scale bars, 50 um. (b) The graph shows the
percentages of ALB+* cells observed in culture of HUVECs transduced with FOXA3, HNF1A, HNF6, and L-MYC at the
indicated passage numbers (P). The data obtained from two independent experiments are shown by red and blue
lines in the graph, respectively. PH, parental HUVEC. (c) The percentages of cells immunoreactive for ALB or E-CAD
among mock-infected HUVECs and HUVECs transduced with FOXA3, HNF1A, HNF6, and L-MYC at passage (P) 6.
FOXAS, HNF1A, and HNF6 are abbreviated as F3, H1A, and H6, respectively. Data represent the mean = SD (n=3
independent experiments). (d) Immunofluorescence staining of ALB was conducted for mock-infected HPBECs at day
45 and HPBEC-derived MYC-hiHepPCs at day 45 and passage (P) 3 after retrovirus infection. Representative
morphologies and fluorescence images of these two types of cells are shown. White broken lines surround MYC-
hiHepPC colonies. Scale bars, 100 um. The graph shows the percentages of ALB* cells observed in individual
cultures of HPBECs at day 45 and MYC-hiHepPCs at day 45 and P3 after retrovirus infection. The data obtained from
two biologically independent experiments using different blood samples are shown in the graph. Data represent the
mean = SD (n = 3 independent assays). (e) Co-immunofluorescence staining of ALB with E-CAD or AAT,;
immunofluorescence staining of ASGPR1, CYP3A4, and AFP; PAS staining; and oil red O staining were conducted for
HPBEC-derived MYC-hiHepPCs. Representative morphologies of these cells are also shown. White broken line
surrounds a MYC-hiHepPC colony. In addition, HPBEC-derived MY C-hiHepPCs incorporated and excreted ICG and
formed cystic epithelial spheroids in 3D culture with Matrigel. DNA was stained with DAPI. Scale bars, 50 um. Source
data are provided as a Source Data file.



Cute o MYh'PCS Dissociate Single cell culture
Pick up epithelial coloniesinto  Pick up and clonal colony
colonies single cells single cells formation

® () .
[.[{i?l._\o]  — - @@ ™ [o[?b?lﬂl.]o}
Cele] e - ® [ @lele]
tey m® ytin

b Phase Phase E-CAD/ALB CYP3A4

c CYP3A4 CYP1A2
c CYP3A4 ALB/CYP3A4 o 15 6007 ;o o0
7] P <0.0001 E—
o
s 10 400
x P=0.0008
() —
% 5 ’_I_‘ 200
()]
® 0 r?j T 1 ( oy e rfj
= 1 2 3 4 1 2 3 4
e 1: MYC-hiHepPC Clone-1 (monolayer)
2: MYC-hiHepPC Clone-1 aggregate
3: MYC-hiHepPC Clone-2 (monolayer)
4: MYC-hiHepPC Clone-2 aggregate
CK19 EpCAM
d SOX9 CK19 SOX9/CK19 S 25 4 SPEAM
@ 2.0 3
o 15 P =0.0027
x
S 40 2
tosf | 1] e
()]
o 00 1T T 1 0 LI B I |
% 2 3 4 12 3 4
E 1: MYC-hiHepPC Clone-1 (monolayer)

2: MYC-hiHepPC Clone-1 spheroid
3: MYC-hiHepPC Clone-2 (monolayer)
4: MYC-hiHepPC Clone-2 spheroid

Supplementary Figure 17. Clonal analysis of HPBEC-derived MYC-hiHepPCs. (a) Schematic diagram of the
experimental procedure. White broken line surrounds a HPBEC-derived MYC-hiHepPC colony. Scale bar, 100 um. (b)
Representative morphology of a single cell picked from dissociated colony cells and cultured in an individual well of
96-well plates and of a MYC-hiHepPC clone propagating in culture. Also, co-immunofluorescence staining of E-CAD
with ALB and immunofluorescence staining of CYP3A4 were conducted for a MYC-hiHepPC clone propagating in
culture. DNA was stained with DAPI. Scale bars, 50 pm. (c,d) Co-immunofluorescence staining of ALB with CYP3A4
(c) and of SOX9 with CK19 (d) were conducted for MYC-hiHepPC aggregates and spheroids, respectively, that were
derived from a representative MYC-hiHepPC clone. DNA was stained with DAPI. Scale bars, 50 um. Also, qPCR
analyses of hepatocyte marker genes (CYP3A4 and CYP1A2) (¢) and cholangiocyte marker genes (CK719 and
EpCAM) (d) were performed on total RNA obtained from two different MYC-hiHepPC clones in monolayer culture and
cell aggregates/spheroids derived from these MYC-hiHepPC clones. All data were normalized with the values for
MY C-hiHepPC Clone-1 (monolayer), and the fold differences are shown. Statistical difference was determined by one-
way analysis of variance followed by Tukey—Kramer test. Data represent the mean = SD (n = 3 independent assays).
Source data are provided as a Source Data file.
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Supplementary Figure 18. MYC-hiHepPCs have normal karyotypes and are not tumorigenic in vivo. (a)
Representative images of karyotypes of a HPBEC-derived MYC-hiHepPC and hiHepPC at passage 14 in monolayer
culture. Note that the numbers of chromosomes in all 20 MYC-hiHepPCs and 20 hiHepPCs analyzed in this study
were normal. Scale bar, 10 um. (b) gPCR analyses of TERT were performed on total RNA obtained from HepG2,
HPBECs at passage (P) 2, and HPBEC-derived MYC-hiHepPCs and hiHepPCs at P5 and P15 in monolayer culture.
All data were normalized with the values for HepG2, and the fold differences are shown. Data represent the mean =+
SD (n = 3 independent assays). (¢) Representative images of immunodeficient NOD/SCID mice 1 month and 2
months after subcutaneous injection of the human hepatocellular carcinoma cell line HuH7 and HPBEC-derived MYC-
hiHepPCs, respectively (n = 5 mice were used for the injection of each cell type). Note that tumors were formed from
only HuH7. The graph shows the weights of tumors formed from HuH7 1 month after injection and HPBEC-derived
MY C-hiHepPCs and hiHepPCs and HUVEC-derived hiHepPCs 2 months after injection. Means of the data are shown
with red lines (n = 10 tumors). Any tumors were not formed from both MYC-hiHepPCs and hiHepPCs. Source data are
provided as a Source Data file.
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Supplementary Figure 19. Gating strategies used for cell analysis and sorting. (a—c) Gating strategies to
analyze the cell cycle of hiHepPCs in monolayer cultures (a), the percentages of propidium iodide* dead cells
contained in hiHepPC monolayer cultures and hiHepPC aggregates (b), and the percentages of cells immunoreactive

for ALB, CYP3A4, or ASGPR1 among cells composing hiHepPC aggregates (c). (d) Gating strategy to conduct clone
sorting of hiHepPCs for single-cell culture analyses.



Supplementary Table 1. The list of gPCR primers.

Gene Forward 5'-3' Reverse 5'-3'

qPCR primers AFP CCTGAAGGTCTATCTCCAAATCTAAACA [GAATTACTGAGACAGCAAGCTGAGGA
DLK1 TGCAACCCCCAAAATGGA GGTTCTCCACAGAGTCCGTGA
SOX17 AGCAGAATCCAGACCTGCAC TCTGCCTCCTCCACGAAG
CXCR4 TGAGAAGCATGACGGACAAG GACGCCAACATAGACCACCT
TERT [6] [6]
CK19 AGCCGGACTGAAGAATTGAA TCTTCCAAGGCAGCTTTCAT
HNF1B CACCATAATCCCCAGCAATC GCCACACTGTTGATGACAGG
SOX9 GCCAATAAGTGCCCGAGCA AGCAAGTGGAATGTCTTGAAGGTTA
CFTR AGCATTTGCTGATTGCACAG ACTGCCGCACTTTGTTCTCT
SCTR GGCACTCCTACCTGCTGAAG GTAGTTGCGAGTGCAGTGGA
EpCAM GCTGGTGTGTGAACACTGCT ACGCGTTGTGATCTCCTTCT
ALB TCATTAGCTGCTGATTTTGTTGAAAGTA |GGATGCCTTCTTGCATATTCATACA
AAT GGGAAACTACAGCACCTGGA CCCCATTGCTGAAGACCTTA
HNF4A GCTCGGAGCCACCAAGAGA CTCGTCAAGGATGCGTATGGA
CDX1 TCGGACCAAGGACAAGTACC TGTTGCTGCTGCTGTTTICTT
CDX2 AGTCCCTCGGCAGCCAAGTG TGGTGATGTAGCGACTGTAGTG
OLFM4 [5] [5]
NI GGTAAGGAGAAACCGGGAAG GCACGTCGACCTATGGAAAT
TFF3 [5] [5]
FOXA3 (exo) AGGTGGGGAGCCTGGAGTCTACTA AATCTTTTATTTTATCGATGCGGC
HNF1A (exo) ACTCCAGCAATGGCCAGA AATCTTTTATTTTATCGTCG
HNF6 (exo) GAGTCTGGACAAGTGGCAGGA AATCTTTTATTTTATCGATGCGGC
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA




Supplementary Table 2. The list of antibodies.

Antibody Company Catalog number_|Dilution
Primary antibodies Goat anti-Human ALB Bethyl A80-229A 1:500
Goat anti-Human ALB (HRP-conjugated) Bethyl A80-229P 1:1000
Goat anti-Human ALB (FITC-conjugated) Bethyl A80-229F 1:1000
Rabbit anti-Mouse ALB Bethyl A90-135 1:500
Goat anti-Mouse ALB Bethyl A90-134 1:500
Rabbit anti-Human AAT Neomarkers Rb-367-A1 1:1000
Mouse anti-ASGPR1 Santa Cruz Biotechnology |sc52623 1:100
Mouse anti-ASGPR1 (PE-conjugated) BD Biosciences 563655 1:100
Rabbit anti-CYP3A4 Abcam ab3572 1:1000
Rabbit anti-Transferrin Santa Cruz Biotechnology |sc-21011 1:500
Goat anti-CD31 Santa Cruz Biotechnology |sc1506 1:1000
Mouse anti-AFP Santa Cruz Biotechnology |sc8399 1:100
Mouse anti-AFP R&D Systems MAB1368 1:100
Rabbit anti-AFP MP Biomedicals 688031 1:2000
Rabbit anti-DLK1 Abcam ab21682 1:100
Mouse anti-HNF4A R&D Systems PP-K9218-00 1:200
Mouse anti-HNF4A PPMX PP-H1415-00 1:500
Rat anti-E-CAD (ECCD2) a gift from M. Takeichi 1:1000
Rabbit anti-E-CAD Cell Signaling Technology [3195S 1:250
Mouse anti-EZRIN Abcam ab4069 1:500
Mouse anti-CFTR Millipore MAB3484 1:500
Mouse anti-Human CK19 Cell Signaling Technology |4558 1:500
Rabbit anti-Mouse CK19 [7] 1:1000
Rabbit anti-SOX9 Millipore AB5535 1:500
Rabbit anti-HNF1B Santa Cruz Biotechnology |sc22840 1:500
Mouse anti-a-TUBULIN Sigma-Aldrich T6743 1:500
Rabbit anti-EpCAM Abcam ab71916 1:1000
Rabbit anti-ZO-1 Zymed 40-2200 1:500
Mouse anti-Human CK8/18 Leica NCL-5D3 1:500
Mouse anti-MRP2 Abcam ab3373 1:200
Rabbit anti-MRP2 Sigma-Aldrich M-8316 1:500
Mouse anti-Human CDX2 MBL MU392AUC 1:500
Rabbit anti-Cleaved caspase-3 Cell Signaling Technology |D175 1:100
Rabbit anti-Ki67 Abcam ab833 1:500
Mouse anti-BrdU BD Biosciences 347580 1:100
Secondary antibodies |Alexa 488-conjugated donkey anti-rabbit IgG |Molecular Probes A21206 1:2000
Alexa 488-conjugated donkey anti-goatlgG  |Molecular Probes A11055 1:2000
Alexa 488-conjugated donkey anti-mouse IgG [Molecular Probes A21202 1:2000
Alexa 488-conjugated donkey anti-rat IgG Molecular Probes A21208 1:2000
Alexa 555-conjugated donkey anti-rabbit IgG [Molecular Probes A31572 1:2000
Alexa 555-conjugated donkey anti-goatlgG  [Molecular Probes A21432 1:2000
Alexa 555-conjugated donkey anti-mouse IgG [Molecular Probes A31570 1:2000
Alexa 594-conjugated donkey anti-rat IgG Molecular Probes A21209 1:2000
Alexa 647-conjugated donkey anti-goatlgG  [Molecular Probes A21447 1:1000
Alexa 647-conjugated donkey anti-rabbit IgG [Molecular Probes A31573 1:1000
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